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ABSTRACT

This habilitation thesis is a selection with comments of my 12 peer-reviewed papers that
are focused on the determination of the biological activity of plant phenolic compounds. The
aim was to find compounds with antioxidant, anti-inflammatory, and antidiabetic effects that
could help in the treatment of hyperglycemia in patients with type 2 diabetes mellitus (T2DM)
and alleviate its long-term complications. In the introduction | briefly describe my field
“molecular pharmacy” and all my other publications. The second part focuses on the
pathophysiology of T2DM. The third part concentrates on various natural phenolics and their
antioxidant, anti-inflammatory, and antidiabetic effects, and a comparison of the different
methods that are used to determine these. The last subchapter deals with the encapsulation of
natural phenolics to improve their solubility. The concept of “one compound with a

combination of effects” is shown on a model compound — the geranylated flavanone diplacone.
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1. INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disease with high morbidity and mortality. Its
symptoms are increased thirst, frequent urination, and slow-healing sores. On the biochemical
level, the main characteristic of DM is hyperglycemia. There are two basic types of DM: type
1 (T1DM), caused by an absolute deficiency of the hormone insulin, and type 2 (T2DM), in
which the blood level of insulin is normal, but its effect is suppressed by insulin resistance.
According to the International Diabetes Federation (IDF), 537 million adults were living with
DM in 2021, and the number is projected to rise to 783 million by 2045".

DM has accompanied humankind since time immemorial. The first reference is attributed to
Ancient Egyptian medicine, specifically to the Ebers Papyrus from c. 1550 BCE. What was
probably DM was described as “an excessive urination disease” for which the following
treatment mixture was prescribed: “A measuring glass filled with water from the bird pond,
elderberry, fibres of the asit plant, fresh milk, beer-swill, flower of the cucumber, and green
dates”.”

As can be seen in the example of DM — humans have used plants for treatment for centuries
and thus herbal medicine (phytomedicine or phytotherapy) has been part of every medical
system in history: the Eber Papyrus in Ancient Egypt, Ayurvedic medicine in India, Shennong
Ben Cao Jing — a book of prescriptions in traditional Chinese medicine, and the Hippocratic
Corpus in Greece. The traditional drugs were used in different formulations and extracts,
whereas the first active compounds were isolated from natural sources during the nineteenth
century and entered medical practice, starting with morphine, isolated in 1805 by the German
pharmacist Friedrich Sertiirner.

The importance of natural products for medicine can be highlighted using two recent events.
Based on estimates by Newman and Cragg*, more than half of the medicinal compounds used
in current practice are directly of natural origin or semi-synthetically modified. Moreover, the
Nobel Prize for Physiology or Medicine in 2015 was awarded to the Chinese pharmaceutical

chemist Tu Youyou for the discovery of artemisinin, an effective antimalarial natural product

* https://diabetesatlas.org/
# Sanders LJ. Diabetes Spectr 2002; 15(1): 56-60. https://doi.org/10.2337/diaspect.15.1.56.
* Newman DJ, Cragg GM. J Nat Prod 2020;83(3):770-803. http://doi.org/10.1021/acs.jnatprod.9b01285.
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(hence her quote). Therefore, there is renewed interest in finding new medicines in nature
nowadays.

This work aims at determining the antidiabetic activity of natural phenolic compounds together
with their antioxidant and anti-inflammatory activity. This approach might not only decrease

hyperglycemia but also alleviate long-term complications associated with this disease.

l1.1. STRUCTURE OF THE THESIS

This thesis is a collection of 12 peer-reviewed papers published between 2010 and 2025. All
the papers concentrate on the effects of natural phenolics on alleviating the symptoms or
complications of T2DM. The first 5 papers describe their antioxidant effects', the following
2 papers focus on their anti-inflammatory potential®’, 2 papers concentrate on the antidiabetic
effects®?, and finally, 3 papers describe the encapsulation of natural phenolics'®' to enhance
their solubility and biological activity.

The key question of my research is: “Are there any natural phenolic compounds that are
effective as antioxidant, anti-inflammatory, and antidiabetic agents? ” As proof of this concept,
the geranylated flavanone diplacone will be highlighted throughout the thesis.

My contribution to the 12 peer-reviewed articles is summarized in the following tables:

1) Treml, J.; Smejkal, K. Comprehensive Reviews in Food Science and Food Safety 2016, 15,
720-738 (IF = 5.974).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

- - 75 50

2) Zima, A.; Hosek, J.; Treml, J.; Suchy, P.; Prazanova, G.; Lopes, A.; Zemlicka, M. Molecules
2010, 15, 6035-6049 (IF=1.988).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

35 - 25 25

3) Treml, J.; Smejkal, K.; Hosek, J.; Zemlicka, M. Chemical Papers 2013, 67, 484-489
(IF=1.193).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

100 - 80 50




4) Treml, J.; Lelakova, V.; Smejkal, K.; Paulickova, T.; Labuda, S.; Granica, S.; Havlik, D.;
Padrtova, T.; Hosek, J. Biomolecules 2019, 9, 468 (IF=4.082).

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

25

50

75

50

5) Treml, J.; Vecerova, P.; Herczogova, P.; Smejkal, K. Molecules 2021, 26, 2534 (IF=4.927).

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

75

50

100

75

6) Malanik, M.; Treml, J.; Lelakova, V.; Nykodymova, D.; Oravec, M.; Marek, J.; Smejkal, K.
Bioorganic Chemistry 2020, 104, 104298 (IF=5.275).

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

50

25

25

7) Molcanova, L.; Treml, J.; Brezani, V.; Marsik, P.; Kurhan, S.; Travnicek, Z.; Uhrin, P.;
Smejkal. K. Journal of Ethnopharmacology 2022, 296, 115509 (IF=5.400).

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

30

25

25

8) Treml, J.; Nykodymové, D.; Kubatka,
10.1007/s11101-025-10121-w (IF=7.300).

P. Phytochemistry Reviews 2025, doi:

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

25

920

100

9) Treml, J.; Vaclavik, J.; Mol€anova, L.; Culenova, M.; Hummelbrunner, S.; Neuhauser, C.;
Dirsch, V. M.; Weghuber, I.; Smejkal, K. Journal of Agricultural and Food Chemistry 2025,
doi: 10.1021/acs.jafc.4c11398 (IF=5.700)

Experimental work (%)

Supervision (%)

Manuscript (%)

Research direction (%)

40

90

100

10




10) Treml, J.; Salamunova, P.; Hanus, J.; Hosek, J. Food & Function 2021, 12, 1954-1957
(IF=6.317).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

75 - 80 25

11) Salamunova, P.; Cupalova, L.; Majerska, M.; Treml, J.; Ruphuy, G.; Smejkal, K.;
Stepanek, F.; Hanus, J.; Hosek, J. International Journal of Biological Macromolecules 2021,
169, 443-451 (IF=8.025).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

- 50 25 25

12) Nykodymova, D.; Molcanova, L.; Kotoucek, J.; Masek, J.; Treml, J. ChemistryOpen
2025, doi: 10.1002/0pen.202500209 (IF=3.100).

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

- 75 25 50

1.2. MOLECULAR PHARWNACY

I am currently the Head of the Department of Molecular Pharmacy (DMP). The term “molecular
pharmacy” is a neologism reflecting the connection between pharmacy, medicinal compounds,
and their effects and cellular and molecular biology. This is visible not only in the repertoire of

the subjects taught by the DMP, but also in the research areas of its staff.

The designation of DMF was coined by me in 2020, when the Faculty of Pharmacy rejoined
Masaryk University and there was an interest to shorten the former name “Department of
Molecular Biology and Pharmaceutical Biotechnology”. There were two sources of inspiration:
The Molecular Pharmacy research group of Prof. Dr. Daniel Ricklin from the University of
Basel, Switzerland, which aims at “drug discovery and screening of therapeutic concepts”'3,
and the Molecular Pharmacy laboratory of Univ.-Prof. Dr.rer.nat. Valery Bochkov from the
University of Graz, Austria aiming at “the development of cellular models for screening of

natural products as well as synthetic substances”!*.

My peer-reviewed publications include 33 peer-reviewed scientific articles — 12 of them have

already been presented in the previous section and the remaining 21 will be briefly introduced
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here. The first group of articles concentrates on the determination of biological activity on cell
culture and in vitro assays. Most of the research was done with plant or mushroom extracts or

isolated natural products. The publications are summarized in Table 1.

Publication The main outcome

Kuczmannov4 et al.!® Agrimonia eupatoria water extract — increases expression of
antioxidant enzymes, protects plasmid DNA from oxidative stress,

in vivo wound healing.

Stastny et al.!¢ Pleurotus flabellatus methanolic extract — radical scavenging
activity; chloroform extract — inhibition of cyclooxygenase 2.
P, ostreatus — anti-inflammatory activity = inhibition of nuclear

factor kB (NF-kB).

Rybnikaf et al.!” Schisandra chinensis — dibenzocyclooctadiene lignan (—)-gomisin
J showed both antioxidant (cellular antioxidant assay, CAA) and

anti-inflammatory (NF-kB) activity.

Peron et al.!® Citrus sinensis PDO “Orange of Ribera” peel extract showed
significant antioxidant (CAA) and anti-inflammatory (NF-kB)

activity.

Vasilev et al.!” Astragalus thracicus — quercetin-3-O-B-D-apiofuranosyl-(1 — 2)-
B-D-galactopyranoside showed the greatest inhibitory effect on

collagenase and elastase.

1.20

Dvorska et a Aronia melancarpa fruit peel extract — in vitro and in vivo

antitumor activity in the 4T1 mouse adenocarcinoma model.

Malanik et al.?! Ziziphora clinopodioides subsp. bungeana — isolated triterpenes
were able to inhibit a-glucosidase, and pomolic acid increased

translocation of GLUT4 = antidiabetic activity.

Dvorska et al.?? Hippophae rhamnoides fruit peel extract — in vitro and in vivo

antitumor activity in the 4T1 mouse breast carcinoma model.

Table 1 — Summary of my publications on the topic of biological activity of natural products

in cellular and in vitro assays.
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| have also co-authored a review article summarizing the available ethnobotanical,
phytochemical, and pharmacological information about the traditional Amazonian medicinal
tree Maytenus macrocarpa?’. Moreover, in other three publications | have concentrated on the
determination of antiproliferative effects of synthetic compounds, which were tested also in
other assays: N-phenylpiperazine derivatives with potential antibacterial and antifungal
effects?, silicon-based carbamate derivative with potential inhibitory effect on acetyl- and
butyrylcholinesterase®, and (4-oxo-2-thioxothiazolidin-3-yl)acetic acids as potential aldose
reductase inhibitors?¢. The compounds were screened to confirm whether the concentrations
determined in other assays are safe and non-toxic for human cell culture, and thus whether their

future development makes sense.

The second group of articles deals with microbiological topics. Skovranova et al. determined
antimicrobial activity, synergism with antibiotics, and membrane disruption of prenylated
phenolics isolated from Morus alba®?’ and Paulownia tomentosa®® against Staphylococcus
aureus. Helcman et al., on the other hand, concentrated on the inhibition of a bacterial process
called quorum sensing by cannabinoids and other plant phenolics. Quorum sensing is a cell-to-
cell communication that allows bacteria to share information about population density®. The
other four articles were based on cooperation with the Department of Plant Origin Food
Sciences, Veterinary University. The antimicrobial effect was determined for edible films from
carrageenan/orange essential oil/trehalose*, soaps from reused plant fried oil*!, chitosan edible
films with plant extracts®?, and chitosan films with nanometals®. I have also co-authored two
review articles — one dealing with natural products possessing antiviral effect against herpes
simplex virus 1 and 24, and the other about sulfate reducing bacteria in gut microbiota and their

involvement in inflammatory bowel diseases®”.

2. T2DM COMPLICATIONS AND TREATMENT

Hyperglycemia is the basis of the pathophysiology of T2DM and can be defined as a blood
glucose concentration above 6.9 mM when measured after 8 hours of fasting (or above 10 mM
two hours after eating). Persistent or uncompensated hyperglycemia may lead to chronic
complications of DM, which manifest throughout the whole vascular system. In the retina, for

example, a high glucose concentration causes alterations in microcirculation, capillary closures,
13



and edema. Diabetic retinopathy affects 30% of patients suffering from DM for 20 years or
longer, and its result is blindness. A similar deterioration appears in the kidney, where increased
glomerular pressure and hyperfiltration may end in a need for renal dialysis. Moreover,
hyperglycemia increases the risk of cardiovascular disease and damages nerves, causing
diabetic peripheral neuropathy with symptoms such as numbness, tingling, or pain. In terms of
prevalence, the most common complication in patients with T2DM is chronic kidney disease
(27.8%), followed by foot problems (pain, loss of sensitivity; 22.9%) and eye damage
(18.9%)%°.

The pathophysiology of chronic diabetic complications is complex. One of the key factors in
its progression is oxidative stress, also defined as an imbalance between the production of
reactive oxygen species (ROS) and the antioxidant capacity of the cellular metabolism. A high
concentration of glucose fully saturates the hexokinase enzymatic capacity, and the surplus is
metabolized through the polyol pathway. As a result, nicotinamide adenine dinucleotide
(NADH) accumulates and subsequently serves as a substrate for NADH oxidase to generate
ROS, damaging cells. The final product of the polyol pathway, sorbitol, accumulates in the

retina, leading to retinopathy (Figure 1)*’.

Moreover, glucose spontaneously reacts with free amino groups in proteins forming Schiff
bases. Advanced glycation end-products (AGEs) are formed by the following complex
reactions. The AGEs participate in tissue damage and macrophage (M®) activation leading to
inflammation and oxidative stress. The production of ROS then activates certain pro-
inflammatory factors and their pathways, such as nuclear factor kB (NF-xB). These factors
further activate innate immunity cells and lead to the formation of more ROS, thus creating a

“vicious cycle” of positive feedback between ROS production and inflammation (Figure 1)*’.

14
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Figure 1 — The complications of T2DM — involvement of oxidative stress and inflammation.

An important part of managing T2DM is changing one’s lifestyle and diet. The dietary
measures include: choosing drinks without added sugar, eating wholegrain cereals, reducing
red meat and instead eating more fruit and vegetables, being sensible with alcohol, adding
healthier fats into the diet (unsalted nuts, seeds, avocados, olive oil), reducing amount of salt

and getting the vitamins and minerals from food instead from tablets*®.

Subsequent pharmacotherapy is usually initiated with metformin®®. This biguanide antidiabetic
enhances the utilization of glucose in skeletal muscles and adipose tissue and decreases
gluconeogenesis in the liver. Structurally the biguanides originate from natural products
isolated from the plant Galega officinalis L. (Fabaceae)*’. Treatment with metformin can be
accompanied by gastrointestinal problems, such as flatulence and cramps. Another serious

complication is lactate acidosis.

For patients with cardiovascular disease and metformin contraindication, gliflozines (or
sodium/glucose cotransporter 2 (SGLT2) inhibitors) are the drugs of choice. Gliflozines inhibit
the SGLT2 proteins responsible for the reabsorption of glucose in the kidneys and thus decrease

glycaemia. Other patients with T2DM might be given gliptins (dipeptidylpeptidase 4 (DPP-4)

15



inhibitors), pioglitazone from the group of thiazolidinediones, or a sulfonylurea derivative. If
combinations of first-line drugs are not effective in reducing hyperglycemia, agonists of the
glucagon-like peptide-1 (GLP-1) receptor might be offered. These drugs are administered as
subcutaneous injections and lead to significant weight loss. This aspect is very important since
obesity accompanies T2DM in most cases. For example, from this group, the medicinal
compound semiglutide marketed by Novo Nordisk under the brand name Ozempic has caused
a “revolution” in the treatment of obesity>®. Another option is inhibitors of a-glucosidase, such
as acarbose. Upon their effect, less glucose is absorbed from the gastrointestinal tract.

Insulinotherapy is added when the patient suffers from complicated T2DM*!.

Recently, researchers started to focus on describing the changes in the composition of
microorganisms in the gastrointestinal tract of T2DM patients, also called gut microbiota. This
very complex ecosystem is composed of bacteria, archaea, fungi, viruses, and protozoa. So far,
the studies have shown gut microbiota dysbiosis and loss of microbial diversity in T2DM
patients — mainly decreased abundance of Akkermansia muciniphila, Faecalibacterium
prausnitzii, and others. It was hypothesized (and shown in animal models) that application of

these bacteria in in form of probiotics might improve inflammation and insulin resistance***.

Although the topic of T2DM and its pharmacotherapy has been very well described, there is a
great need to improve treatment strategies and to investigate novel drug targets®. As will be
described in the following chapter, natural products offer great potential in terms of the

hypoglycemic effect and also alleviate the long-term effects of hyperglycemia®®.

16



3. NATURAL PHENOLICS

Natural phenolic compounds (or plant phenolics) are defined as natural products with at least
one phenolic functional group. They are widely distributed in the plant kingdom, which makes
them the most abundant secondary metabolites of plants, with more than 8,000 structures
currently known. As secondary metabolites, natural phenolics are not essential for the basic
growth and reproduction of plants but play important roles in their ecological interactions.
Quideau et al. have proposed that the term “plant phenolics” should be only used for secondary
metabolites arising biogenetically from the shikimate/phenylpropanoid pathway, the
“polyketide” acetate/malonate pathway or both of them (Figure 2)*"%,

@) o
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—
P
HO 0~ SoH
OH
Erythrose-4-phosphate o o
+ - - .
HO J‘k/\@ Cons
o NH,
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CoAS OH \
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Figure 2 — The biosynthetic origin of natural phenolics throughout this thesis: flavonoids,

stilbenoids, prenyl 1,3-diphenylpropanes, arylbenzofurans, and curcumin.
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The capacity of plants to synthesize natural phenolics probably evolved due to their
terrestrialization in the mid-Palaeozoic era between 480 and 360 million years ago. During the
adaptation of life on dry land, plants had to survive solar UV irradiation and thus evolved
pathways for the biosynthesis of phenolics. Moreover, plant phenolics exhibiting color attract
pollinators to flowers. Since similar relations apply to other secondary metabolites as well, one
can suggest that the basis of pharmacotherapy in human medicine started as a by-product of co-

evolution between plants and insects*.

Throughout this thesis, one natural product will be mentioned more than once and will serve as
an illustration of the main topic: a combined antioxidant, anti-inflammatory, and antidiabetic
effect. This natural product is the geranylated flavanone diplacone (also known as propoline C
or nymphaeol A). Diplacone was isolated and identified for the first time by David E. Lincoln
in 1980 from the leaf resin of Diplacus aurantiacus (Curtis) Jeps. Phrymaceae. It was proposed
that diplacone and its derivatives grant protection from herbivorous lepidopteran larvae®. The
compound was later isolated from other plants: Paulownia tomentosa (Thunb.) Steud.
Paulowniaceae’!, Macaranga tanarius (L.) Muell. Arg. Euphorbiaceae®, Macaranga alnifolia
Baker Euphorbiaceae®, Schizolaena hystrix Capuron Sarcolaenaceae®, and Diplacus

clevelandii (Brandeg.) Greene Phrymaceae® and it has also been found in some kinds of

propolis>®.
OH
HO @)
c OH
OH @)

Figure 3 — The structure of diplacone with marked rings A, B, and C.

Diplacone (Figure 3) belongs to the flavonoids, which are very common plant phenolics. The
basic structure of a flavone is 2-phenyl-1,4-benzopyrone (C6-C3-C6). According to the
arrangement of the structure, we can distinguish isoflavones, flavones, flavans, flavanones, and
flavonols®. The prenyl or geranyl moiety attached to the structure increases lipophility and thus

enhances affinity for biological membranes, leading to a stronger biological effect.
18



Stilbenoids are hydroxylated derivatives of stilbenes with the basic structure C6-C2-C6. They
act as phytoalexins and are therefore produced to protect the plants in case of fungal infection.
The best-known stilbenoid, trans-resveratrol (trans-3,5,4'-trihydroxystilbene), is found in
species of the genus Vitis (grapes), red wine, and other plant species’’. Prenyl 1,3-
diphenylpropanes are probably biosynthesized from chalcones. Their occurrence in nature is
rather rare. Arylbenzofurans are uncommon plant phenolics and can be found in substantial
amounts in Morus spp. Their structure is based on a benzofuran ring substituted with a phenyl
group>®. Curcumin is a bright yellow polyphenol isolated from rhizomes of Curcuma longa L.

It belongs among curcuminoids, or linear diarylheptanoids (Figure 2).

According to a recent study, the average consumption of polyphenolic compounds in the Czech
population is 1.673 g per day per person, and this value might still be underestimated. The most
frequent sources are beverages such as coffee, tea, and juices, followed by fruits, cereals, and

vegetables, respectively”’.

Approximately 5-10% of total phenolic compounds are absorbed in the small intestine after
ingestion. Based on the molecular weight (and other physical-chemical properties), the
phenolics are absorbed through passive diffusion (low molecular weight compounds, such as
gallic acid and isoflavones, and lipophilic compounds, such as flavonoid aglycones). Other
compounds are actively transported via P-glycoprotein or sodium-glucose cotransporters, such

as quercetin glycosides®.

The remaining plant phenolics are then transported to the colon, where they are subjected to
microbiota. The transformation of phenolic compounds depends on gut microbial composition
and also on chemical structure and the type of food ingested. Usually, the polymeric phenolics
are depolymerized, flavonols are decomposed into hydroxyphenylacetic acids, flavones and
flavanones are broken down into hydroxyphenylpropionic acids, etc. The products of

metabolism are then absorbed®’.

From the colon, the compounds are transported to the liver via the portal vein. The metabolism
in the liver follows a similar pattern as that of other xenobiotics. During phase I, the structures
of plant phenolics or their metabolites are modified — thiolated, hydroxylated, aminated, or
carboxylated. The phase II is then characterized by conjugation reactions when glucuronides,
sulphates, or methyl groups are added to enhance water solubilization and thus elimination from

the body®.

19



3. 1. ANTIOXIDANT ACTIVITY

All aerobic organisms suffer from oxidative stress, but on the other hand they gain much more
energy from oxidative phosphorylation than from anaerobic processes. ROS are small
molecules that are commonly produced in radical reactions and have the capacity to quickly
interact with cellular structures. They include various chemicals: oxygen radicals (such as
hydroxyl radical ‘"OH) or nonradical substances (such as hydrogen peroxide H>O»). ROS are
usually very reactive and damage the nearest biomolecules, impairing the function of the
biological system. The antioxidant cellular capacity is represented by antioxidant enzymes,
such as superoxide dismutase (SOD; converting superoxide radical to hydrogen peroxide) or

catalase (CAT; converting hydrogen peroxide to water)!.

The cellular response to oxidative stress is regulated by the transcription master regulator
nuclear factor erythroid 2-related factor 2 (Nrf2) and under normal conditions remains in
cytosol bound to Kelch-like ECH-associated protein (Keap1) (Figure 4). Keapl facilitates the
polyubiquitination of Nrf2 by the Cullin 3 (Cul3) E3 ubiquitin ligase for proteasomal
degradation, thus allowing low basal activation. During oxidative stress, certain cysteine
residues in Keapl are modified and subsequent conformational change prevents Keapl from
mediating the ubiquitination of Nrf2 by Cul3. As a result, Nrf2 is stabilized, accumulated, and
translocated into the nucleus where it heterodimerizes with sMaf proteins. The heterodimer then
binds to the antioxidant responsive element (ARE) for the induction of cytoprotective genes for

enzymes involved in the detoxication of ROS (Figure 4)°!.
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Figure 4 — The Nrf2-ARE pathway (created using Motifolio toolkit).

The exact mechanism by which oxidative stress promotes inflammation and vice versa is not
clear. A possible link was proposed by Salzano et al. The oxidative stress in cells leads, among
other things, to protein oxidation and oxidative coupling of glutathione to cysteine residues of
proteins. One such example is a ubiquitous redox-active intracellular enzyme peroxiredoxin-2
(PRDX2), which is released from macrophages in oxidized form upon oxidative stress or pro-
inflammatory activation by lipopolysaccharide (LPS). The released PRDX2 then triggers other

macrophages to produce tumor necrosis factor o (TNF-a)®2.

Compounds that can regulate oxidative stress and enhance the defensive capacities of cells are
called antioxidants. Several different assays and methodological approaches are used to

measure antioxidant activity”:

1. Direct antioxidant assays are based on redox reactions and the fast scavenging of ROS:
a. Chemical-based assays are essentially based on electron-transfer redox reactions. The

reaction usually involves chemical radicals, such as 2,2-diphenyl-1-picrylhydrazyl
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radical (DPPH"), 2,2" -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid radical cation
(ABTS™). Or ferric (Fe*") ions, as in the case of ferric reducing antioxidant power
(FRAP) assay. Upon reaction with an antioxidant, the radical or ion undergoes a redox
reaction (i.e. electron transfer) that leads to a change in structure and thus in the
absorption spectrum, which can be measured and quantified. These assays are very
popular among phytochemists because they are rapid, easy-to-do, and relatively cheap.
On the other hand, they are very far from the natural conditions in cells, and a positive
result does not confirm their effectiveness in cellular systems. One of the other options
in this group is an assay based on the protection of plasmid DNA from hydroxyl radical
produced by the Fenton reaction or protection from the lipid peroxidation of linoleic
acid.

b. Cell-based assays are rather time-consuming and require certain skills from the
researcher, however their results are more relevant for in vivo conditions. Positive
effects in such assays might also give us information about the ability of the
antioxidant to enter the cells. An example of this approach is the cellular antioxidant
assay (CAA). Cells are first incubated with 2’,7'-dichlorodihydrofluorescein diacetate
(DCFH-DA), which is then deacetylated to DCFH in cell cytosol. After the addition
of 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH), peroxyl radicals are
produced and DCFH is converted to fluorescent dichlorofluorescein (DCF).
Antioxidants can counteract this reaction and thus decrease the fluorescence signal.

2. Indirect antioxidant assays, which may involve redox activity, concern mainly the
enhancement of the antioxidant capacity of cells, for example, the increased expression of
antioxidant enzymes through activation of the Nrf2-ARE pathway. These methods can also
be divided on a principle similar to the previous one — the influence on enzyme activity can
be measured on isolated enzymes or using a cell-based approach, which obviously has
greater informative value. Another example is a modified CAA assay, in which the
oxidative stress is caused by a high glucose concentration in the medium (thus
approximating the conditions of hyperglycemia) and is called the glucose oxidative stress

protection (GOSP) assay.

The discrepancies between the results of the chemical-based and cell-based antioxidant activity

of the model compound diplacone are shown in Table 2. All the cell-based experiments were
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done in non-toxic concentrations (verified using a WST-1 kit). Based on the results, diplacone
can be described as a direct scavenger of radicals in chemical-based assays, but this effect was
not confirmed in the cell-based CAA assay. On the other hand, after a longer incubation in a
GOSP assay, a statistically significant effect was observed, probably due to the increased

activation of catalase.

Type Assay Result Source
ABTS 3.2x more active than positive control (Trolox)
DPPH 1.1x more active than positive control (Trolox) | Zima et al.?
la FRAP 0.5% more active than positive control (Trolox)

Plasmid DNA | at conc. of 100 uM, plasmid DNA protected from
' Treml et al.?
protection Fenton reaction

1b CAA no activity at conc. of 5 uM after 1h

1.4x more active than positive control (quercetin)
GOSP
at conc. of 5 uM after 48h

5
5% more active than negative control (DMSO as | 1reml et al.

2 CAT activity
solvent) after 5h at conc. of 5 uM

Nrf2-ARE o
no activity after 24h at conc. of 5 uM
activation

Table 2 — Results for the chemical-based and cell-based antioxidant activities of diplacone.

A similar pattern of discrepancies was also observed in experiments with stilbenoids described
by Treml et al. The compounds were first tested using a chemical-based methodology — the
thiobarbituric acid reactive substances (TBARS) assay. In principle, the TBARS assay should
show the ability of a compound to protect linoleic acid against lipid peroxidation using AAPH
during a 24h incubation. Upon oxidation, linoleic acid forms malondialdehyde (MDA), which
reacts with TBA in acidic conditions. The TBA-MDA adduct is then extracted using butanol

and its concentration is determined by absorbance measurement. The stilbenoids were
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subsequently tested in a cell-based assay, wherein oxidative stress was caused by pyocyanin, a
secondary metabolite obtained from the Gram-negative bacteria Pseudomonas aeruginosa that

is able to generate ROS*.

Among the stilbenoids (Figure 5), trans-stilbene was the most potent in the TBARS assay,
reducing the lipid peroxidation by almost 50%. On the other hand, the most pro-oxidant were
trans-resveratrol, piceatannol, and piceatannol-3'-O-B-glucopyranoside. Surprisingly, in the
cell-based assay, piceatannol and piceatannol-3'-O-B-glucopyranoside were able to reduce the
oxidative stress caused by pyocyanin by c. 50% after 1h at a non-toxic concentration of 2 uM,
and trans-stilbene was inactive. Only isorhapontigenin was able to activate the Nrf2-ARE

pathway, but without increasing the expression of any antioxidant enzymes®*.

OH OH
O HO O HO O
OH
OH OH

Trans-stilbene Trans-resveratrol Piceatannol

OH

oH
Piceatannol-3'-O-B-glucopyranoside Isorhapontigenin

Figure 5 — The structures and effects of stilbenoids.

Overall, both studies show diverse results, with one compound effective in one assay but
ineffective in the other. As I have argued, from the point of relevance to biological systems,
cellular antioxidant assays surpass those that are chemical-based. Thus, to designate a

compound as an antioxidant, one should depend on results from cellular or in vivo assays.
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Wolfe and Liu used the CAA assay to assess the structure-activity relations study for flavonoids.
The structural elements conferring the most active flavonoids were: a 3',4’-dihydroxyl group in
the B-ring, a 2,3-double bond combined with a 4-keto group in the C-ring, and a 3-hydroxyl
group. Isoflavones showed no cellular antioxidant activity. Flavanols with a galloyl moiety had
higher antioxidant activity than those without, and a B-ring 3',4',5'-trihydroxyl group further
improved their efficacy. Thus, the most active group of flavonoids are flavonols, such as
quercetin®. These results agree with our own results — quercetin was used as a positive control
in CAA, and diplacon (as the flavanone) lacks key parts in its structure: 2,3-double bond and a
3-hydroxyl group.

Esatbeyoglu et al. studied Vitis vinifera root extract and identified several stilbenoids in it,
including resveratrol and piceatannol. In their experiments, they found the extract to protect
against hydrogen peroxide-induced DNA damage and induce Nrf2 and its target genes heme
oxygenase-1 and y-glutamylcysteine synthetase®®. The effects of the extract are better than those

observed in our experiments for the compounds alone.
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3.2, ANTI-INFLAWMATORY ACTIVITY

Inflammation is a reaction of body tissues to various harmful stimuli, such as pathogens,
damaged cells, or chemical irritants. It is a complex defensive response of the innate immune
system accompanied by five cardinal signs: calor (heat), dolor (pain), rubor (redness), tumor
(swelling), and functio laesa (loss of function). The function of inflammation is to eliminate the
causal agent, clear out damaged cells and tissue and start the reparatory processes. Such
processes of acute inflammation usually take a few days. However, inflammation can lead to a
harmful dysregulated response and produce systemic damage that results in chronic

inflammatory disorders, such as obesity, insulin resistance, and T2DM.

There are several ways in which cells react to stimuli and inflammation develops on a
biochemical level. One common mechanism is connected to the NF-xB pathway (Figure 6).
The canonical form of this pathway starts with various membrane receptors, such as toll-like
receptors (TLR) activated by LPS from the cell wall of Gram-negative bacteria. Once activated,
the pathway leads to phosphorylation of kB kinase and subsequently of IkB. In the normal
state, IkB resides in cytosol and inhibits NF-kB (a heterodimer complex of p50 and RelA)
through a bond. Upon phosphorylation, IxkB is degraded, releasing NF-kB to enter the cell
nucleus, bind to a specific responsive element on DNA and thus orchestrate the production of

proinflammatory cytokines, such as TNF-o and interleukin 1B (IL-1B)%.
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Figure 6 — The canonical NF-kB pathway (created using Motifolio toolkit).

Another mode of cellular response might be mediated via mitogen-activated protein kinases
(MAPK). There are several subfamilies of MAPK, such as extracellular signal-regulated
kinases (ERK), c-Jun terminal kinases (JNK), and p38. Activated MAPKs translocate to the
nucleus and phosphorylate transcription factors such as activator protein 1 (AP-1) and c-Myc,

which coordinate the expression of several pro-inflammatory downstream target genes.

Moreover, both NF-kB, JNK and ERK pathways are activated by the insulin receptor pathway.
The insulin pathway leads to increased uptake of glucose into cells by translocation of GLUT4
transporters on the cellular surface. Insulin mediates its action via phosphatidylinositol 3-kinase
(PI3K) and protein kinase B (PKB or Akt). This leads to an amplification loop connecting

inflammation and insulin resistance in T2DM®®,
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The anti-inflammatory activity in vitro can be determined with several different methods®’:

1. Cell-free assays are based on the inhibition of certain pro-inflammatory enzymes, usually
determined using kits. Examples of enzymes used in such assays are lipoxygenase (LOX)
and cyclooxygenase (COX). Both are involved in the conversion of arachidonic acid into
eicosanoids.

2. Cell-based assays involve inducing inflammation in a monocytic or macrophage cell line
(e.g. by LPS) and then determining the outcomes:

a. Griess reaction is used to detect the production of NO (involved in inflammation) by
means of measuring its oxidation products, nitrites, following their diazotation
reaction with sulfonamides.

b. Reporter assays require genetically modified cell lines, in which the activaton of the
NF-xB pathway is connected to the production of a certain reporter gene, such as
secreted embryonic alkaline phosphatase (SEAP) that can be quantified upon its
reaction with the specific substrate QUANTI-Blue™.

c. ELISA assays are used to measure the inhibition of the production of pro-

inflammatory cytokines after activation of the NF-xB pathway.

Molc¢anova et al. reported the anti-inflammatory effect of geranylated flavonoids isolated from
P. tomentosa and among these was the model compound — diplacone. Diplacone, at a non-toxic
concentration of 1 uM, was able to reduce the activation of NF-kB/AP-1 in the LPS-activated
THP-1-XBlue™-MD2-CD14 cell line to 80% of the negative control, which was comparable
to the positive control prednisone. The anti-inflammatory effect of diplacone was further
established in an in vivo model of colitis in rats, where this compound ameliorated the
symptoms (diarrhea, presence of blood in the stool) and delayed their onset. One of the
mechanisms was decreasing the levels of COX-2 and increasing the ratio of the pro-matrix

metalloproteinase-2 (pro-MMP2)/MMP-2 activity’-%%,

Several other compounds were even more active than diplacone, as shown in Figure 7: diplacol
(reduced to 55%; the difference from diplacone highlighted in red in Figure 7), mimulol,
paulodiplacone A, paulodiplacol A (60%), tomentoflavone A (65%), tomentone B (70%), 3'-O-
methyl-5"-methoxydiplacol, 3’-O-methyl-5"-hydroxydiplacol (75%).
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Figure 7 — The anti-inflammatory compounds isolated from P. fomentosa.

Results published by Malanik et al. describe the antioxidant and anti-inflammatory effects of
natural phenolics isolated from the CHCls-soluble part of an ethanolic extract of branches and
twigs of Broussonetia papyrifera L. L’Hér. ex Vent. (Moraceae). Among these, prenylated 1,3-
diphenylpropane kazinol M and the prenylated flavonols broussoflavonol A and
broussoflavonol B (Figure 8) showed inhibitory effects on the activation of NF-kB/AP-1 in the
LPS-activated THP-1-XBlue™-MD2-CD14 cell line. At a non-toxic concentration of 1 pM the
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activation was reduced to 75%; prednisone showed a similar effect. These compounds
subsequently suppressed the secretion of both IL-1p and TNF-a (reduction to 50% of the
negative control, whereas prednisone was not active) in LPS-stimulated THP-1 cells more
significantly than prednisone. Another compound, 5,7,3'4'-tetrahydroxy-3-methoxy-8,5'-
diprenylflavone, showed the greatest antioxidant effect in a CAA assay (1.4x more active than
quercetin, both at 5 uM) and significantly inhibited NF-kB/AP-1 activation (reduced to 75%,
at 1 uM). But because the compound did not decrease the secretion of IL-1B or TNF-a, it

probably primarily inhibits AP-1 transcription factor and not NF-«xB°.

Broussoflavonol B 5,7,3',4'-Tetrahydroxy-3-methoxy-
8,5'-diprenylflavone

Figure 8 — The structures of kazinol M, broussoflavonol A, B and 5,7,3',4'-tetrahydroxy-3-
methoxy-8,5'-diprenylflavone.

From the two publications it can be assumed that the most active anti-inflammatory structure

among the prenylated and geranylated flavonoids are flavanonols, followed by flavanones,
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flavonols, and flavones. The most active compound was diplacol and its effects should be

further elucidated.

Jin et al. performed activity-guided fractionation of the methanolic extract of the flower of
Paulownia coreana and determined inhibitory activities against LPS-induced nitric oxide
production in murine macrophage RAW?264.7 cells. In their study, the most active compound
was 3'-O-methyl-5'-hydroxydiplacone with ICso = 1.48 uM. This compound was also among
those tested in the study by Mol&anova et al.”, but was not that active — it was able to reduce
the NF-kB activation to approximately 80%, but without statistical significance. Diplacol and

diplacone were found very active by Jin et al., with IC50 = 4.53 and 5.02 uM, respectively®.

Moreover, Shahinozzaman et al. tested the anti-inflammatory activity of prenylated flavonoids
from Okinawa propolis. The effect was tested as an inhibition of LPS-induced nitric oxide
production in murine macrophage RAW264.7 cells. Diplacone (named as nymphaeol A in this
study) was the second most active compound, with ICso = 3.2 uM. The most active compound

was nymphaeol C (ICso = 2.4 uM) or 5'-geranyl-6-prenyl-5,7,3',4'-tetrahydroxyflavanone.
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3.3, ANTIDIABETIC ACTIVITY

Insulin is a peptide hormone produced by B-cells in the pancreas. It regulates the anabolic
metabolism in the body by absorbing glucose into adipose tissue, skeletal muscles, and liver.
The hypoglycemic effect of insulin is counterbalanced by glucagon. This fragile equilibrium
tilts towards hyperglycemia in T2DM usually because of insulin resistance, in which insulin

does not function properly, likely because of defects throughout the insulin signaling pathway.

Simply put, the effect of insulin starts with binding to an insulin receptor (IR) at the membrane
of the target cell. The IR possesses tyrosine kinase activity and phosphorylates itself. This
results in recruitment of IR substrate (IRS), PI3K, Akt, and its substrate AS160. Based on that,
GLUT4 transporter is translocated from cytosolic vesicles to the membrane to enhance the
uptake of glucose. The whole pathway is strictly regulated, for example, the
autophosphorylation of IR and its substrates is inhibited by the protein tyrosine phosphatase 1B
(PTP1B) (Figure 9)"".

Insulin

Translocation

Figure 9 — The insulin transduction pathway (created using Motifolio toolkit).
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The antidiabetic activity of natural products can be determined in several ways. Zhang et al.

have proposed a classification for in vitro assays’*:

1.

Phenotypic assays do not rely on a specific target but determine an overall antidiabetic

effect. We can describe them as high-throughput cellular methods and therefore useful as a

preliminary initial check:

a.

Signaling pathway assays assess the effect of a test compound on one or multiple
pathways related to T2DM.

The glucose uptake assay is based on the accumulation of glucose analogs, either
radiolabeled or non-radiolabeled, in cells and its quantification.

Insulin secretion assays concentrate on measurements of intracellular calcium,

insulin, cAMP, and ATP.

Target-based assays, on the other hand, have a great advantage in that the precise mode of

action is determined:

a.

a-Amylase and a-glucosidase assays are based on the inhibition of these two enzymes
that normally digest saccharides in intestines.

GLP-1 receptor and peroxisome proliferator-activated receptor y (PPARYy) agonist
assays. GLP-1 agonism stimulates the release of insulin from the pancreas and
decreases food intake, whereas PPARy agonism enhances glucose metabolism and its
uptake by cells.

PTP1B and dipeptidyl peptidase-4 (DPP-4) inhibition assay. Inhibition of PTP1B
leads to enhanced signal transduction from the IR and thus a better effect of insulin.
DPP-4 inhibitors stop the degradation of incretins and thus enhance their effects. An
example of an incretin is GLP-1.

GLUT4 translocation assay can be done using traditional methods, such as western
blotting or immunofluorescence. However, there are more sophisticated methods, such

as total internal reflection fluorescence (TIRF) microscopy.

Treml et al. concentrated on identifying the geranylated flavonoids and arylbenzofurans isolated

from Paulownia tomentosa and Morus alba as novel PPARY partial agonists and hypoglycemic

agents. The project workflow started with 36 different natural phenolics that were preselected

using molecular docking to a PPARY receptor. As a result, 8 (and in next step of selection only

4) positive hits were assayed using in vitro cell culture assays, specifically PPARy luciferase
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reporter gene assay and PPARY protein expression by Western blot analysis. Moreover, their
ability to induce GLUT4 translocation in cell culture and lower glycemia in chicken embryos
was determined’.

The selected methods in this project consisted mainly of target-based assays. However, the
hen’s egg test-chorioallantoic membrane (HET-CAM) assay is a special category on the border
between in vitro and in vivo animal experiments. The HET-CAM assay uses chicken embryos
at day 11 of development and therefore is not considered to be an animal experiment and does
not require ethical approval. The model has the advantage of mimicking in vivo conditions’>.
Another example of such an approach are experiments on the fruit fly Drosophila melanogaster
with measurements of the glucose levels in hemolymph. The advantage is that the genetic
similarity between humans and fruit flies reaches 60% and as the latter is an invertebrate do not
require ethical approvals’®.

The results of Treml et al.” (Figure 10) showed that the concept of using PPARYy agonism as
preselection for further assays of GLUT4 and hypoglycemic activity is not an optimal solution,
because the only positive case was diplacone, the model compound. Diplacone showed partial
agonist activity on PPARy (40% of the effect of rosiglitazone, the positive control, at a
concentration of 3 uM), a low effect on GLUT4 translocation (23% of the effect of insulin, the
positive control, at a concentration of 10 uM), and a hypoglycemic effect in the HET-CAM
assay (15% of the effect of insulin, at a concentration of 40 uM, after 120 min.). Mainly the last
result contradicts the results reported by Zima et. al. where diplacone did not compellingly
reduce blood glucose levels in alloxan-induced diabetic mice. The only exception was a
significant reduction of glycemia on day 1 (p < 0.05). On the other hand, diplacone showed a
cytoprotective effect on pancreatic cells. Since alloxan induces diabetes via oxidative damage
to the pancreas, this effect might be explained by its antioxidant effect’. Therefore further in

vivo experiments with diplacone are necessary.
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Figure 10 — Structures of diplacone, mimulone, moracin M, and mulberrofuran Y.

Moracin M, an arylbenzofuran obtained from M. alba, showed no PPARy agonism or
enhancement of GLUT4 translocation. But it did show a hypoglycemic effect in the HET-CAM
assay (29% of the effect of insulin, at a concentration of 40 uM, after 120 min.). This result is
in accordance with Zhang et al. who observed decreased fasting blood glucose levels in alloxan-
diabetic mice after the administration of moracin M’°. The proposed mechanisms of action
include inhibition of PTP1B’®, induced phosphorylation of PI3K and Akt’’, and inhibition of
DPP-47%.

The relationship between the structure of flavonoids and PPARy agonism was described by
Treml et al. in their review article.® Among all the flavonoid structures, isoflavones were the
most promising, namely 4'-fluoro-7-hydroxyisoflavone (recalculated percentage of positive
control; %pc =710.3%). Flavanones, the group to which the model compound diplacone
belongs, were the 4™ most active when the distribution of %pc values among different classes

of flavonoids was compared?®,.

To conclude, two compounds emerged with potential for future experiments. Diplacone with

broader effect encompassing PPARy agonism, GLUT4 translocation and hypoglycemic effect.
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And moracin M with stronger hypoglycemic activity, but a different mechanism than GLUT4

translocation.

3. 4. ENCAPSULATION OF NATURAL PRODUCTS

Finally, a well-known fact is that natural phenolics despite their promising biological effects,
suffer from poor water solubility, low bioavailability and metabolic instability. One of the ways
to overcome such obstacles is the application of novel delivery systems and encapsulation into

nanoparticles’’.

For the purpose of solubilization, Treml et al. used glucan particles (GPs) prepared from baker’s
yeast Saccharomyces cerevisiae Meyen ex E.C. Hansen (Saccharomycetaceae). Their study
tested the effect of curcumin encapsulated in GP on the expression of antioxidant enzymes. The
study compared the effects of encapsulated curcumin, a mixture of curcumin and GPs (but not
encapsulated), curcumin alone, and GPs alone. The results showed that only the mixture was
able to increase the expression of the Nrf2 protein and increase the activation of the Nrf2—ARE

system significantly after 24h of incubation'?.

Similarly, Salamunova et al. incorporated artemisinin, ellagic acid, (-)-epigallocatechin gallate,
morusin, and trans-resveratrol into GPs and tested their anti-inflammatory and antioxidant
effects. The compounds were encapsulated using two different methods — rotary evaporation
and spray drying — with the latter more effective in terms of biological activity. No antioxidant
activity was detected for the encapsulated compounds. 7rans-resveratrol encapsulated in GPs
was the most active in significantly decreasing the secretion of TNF-a in vitro in THP-1 cells
stimulated with LPS. Encapsulated trans-resveratrol was more effective than the mixture or GPs
alone. In inhibition of the NF-kB pathway, none of the encapsulated compounds was more
effective than GPs alone. GPs reduced the activation of NF-kB down to 15%, which was 5x as

effective as the positive control, prednisone!''.

Both studies showed that GPs are not suitable for the solubilization of natural phenolics because
they possess anti-inflammatory effect themselves. On the other hand, Brezani et al. used other
type of nanoparticles, such as cationic, anionic, and pegylated liposomes to improve the

bioavailability of the poorly soluble lipophilic compound macasiamenene F. The formulation
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of neutral liposomes showed high cellular uptake on various cell lines while keeping its anti-

inflammatory properties®’.

Another approach might be encapsulation in cyclodextrins (CDs), which are cyclic
oligosaccharides produced from starch, consisting of a hydrophobic interior cavity and
hydrophilic exterior®!. For example, Zhang et al. complexed the flavonoid taxifolin with B-CD,
which resulted in enhanced in vitro cytostatic activity against a hepatocellular carcinoma

HepG2 cell line®.

Based on this, Nykodymova et al. encapsulated the geranylated flavanone mimulone into
hydroxypropyl-B-cyclodextrins (HP-B-CDs) and anionic, cationic, and neutral liposomes and
evaluated their PPARY agonistic activity. The encapsulation was effective only for HP-B-CDs,
since in this case up to 91.5% of mimulone’s activity was preserved!?. Therefore, HP-B-CDs

might provide seems to be the best option for natural products encapsulation.

4. CONCLUSION

This thesis aimed to explore the antioxidant, anti-inflammatory, and antidiabetic effects of plant
phenolic compounds. The combinatory effect could be beneficial for a patient with T2DM
because not only the main symptom, hyperglycemia, would be treated, but also the oxidative

stress and inflammation that worsen the complications of T2DM.

Diplacone was presented as a model compound, and throughout the thesis it was proved that it
is the proof-of-concept. Diplacol also showed promising anti-inflammatory activity, whereas

moracin M showed hypoglycemic activity.

Several steps need to be taken to successfully follow up on the experiments presented in this

thesis:

v' Efficient and feasible chemical synthesis. Further in vivo experiments will be very
demanding in terms of the amounts of the test compounds, which cannot be secured
from plant sources.

v Further in vivo experiments. The effects have to be confirmed in animal models, such
as mice, rats, or pigs. Experiments can even be done on Drosophila diabetes models.

v Elucidation of the mechanism of action. It is important to map which proteins are
upregulated and which pathways are activated.
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v" Determination of pharmacokinetics, metabolism in the liver, and by fecal
microbiota. For future in vivo experiments, knowledge of how the compounds are

metabolized is crucial.
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Flavonoids as Potent Scavengers of Hydroxyl

Radicals

Jakub Treml and Karel Smejkal

Abstract:  Oxidative stress is a fundamental principle in the pathophysiology of many diseases. It occurs when the
production of reactive oxygen species exceeds the capacity of the cell defense system. The hydroxyl radical is a reactive
oxygen species that is commonly formed in vivo and can cause serious damage to biomolecules, such as lipids, proteins,
and nucleic acids. It plays a role in inflaimmation-related diseases, like chronic inflammation, neurodegeneration, and
cancer. To overcome excessive oxidative stress and thus to prevent or stop the progression of diseases connected to it,
scientists try to combat oxidative stress and to find antioxidant molecules, including those that scavenge hydroxyl radical
or diminish its production in inflamed tissues.

This article reviews various methods of hydroxyl radical production and scavenging. Further, flavonoids, as natural plant
antioxidants and essential component of the human diet, are reviewed as compounds interacting with the production of
hydroxyl radicals. The relationship between hydroxyl radical scavenging and the structure of the flavonoids is discussed.
The structural elements of the flavonoid molecule most important for hydroxyl radical scavenging are hydroxylation of
ring B and a C2—C3 double bond connected with a C-3 hydroxyl group and a C-4 carbonyl group. Hydroxylation
of ring A also enhances the activity, as does the presence of gallate and galactouronate moieties as substituents on the

flavonoid skeleton.

Keywords: Fenton reaction, flavonoids, hydroxyl radical, scavenging, structure—activity relationship

Introduction

Oxidative stress is a state present in all acrobic organisms. It
occurs when the production of reactive oxygen species (ROS)
exceeds the limited capacity of the cellular antioxidant system.
Aerobic organisms have the advantage of gaining more energy
from oxidative phosphorylation than anaerobic organisms get from
anaerobic glycolysis. However, a serious disadvantage of oxidative
phosphorylation is the possibility of producing ROS. ROS are
small molecules, commonly produced in radical reactions, with
the capacity to quickly interact with cellular structures. They are
represented by various chemical entities: oxygen radicals (such as
hydroxyl radical *OH) or nonradical substances (such as hydrogen
peroxide H,O») (Ma 2010).

ROS are usually very reactive; they do not have long lifetimes
and cannot be transported for long distances in an organism. They
therefore damage the cell structures that are closest to the site of
their formation. They readily attack nucleic acids, proteins, and
lipids. The molecule that is attacked is cither damaged, destroyed,
or has its function altered. Oxidative stress plays a key role in the
origin and development of many diseases connected with inflam-
mation, such as neurodegeneration, cardiovascular diseases, and
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cancer. On the other hand, the balanced formation of many ROS
plays an essential role in some physiological processes. For example,
phagocytes produce large amounts of ROS via the NADPH oxi-
dase system as part of their defensive mechanism against pathogens
(Valko and others 2007).

Free radicals are molecules containing unpaired electrons, which
makes them very reactive. This reactivity leads to donating or
accepting electrons from surrounding molecules to achieve a more
stable state. The reaction of such a radical with a nonradical causes
a radical chain reaction and creates new radicals, which, in turn,
react with other molecules. This process is called propagation.
The reaction is terminated when 2 radicals react with each other
to form a nonradical (Betteridge 2000).

H>O»5 is a nonradical that belongs among the ROS. Several en-
zymes generate H O, for example, superoxide dismutase. Perhaps
fortunately, given its widespread presence in vivo, H O, is only a
weak oxidizing or reducing agent and is poorly reactive. H,O»
causes some damage directly, but the oxidation of biomolecules
is usually mediated by the formation of "OH (Halliwell and Gut-
teridge 2007).

Hydroxyl radical—chemistry and biological consequences
Hydroxyl radical ("OH) is the most potent oxidant and one of
the most reactive natural free radicals known. It has a very short
half-life and thus reacts with molecules at the site of its forma-
tion (Betteridge 2000). The reaction rate with other molecules is

high, approximately 10% to 10" M~ x s7'. "OH recombination
© 2016 Institute of Food Technologists®
doi: 10.1111/1541-4337.12204
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HH H
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A H—C':—(IJ—O—H +'OH —>» H—(l)—(lz—O—H + H,0
H H H H
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B C=C +°'OH —>» \c'_c/
/ \ 7 ®X
c Cl-+'0OH —» Cl++ OH

Figure 1-Three main types of reactions of "OH: (A) hydrogen abstraction;
(B) addition to double bond; (C) electron transfer.

(Eq. 1) is also very fast (with k =5 x 10" M™" x s7') and the
steady-state concentration of "“OH in solution is therefore prac-
tically zero (Tirzitis and Bartosz 2010). The absorbance peak of
"OH in aqueous solutions occurs at 230 nm, but in general the
spectrum is nondescriptive (Halliwell and Gutteridge 2007):

*OH+'OH — H,0» 1)

The production of "“OH will be discussed later in the paper.
Here, it is necessary to point out that "“OH occurs naturally in or-
ganisms, as well as in the atmosphere. "OH is formed in biological
systems by oxidative metabolism, in which (predominantly in mi-
tochondria) superoxide radicals (O, ") are formed as an unwanted
by-product. The superoxide radical can be removed by the su-
peroxide dismutase enzyme. The product, H,O,, can be removed
by another enzyme called catalase, or it can undergo a Fenton
reaction in the presence of transition metal ions to generate "“OH
(Carocho and Ferreira 2013).

‘OH is also a major oxidizing agent in the Earth’s atmosphere,
destroying about 3.7 Gt of trace gases, including methane and dif-
ferent fluorocarbons, cach year (Ehhalt 1999). In the atmosphere,
"OH is formed primarily via the reaction of water vapor with sin-
glet oxygen that had previously resulted from the UV photolysis
of ozone (Bahm and Khalil 2004).

There are 3 main types of reactions of "OH: hydrogen abstrac-
tion, addition, and electron transfer. All of these reactions predict
the nature of the damage caused by "OH. Basically, all of the re-
actions lead to the formation of new radicals and thus propagate
chain reactions. One example of abstraction is the reaction of "OH
with alcohols. The “OH abstracts H" and forms water, leaving an
unpaired electron on the carbon atom of the alcohol (Figure 1A).
The reaction of "OH with an aromatic compound often leads
to addition. In this way, “OH can be added to double bonds to
form a hydroxy derivative (Figure 1B). "OH can also take part in
clectron-transfer reactions (Figure 1C) (Halliwell and Gutteridge
2007).

As can be expected from the enormous reactivity of “OH, the
exposure of DNA (or RNA) to it yields a large number of prod-
ucts. The distribution of an "OH attack depends on the elec-
tron density at the site of the molecule attacked. Because of its
electrophilic nature, "“OH preferentially adds to the site with the
greatest electron density. For example, “OH attacks a molecule
of guanine preferentially at C-8 to produce a C-8 OH-adduct
radical that can be reduced to 8-hydroxyguanine or undergo ring
opening to give 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(Figure 2). Similarly, other purines and pyrimidines suffer from the
addition of "OH to the ring and the abstraction of H". In the case

© 2016 Institute of Food Technologists®

of cytosine, 87 % of the addition occurs at the C-5. The product
distribution will also vary depending on whether the "“OH is gen-
erated by radiation or by a Fenton reaction. For example, copper
ions bind to GC-rich sequences in DNA and subsequent reaction
with H,O, favors the formation of modified guanine products,
whereas "OH produced by radiation impairs all bases to a sim-
ilar extent. The consequences of DNA damage are mutations.
8-Hydroxyguanine leads to a GC — TA transversion mutation
because it can bond to adenine, although most 8-hydroxygunine
pairs correctly with cytosine. Deoxyribose and ribose are targets
of "OH attack as well. The formation of one of the products,
malondialdchyde (MDA), forms the basis of the deoxyribose assay.
Damage to the sugar parts of the DNA structure can lead to breaks
in the strands of DNA, because these constitute the phosphate—
deoxyribose backbone. Attack at C-1 of the deoxyribose structure
can cause the release of a base from the DNA molecule, leaving
an abasic site in the DNA (Evans and others 2004).

The most vulnerable molecular components of lipids are the
polyunsaturated fatty acids (PUFAs) that are present in large
amounts and form parts of cell membranes. The process by which
"OH causes oxidative damage to lipids is called lipid peroxidation.
Lipid peroxidation is initiated by the addition of "OH to a double
bond or by the abstraction of a hydrogen atom from a methylene
group of a PUFA by "OH (Figure 1B and A, respectively). In
both cases, the result is the formation of a lipid radical (L7). This
carbon radical reacts with oxygen to form a lipid peroxyl radical
(LOO"). The LOO" can abstract a hydrogen from an adjacent
fatty acid to produce a lipid hydroperoxide (LOOH) and a second
lipid radical. The LOOH formed can react with metal ions, such
as Fe?t, producing lipid alkoxyl radical (LO"). Both alkoxyl and
peroxyl radicals stimulate the chain reaction of lipid peroxidation
by abstracting additional hydrogen atoms, not only from the sur-
rounding lipids, but also from other biomolecules (Buettner 1993;
Catala 2010).

A great diversity of aldehydes 1s formed when lipid hydroperox-
ides break down in biological systems. Some of these aldehydes are
highly reactive and may be considered as secondary toxic messen-
gers, which disseminate and augment the initial free radical events.
4-Hydroxy-2-nonenal (4-HNE) is known to be the main alde-
hyde formed during the lipid peroxidation of n-6 PUFAs, such
as linoleic acid and arachidonic acid. Another abundantly formed
aldehyde is malondialdehyde (MDA). Its reaction with thiobarbi-
turic acid is the basis of lipid peroxidation detection by the TBARS
assay (thiobarbituric acid-reactive substances). Lipid peroxidation
reduces membrane fluidity, increasing the “leakiness” of the mem-
brane to substances that do not normally cross it and a further loss
of membrane integrity (Grune and others 1993; Catali 2010).

*OH can also interact with different proteins. Oxidative damage
to proteins also matters, because it can impair the functioning of
receptors, antibodies, signal transduction, transport proteins, and
enzymes. The chemistry of protein damage is even more complex
than that of DNA; the 20 and more amino acids generate a multi-
tude of possible oxidation end products. Methionine, for example,
can be attacked by "OH to form methionine sulfoxide, which can
undergo further oxidation to form a sulfone (Figure 3). Even the
polypeptide chain of proteins can be attacked by *OH. This leads
to hydrogen abstraction, the formation of a carbon radical, and
the subsequent cleavage of the peptide bond. This process can be
amplified by the metal-catalyzed oxidation of proteins. A metal
ion, such as Fe?*, binds to the polypeptide chain and reacts with
H>0O> to form "OH. The result is oxidative damage to the amino
acids nearby or the cleavage of the peptide bond. Moreover, the
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Figure 3-Oxidative damage to methionine caused by *OH.

lysine residues of proteins can react with the products of lipid
peroxidation (4-HNE and MDA) or with the oxidation products
of sugars (Levine and others 1996; Berlett and Stadtmann 1997;
Cabiscol and others 2000).

The exposure of an organism to an unbalanced oxidative stress
has many biological consequences. Some level of stress can be
beneficial, as a mild stress may provoke cell proliferation and the
adaptation of the defense system. However, uncontrolled prolifer-
ation can lead to the development of cancer. Severe stress involves
damage to some or all of the molecular targets: DNA, proteins, and
lipids. The affected tissue or cell may recover from the oxidative
damage after injury by repairing or replacing the damaged cells
or molecules; the cell may also survive with persistent oxidative
damage and no longer divide. Especially when the DNA 1s dam-
aged, the result is cell death via apoptosis or necrosis, or the cell
can mutate into cancer (Dalle-Donne and others 2006; Ma 2010).

Oxidative stress has been implicated in various pathological con-
ditions involving cardiovascular diseases, cancer, neurological dis-
orders, diabetes, or aging. These diseases fall into 2 groups: (i) the
first group is characterized by the pro-oxidant shifting of the glu-
tathione redox system and impairment of glucose tolerance—the
so-called “mitochondrial oxidative stress” conditions (cancer and
diabetes mellitus); (ii) the second group involves diseases charac-
terized by “inflammatory oxidative conditions” and the enhanced
activity of NAD(P)H oxidase (atherosclerosis and chronic inflam-
mation) (Harman 1956; Valko and others 2007).

To prevent or overcome the damage to biomolecules and pre-
vent the development of the diseases previously mentioned, the

cells take advantage of various ways and enzymatic systems. Some-
times, the capacity of the endogenous enzymes and antioxidants
is overwhelmed. For these cases human cells may use exogenous
antioxidants supplied in the diet, such as vitamins, carotenoids,
and flavonoids. It is the task of scientists to develop suitable meth-

722 Comprehensive ReviewsinFoodScience and FoodSafety * Vol. 15,2016

ods for determining the antioxidant activity and to search for new
antioxidants in natural sources. Antioxidants are compounds ca-
pable of delaying, preventing, or removing oxidative damage to
the substrate molecule. Antioxidants can be cither small molecules
or protein enzymes (Khlebnikov and others 2006; Carocho and
Ferreira 2013).

So-called preventive antioxidants are the first line of the defense
system. These compounds suppress the formation of ROS, for
example, by sequestering metal ions or by reducing H>O, and
lipid hydroperoxides to water and lipid hydroxides. The second
line of defense consists of scavenging antioxidants, which rapidly
remove the active ROS before they can attack biologically essential
molecules. Superoxide dismutase (SOD) converts superoxide to
H>0O», while carotenoids scavenge singlet oxygen. Many phenolic
compounds and flavonoids are scavengers too. Various enzymes
function as a third line defense by repairing damage, clearing
wastes, and reconstituting the lost function (Scalzo and others
2008; Niki 2010).

Flavonoids

The flavonoids are a large group of plant secondary metabolites.
Their name is derived from the Latin word “flavus,” meaning yel-
low, showing their natural pigmentation. Flavonoids are widely
distributed in the leaves, seeds, bark, and flowers of plants; over
8000 compounds have been identified. They function in plants
mainly to protect against ultraviolet radiation, pathogens, and her-
bivores; together with the anthocyanin copigments in flowers, they
are responsible for attracting pollinating insects, showing charac-
teristic colors in ultraviolet light (Winkel-Shirley 2001; Heim and
others 2002; Prochizkova and others 2011).

The basic structure of flavonoids is that of the flavone (Table 1)
that is chemically 2-phenyl-1,4-benzopyrone. Ring A of the
flavonoid skeleton arises biosynthetically from acetate metabolism,

© 2016 Institute of Food Technologists®
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Table 1-Flavones.

5

Substitution
Compound Name 5 7 8 3 4’
17 Baicalein OH OH OH H H H
18 Baicalin OH OH Glucuronide H H H
42 Wogonine Glucuronide OH H Glucuronide OMe H H
20 Chrysin OH H OH H H H
35 Apigenin OH H OH H H OH
19 Luteolin OH H OH H OH OH
Table 2-Flavonols.

5

Substitution
Compound Name 3 5 7 2 3 4’ 5
12 Kaempferol OH OH OH H H H OH
11 Quercetin OH OH OH H OH OH H
48 Morin OH OH OH OH H OH H
10 Myricetin OH OH OH H OH OH OH
38 Hyperoside Galactoside OH OH H OH OH H
36 Quercetin-3-galactouronide Galactouronide OH OH H OH OH H
8 Quercetin-3-glucoside Glucoside OH OH H OH OH H
37 Miguelianin Glucuronide OH OH H OH OH H
9 Rutoside -Rha-Glc OH OH H OH OH H
41 Trihydroxyethylrutoside -Rha-Glc OH 7,34 =0CyHs0H
40 Tetrahydroxyethylrutoside -Rha-Glc 5;7;3,4"=0C;Hs0H

whereas ring B is derived from a shikimic acid pathway. Ring C is
a product of the condensation of intermediates coming from both
of these pathways. Flavonoids can be divided into several groups
based on the structure of the skeleton and the substitution: flavones
(Table 1), flavonols (Table 2), flavonol derivatives of quercitrin and
myricitrin (Table 3), flavanones (Table 4), prenylated and gerany-
lated flavanones (Table 5), lavanonols (Table 6), flavanols (Table 7),
and anthocyanidins (Table 8). Table 9 then shows some flavonoid
metabolites of possible importance for their effect after ingestion.

Flavonoids are an integral part of both human and animal diets.
Being phytochemicals, flavonoids cannot be synthesized by hu-
mans or animals. Flavonols are the most abundant flavonoids in
foods. Flavanones can be mainly found in citrus fruits and flavones
in celery. Catechins are present in large amounts in green and
black teas, and in red wine, whereas anthocyanins are found in
strawberries and other berries (Peterson and Dwyer 1998; Heim
and others 2002; Yao and others 2004).

The flavonoid family of plant compounds comprises the most
widely distributed group of secondary plant metabolites ingested

@© 2016 Institute of Food Technologists®

by humans. Exact estimation of the average dietary intake of
flavonoids is difficult, because of the wide diversity of available
flavonoids and the extensive distribution in various plants, and also
the differing consumption of humans. Thus, the measurement of
dietary intake of flavonoids depends entirely on the criteria of
survey, the method used, and the reference compounds selected
for analysis. Bearing this in mind, the dietary intake of flavonoids
has been estimated to vary from 100 to 1000 mg/d. Flavonoids
are relatively heat-stable, but easily lost due to cooking and frying
(Hertog and others 1993; Yao and others 2004).

The ability of flavonoids to possess antioxidant or any other de-
sired activity in the human body is highly dependent on absorp-
tion and metabolism of that particular flavonoid. Sesink and others
(2001) proved that quercetin glycosides are not absorbed intact in
humans or, more precisely, are not able to reach the blood cir-
culation, because quercetin glucuronides and not glucosides were
present in human plasma after consumption of quercetin gluco-
sides (Walle 2004). Hollman and others (1995) have performed a
study to quantify absorption of various forms of quercetin (11).
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Table 3—Flavonol derivatives of quercitrin and myricitrin.

—0. o]
HO OH
OH
galloyl moiety
Substitution
Compound Name 57 2 3
30 Quercitrin H H H
26 Myricitrin OH H H
34 Quercitrin 2""-0-gallate H Galloyl H
32 Myricitrin 2°*-0-gallate OH Galloyl H
33 Myricitrin 3”"-O-gallate OH H Galloy!
31 Myricitrin 2,3 ""-di-O-gallate OH Galloyl Galloyl
Table 4—Flavanones.
5
Substitution
Compound Name 5 7 8 2 8¢ 4 5
7 Naringenin OH OH H H OH H
46 Eriodictyol OH OH H H OH OH H
43 Lysinonotin OH OH OMe OMe H OMe H
6 Hesperetin OH OH H H OH OMe H
44 Dihydrotricin OH OH H H OMe OH OMe
5 Naringin OH Rha-Glc H H OH H
49 Hesperidin OH -Rha-Glc H H OH OMe H

Their conclusion is that humans absorb quercetin (11) conjugated
with glucose rather than conjugated with rutinose or quercetin
(11) alone. The authors also concluded that the quercetin glu-
cosides were absorbed intact using a sodium-dependent glucose
transporter (SGLT1). On the other hand, it was later found out that
some flavonoid glucosides are hydrolyzed by enzymes in small in-
testine, namely by lactase phloridzin hydrolase in the brush border
of the small intestine epithelial cells. The more lipophilic aglycones
that are released (or in general more lipophilic flavonoids) then en-
ter epithelial cells by passive diffusion facilitated by the proximity of
the cell membrane. An alternative route of hydrolysis is mediated
by cytosolic B-glucosidase (CBG), present in epithelial cells. But,
CBG hydrolysis requires that polar glycosides to be transported
into cells, possible by above mentioned SGLT 1. Therefore, the gly-
cosylation of a flavonoid skeleton and its hydrophilic/hydrophobic
character strongly affect its absorption, which can be very fast or
very slow (Crozier and others 2010).

Some flavonoid metabolites are returned to the lumen of
the small intestine in a process mediated by members of the

724 Comprehensive ReviewsinFoodScience and FoodSafety * Vol. 15,2016

adenosine triphosphate (ATP)-binding cassette (ABC) family of
transporters, including multidrug resistance protein (MRP) and
P-glycoprotein (P-gp). On the other hand, flavonoids have been
shown to inhibit the activity of these transporters (Crozier and
others 2010). After metabolites are absorbed from small intes-
tine into the portal blood, they rapidly reach the liver, where
they can again undergo several Phase I and II metabolic conver-
sions and, in some cases, enter the enterohepatic circulation by
way of the bile and are returned to the small intestine. To deter-
mine how flavonoids are metabolized in the human body, Otake
and others (2002) studied metabolism of a flavonoid galangin in
freshly plated human hepatocytes. The main products were 2 iso-
meric glucuronic acid conjugates and a sulfate conjugate, with
only a minor portion of the oxidation product kaempferol (12).
The conjugation reactions of flavonoids are catalyzed by enzymes
UDP-glucuronosyltransferase or sulfotransferase, whereas the ox-
idation processes are bound to cytochrome P450 enzymes in mi-
crosomes. In humans, the metabolizing enzymes sulfotransferases
(SULT) and UDP-glucuronosyltransferases (UDPG) are classified

© 2016 Institute of Food Technologists®
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Table 5-Prenylated and geranylated flavanones.

N
. - Y = prenyl moiety

4
Y -8
5 \(\/\r = geranyl moiety
~ O
Az

Substitution
Compound Name 5 7 8 2’ 4,5
22 - OH OH CH,CH,C(CH3),0H OH R

Substitution
Compound Name 5 6 7 2" 3" 4’ 5°
21 Euchrestaflavanone B OH Prenyl OH OH H OH Prenyl
52 Mimulone OH Geranyl OH H H OH H
51 Diplacone OH Geranyl OH H OH OH H
50 3’-0-methyl- 5" hydroxydiplacone OH Geranyl OH H OMe OH H
Table 6-Flavanonols.

Substitution

Compound Name 3 5 7 3* 4’ 57
45 Fustin OH H OH OH OH H
47 Taxifolin OH OH OH OH OH H
29 Amelopsin OH OH OH OH OH OH

into several subfamilies that are expressed differently in the liver.
The sulfation process is regioselective under the control of dif-
ferent isoforms of SULT. Moreover, some flavonoid structures,
like quercetin (11) and tea flavonoids are prone to O-methylation
by the enzyme catechol-O-methyltransferase (COMT). This re-
action has been studied for quercetin by Zhu and others (1994).
After intraperitoneal administration of quercetin (11) to hamsters,
a urinary extract contained 2 % quercetin (11) and 97 % 3"-O-
methylquercetin (Walle 2004).

Gut microflora is responsible for further metabolism of
flavonoids. It possesses the ability to cleave conjugates and gly-
cosides, and release aglycones. Moreover, the rings of flavonoid
skeleton can also undergo cleavage to form smaller molecules,
which, together with unchanged aglycones can be reabsorbed,
metabolized in Phase [ and II in the liver, and enter the entero-
hepatic circulation or (and this is predominant) be excreted in the
urine (Urpi-Sarda and others 2009). Colonic bacteria decompose
flavonoids into simple phenolic acids that can be absorbed into the
circulating blood. The key point of this process is the scission of
the C ring and the loss of carbons C5-C8 as oxaloacetate, which

© 2016 Institute of Food Technologists®

is eventually metabolized to carbon dioxide. The interaction of
flavonoids with colonic bacteria affects their bioavailability and
could further change their biological effects, including the antioxi-
dant activity. Some examples of flavonoid metabolites produced by
the microflora in the gut are shown in Table 9. Proanthocyanidins
are metabolized to phenylacetic acid (53), mono- and dihydrox-
yphenylacetic acids, mono- and 3,4-dihydroxyphenylpropionic
acids (54), or 4-hydroxybenzoic acid (55). Anthocyanins are con-
verted mainly into protocatechuic acid (56), gallic acid (57), sy-
ringic acid (58), vanillic acid (59), and phloroglucinol (60) (Crozier
and others 2010; De Pascual-Teresa and others 2010; Heinrich
and others 2013). The similar metabolites were described also for
simple organic acid (like chlorogenic acid derivatives) (Yang and
others 2013; Breynaert and others 2015).

In general, antioxidant activity of flavonoids is decreased follow-
ing the metabolic reactions. However, from the results of several
experiments, one can deduce that metabolites of flavonoids are
still able to scavenge radicals and participate in antioxidant re-
actions. The antioxidant activity of metabolites is frequently not
negligible though. Duenias and others (2010) studied antioxidant
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Table 7-Flavanols.

OH
4
(+)-catechin (-)-epicatechin
(2R39 g
Substitution
Compound Name 3 57
13 (+)-Catechin OH H
28 (+)-Gallocatechin OH OH
27 (+)-Gallocatechin-3-0-gallate Galloyl OH
1 (—)-Epicatechin OH H
2 (—)-Epicatechin gallate Galloyl H
3 (—)-Epigallocatechin OH OH
4 (—)-Epigallocatechin gallate Galloyl OH
25 Procyanidin B2 Dimer of (—)-epicatechin
23 Procyanidin C1 Trimer of (—)-epicatechin
24 Tetrameric proanthocyanidin Tetramer of (—)-epicatechin
39 Procyanidin B4 (++)-Catechin-(4«-8)- (—)-epicatechin
Table 8—Anthocyanidins.
Substitution
Compound Name 3 5 7 3° 4" 5’
14 Pelargonidin OH OH OH H OH H
15 Cyanidin OH OH OH OH OH H
16 Delphinidin OH OH OH OH OH OH

activity of 3'- and 4"-methylethers of catechin (13) and epicatechin
(1) using the ferric reducing power (FRAP) assay and a method
based on ability to scavenge ABTS™ radical. O-methylation of
hydroxyls of ring B led to decrease of activity. However, these
metabolites still retain significant radical scavenging activity at
pH 7.4, indicating that they could function as potential antiox-
idants in human body. Lotito and others (2011) used FRAP as-
say to determine radical scavenging activity. They found out that
3’-O-methylquercetin and quercetin-3"-O-sulfate showed lower
activity than quercetin itself, but their activity was still 2 times
as high as the Trolox used as a standard. In contrast, activ-
ity of 4°,4""-di- O-methyl-(—)-epigallocatechin-3-O-gallate was
5 times lower than that of its parental compound. Loke and others
(2008) examined inhibition of lipoprotein oxidation by quercetin
and its metabolites. The oxidation was caused by 2,2"-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) and measured
using ferrous oxidation-xylenol orange (FOX) assay. The data
have shown that quercetin (11) was very effective at inhibiting
LDL oxidation at 10 mM. Metabolites 3'-O-methylquercetin and
quercetin-3-O-glucuronide showed slightly lower activity. On the
other hand, quercetin-3"-O-sulfate and 3’-O-methylquercetin-
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3-O-glucuronide were only partially efficient in inhibiting LDL
oxidation at this concentration.

Plants contain almost always mixtures of flavonoids. Therefore,
when discussing antioxidant activity of flavonoids, we must bear in
mind their interactions in those mixtures. Many studies have tried
to predetermine the antioxidant capacity of a given food on the
basis of its flavonoid content and have, in most cases, failed due to
differences between the theoretical and the calculated antioxidant
activity of that given product. Hidalgo and others (2010) measured
the antioxidant activity of various flavonoids by 2 different in vitro
tests: DPPH" radical scavenging activity and FR AP assay. In order
to evaluate the effect of flavonoid interactions on their antioxi-
dant activity they compared the activity of individual flavonoids
with that obtained by mixing them with another flavonoid. The
majority of DPPH" scavenging activities in these combinations
showed antagonism, except for some synergistic interactions such
as kaempferol (12) paired with myricetin (10). In the FRAP assay,
the combination of epicatechin (1) and quercetin-3-O-glucoside
(8) showed the highest synergistic effect, whereas myricetin (10)
with quercetin (11) resulted in an antagonistic effect. lacopini and
others (2008) studied antioxidant activity of various flavonoids in
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Flavonoids versus hydroxyl radical.. .

Table 9-Selected simple flavonoid metabolites.

1
6 2
5 3
4
Substitution
Compound Name 1 3 4 5
53 Phenylacetic acid Acetyl H H H
54 3,4-Dihydroxyphenylpropionic acid Propionyl OH OH H
55 4-Hydroxybenzoic acid COOH H OH H
56 Protocatechuic acid COOH OH OH H
57 Gallic acid COOH OH OH OH
58 Syringic acid COOH OMe OH OMe
59 Vanillic acid COOH OMe OH H
60 Phloroglucinol OH OH H OH

red grape. They also studied potential interactive effects among
them. The results indicated possible synergy between quercetin
(11), rutoside (9) and resveratrol towards ONOQO’. The effect was
additive for catechin (13) and epicatechin (1).

In addition to their antioxidant activity, flavonoids reduce the
incidence of cardiovascular diseases in spite of a parallel high intake
of fat in the diet. This phenomenon is also known as the French
paradox and is associated with moderate and prolonged consump-
tion of red wine containing polyphenols. One of the causes of the
phenomenon is the inhibition of the thrombin receptor-activating
peptide (TRAP) accompanied by ADP-induced platelet aggrega-
tion. De Lange and others (2007) have confirmed this by measur-
ing the effects of polyphenolic grape extract on platelet aggrega-
tion. Borradaile and others (1999) described another mechanism
by which flavonoids help to reduce the incidence of cardiovas-
cular diseases. When rabbits fed a casein-containing diet drank
orange or grapefruit juice instead of water, the concentrations of
low-density lipoprotein cholesterol and hepatic cholesteryl ester
in their serum were reduced. The exact mechanism of action of
the flavonoids hesperetin (6) and naringenin (7) on liver HepG2
cells and on the net apolipoprotein B (apoB) secretion has been
studied. The flavonoids dose-dependently reduced the net apoB
secretion by as much as 81% after a 24-h incubation. Furthermore,
1 C-acetate-labeling studies showed a 50% reduction in cholesteryl
ester synthesis in the presence of either flavonoid, which could ex-
plain the reduction of the net apoB secretion caused by incubation
with these compounds. The expression and secretion of apoB in
liver cells is known to be one of the control mechanisms of low-
density lipoprotein (LDL). The overproduction of LDL may cause
the hyperlipidemia responsible for an increased risk of coronary
heart disease.

In recent years, flavonoids have been investigated intensely as
part of the treatment of various types of cancer. When tested
on a molecular level, flavonoids exert this anticancer activity, for
example, by inhibiting protein kinases (PKs). Under pathological
conditions, the expression and activity of PKs can be deregulated,
leading to alterations in phosphorylation that result in uncontrolled
cell division, inhibition of apoptosis, and other abnormalities. The
deregulation of phosphorylation has been closely linked to can-
cer and other discases, such as diabetes. Morcover, flavonoids in-
hibit cyclooxygenase and lipoxygenases, which are also involved in
cancer and inflammatory pathologies (Cushman and others 1991;
Hashemi and others 2012; Ravishankar and others 2013).

© 2016 Institute of Food Technologists®

A further important mechanism of activity of flavonoids is their
chemopreventive effect via inhibition of certain Phase I and II
metabolizing enzymes (such as cytochrome P450 or glutathione
S-transferase) which metabolically activate a large number of pro-
carcinogens triggering carcinogenesis. The chemopreventive ef-
fects of flavonoids are closely linked to their anticancer properties
that involve the scavenging of ROS and growth-promoting oxi-
dants (Tsyrlov and others 1994; Ravishankar and others 2013).

Flavonoids, especially in oxidized forms (phenoxyl radicals or
quinone intermediates) and in greater concentrations, can behave
as pro-oxidants. This is sometimes also regarded as an anticancer
effect, because it may lead to the apoptosis of tumor cells; however,
the pro-oxidant mechanisms involve DNA fragmentation, usually
in the presence of transition metals, which can lead to mutation
or cell death. Other effects of flavonoids via pro-oxidation include
mitochondrial dysfunction and the induction of apoptosis in tumor
cells (Rahman and others 1990; Galati and O'Brien 2004).

How do we measure the scavenging activity of the hydroxyl
radical?

There are various ways of measuring the scavenging activity of
‘OH. The choice of method substantially influences and deter-
mines the results. Obviously, we cannot expect the same results
for all of the different methods used to measure "OH scavenging
in antioxidant activity assays of flavonoids. Basically, there are 2
main steps in the procedure of “OH-scavenging methods: (i) pro-
duction of “OH: this includes the employment of various physical
processes, such as pulse radiolysis, y-irradiation, or UV photolysis
of H,O», and also different chemical reactions, among which the
most widely used is the Fenton reaction; (i) reaction of "OH with
a suitable probe and the consequent detection of a reaction prod-
uct or corresponding change in some physical parameter. Because
"OH is a very reactive substance, it is not possible to measure its
presence and concentration directly; but the first reaction of "“OH
with another molecule, a probe or trap, followed by the detection
of a reaction product is crucial.

It is also critical to point out that there is a difference be-
tween "OH scavengers and antioxidants. The mechanism of ac-
tion of "“OH scavengers is the direct scavenging, or quenching, of
the "OH, whereas antioxidants include "OH scavengers as well as
compounds that counteract oxidizing precursors (such as H,O5),
chelate metal ions and boost the antioxidant enzyme activity and
production. This review focuses primarily on “OH scavengers and
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Flavonoids versus hydroxyl radical ... .

the specific methods used to detect their activity. Physical meth-
ods of producing "OH are preferred to measure specifically the
‘OH-scavenging activity, because when the Fenton reaction is
used to produce "“OH, the measured antioxidant exerts the "OH
scavenging and metal-chelating activity in the experiment.

One further requirement is necessary for both approaches. The
scavenger or antioxidant should not interfere with the detection
mechanism. For example, the compound tested should not alter
or diminish the spectra in the measurement of DMPO-"OH. Sim-
ilarly, the compound should not form a false chromogen in the
deoxyribose method.

Production of hydroxyl radical. The foremost place among all
the methods of producing the hydroxyl radical is held by pulse
radiolysis because of the selectiveness of production and the later
scavenging of the "OH. It s also the definitive technique for inves-
tigating reactions between antioxidants and *OH and for measur-
ing their reaction rates (Butler and others 1988; Halliwell 1995).
The disadvantages are the need for sophisticated instrumentation
and the cost.

The radicals are usually formed in a reaction cell by a rapid pulse
of high-energy electrons coming from a linear accelerator. Many
radicals absorb or emit light at wavelengths different from the
parent molecule, so the progress of the reaction can be followed
by the changes in the spectra (Halliwell and Gutteridge 2007).
One advantage of the pulse radiolysis method is that it does not
use a probe to detect "“OH and is therefore excepted from the rule
mentioned above.

Various chemical species are formed during the radiolysis of
water. The rapid pulses of high-energy electrons are readily ab-
sorbed by molecules of water and ionization and excitation occur.
Molecules of water in an excited state undergo rapid homolytic
fission to form "H and "OH in 107" to 10713 5 (Eq. 2). Apart from
this, clusters of molecules of water surround electrons to produce
hydrated electrons. Hydrated electrons are extra electrons solvated
in liquid water; they owe their existence to the electron-dipole
interactions in water. They are symbolized as ¢,q~, where “aq”
means “aqueous.” The species formed are initially concentrated
in microregions called spurs, but in about 107 s the solution
becomes homogeneous (Halliwell and Gutteridge 2007).

The process of radiolysis of water can be summarized by this
reaction (Houée-Levin and Bobrowski 2013):

H,O(e ™)~ "OH (0.28), "H (0.062) , ¢,q~ (0.28) )

The numbers in parentheses are the radiation chemical yields
of the primary products (G-values) in gmol/J. About half of the
radicals produced are "OH. To achieve nearly selective formation
of “OH the solution must be saturated with N>O (Eq. 3) (Houée-
Levin and Bobrowski 2013).

ey +N20 = No+ O~ (+H,0) — No+"OH + OH™ (3)

Ionizing radiation is a form of electromagnetic radiation con-
sisting mainly of y-rays and X-rays. Gamma-rays (y-rays) have
frequencies above 10! Hz and wavelengths less than 10 pm. The
"OH is usually generated by applying y-irradiation to molecules
of water, resulting in the homolytic fission of the water molecule
to form hydroxyl radicals. The y-rays are usually produced by
the radioactive decay of ®’Co, which is a continuous source,
as compared to pulse radiolysis (Halliwell and Gutteridge 2007;
Houée-Levin and Bobrowski 2013). Another way to achieve the
homolytic fission of water that is used to generate "OH is the UV

728 Comprehensive ReviewsinFoodScience and FoodSafety ® Vol.15,2016

photolysis of H>O» (Eq. 4) (Halliwell and Gutteridge 2007).
H,O0,— ‘OH + *OH 4)

The Fenton reaction is the most important of the chemical re-
actions used to produce "OH for measuring antioxidant activity
(Eq. 5). In 1894, Fenton (1894) published an article describing the
oxidation of tartaric acid in the presence of ferrous ions and hy-
drogen peroxide. The reaction was named after Fenton, although
he never wrote it. Haber and Willstitter proposed the classical
radical mechanism in 1931 (Barbusiniski 2009).

Fe’* + H,05 — Fe’* + OH™ +"OH (5)

Since the time of publication there has been an ongoing dis-
cussion and controversy concerning the reaction mechanism. Bray
and Gorin (1932) presented a nonradical mechanism resulting in
ferryl species (FeO?T), where iron is in the oxidation state +IV
(Eq. 6). This ion is very reactive and readily oxidizes other com-
pounds. Halliwell and Gutteridge reported that the majority of
the evidence favors "OH as the primary damaging specics, but
other ROS may be generated along the pathway to the formation
of "OH. Thus they extended the classical Fenton reaction (Eq. 7)
(Halliwell and Gutteridge 2007).

Fe?* 4+ H,0, — FeO?*" + H,O ()

Fe?t + H,0, — intermediate oxidizing species — Feo™
+ OH +"OH @)

Minero and others (2013) confirmed this hypothesis using
stopped-flow spectrophotometry and methyl yellow as the sub-
strate for the reaction. According to their findings both "OH and
some other oxidizing species are formed in the Fenton reaction.
The exact ratio of the products depends on the reaction pH. Ya-
mazaki and Piette (1991) obtained similar results. They used 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping probe
for the "“OH generated by the Fenton reaction and UV photolysis.
After the Fenton reaction the "OH was not totally free in solution
as compared to the photolysis experiment. Ferryl species were also
detected in the reaction, depending on the type of chelator used.

Various reactants can be utilized in the methods used to de-
terminate the "OH-scavenging activity. For example, Benherlal
and Arumughan (2008) used FeCl, and H>O» as reactants, thus
performing the classical Fenton reaction (Eq. 5). The reaction
can be modified by the presence of a chelator, for example,
ethylenediaminetetraacetic acid (EDTA) (Tai and others 2002)
or diethylenetriaminepentaacetic acid (DTPA) (Tsuda and others
1996). EDTA has also been employed as the chelator in the de-
oxyribose damage assay used to determine the "“OH-scavenging
activity,. When Arouma and others (1987) omitted EDTA, the
reaction became “site-specific,” because iron was bound to the
deoxyribose molecule causing damage “on-spot.” This modifica-
tion was later used to identify the ability of different compounds
to chelate metals and, thus, to reduce the production of “OH. In
addition to ferrous ions, ferric ions can be used to generate "OH.
Ferric ion must first be reduced and can then undergo the Fenton
reaction (Eq. 8) (Halliwell and others 1987). Using ascorbate these
reactions form a cycle.

Fe®* 4 ascorbate — Fez++dehydroascorbate (8)
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Flavonoids versus hydroxyl radical.. .

Arimboor and Arumughan (2012) omitted H,O» from the re-
action mixture, but "OH was still generated by a process called
“iron-autooxidation.” The mechanism of reaction proposed by
Genaro-Mattos and others (2009) is shown in reactions 9 and 10.
The H>O» formed in reaction 10 subsequently undergoes the
Fenton reaction (Eq. 5).

F?t + 0, » F&T 4+ 0,7 9)

20, 4+ 2H" > H,O, + O (10)

It has also been found that other metal ions, such as copper or
cobalt, can undergo the Fenton reaction (Ou and others 2002;
Treml and others 2013). When copper is added to a Fenton re-
action mixture as cupric ion (Cu®*), it must be reduced in a way
similar to the ferric ion in reaction described by Eq. 8, because the
Fenton reaction always starts with the lower oxidation state (Cu™)
(Treml and others 2013).

There are various methods that use cell cultures to determi-
nate the "OH-scavenging activity. Chen and others (2002) gen-
erated "OH via the reaction of ascorbate, HO,, and CuSQOy in
a yeast culture. Harris and others (2006) used the RAW 264.7
macrophage-like cell line, which was activated by lipopolysaccha-
ride (LPS) and produced the superoxide radical (O,7") and H,O,.
These 2 subsequently formed "“OH (Eq. 11). This reaction is often
called “the superoxide-assisted (or -driven) Fenton reaction” and
is catalyzed by iron (Halliwell and Gutteridge 2007).

H,O, + 0, — OH + "OH+0» (11)

Ozgovi and others (2003) used rat liver microsomes and ex-
amined the influence of antioxidants on the lipid peroxidation
induced by "OH. An NADPH-generating system was used to
produce "OH: NADDP, glucose-6-phosphate, MgCl, and glucose-
6-phosphate dehydrogenase. NADPH then participated in the re-
action with the cytochrome P-450 obtained from the microsomes.
Albano and others (1987) suggested that various ROS are formed
in the liver microsomes and, among these, H>O» is involved in
the Fenton reaction and the production of "OH.

Reaction of hydroxyl radical with a probe and detection. The
“OH formed in step (i) must be detected in step (ii) via reaction
with a probe. The only exception is the method of pulse-radiolysis,
which does not use a probe and directly measures the production
of radicals. The probe can also be called a trap. “OH reacts with
the trap molecule to form 1 or more stable products that are then
detected. Another approach used to evaluate the hydroxyl radical
scavenging is called “fingerprinting.” The principle of fingerprint-
ing is to measure the damage caused by "OH rather than detecting
the species itself. The chemical attack on a biomolecule leaves a
unique “fingerprint” (Halliwell and Gutteridge 2007).

Reactions of antioxidants with “OH can be measured by elec-
tron spin resonance (ESR), sometimes called electron paramag-
netic resonance (EPR). ESR is a spectroscopic method that de-
tects the presence of unpaired electrons; it is therefore specific
for free radicals. The technique is not sufficiently sensitive to de-
tect the presence of "OH directly, and thus an adequate spin-
trapping compound is needed (Halliwell and Gutteridge 2007).
One of the frequently used spin-traps is 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), which reacts very specifically with “OH at a
high rate (Figure 4). Thus, this technique can be considered to be
the second-best option after pulse-radiolysis (Halliwell 1995). The

© 2016 Institute of Food Technologists®
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DMPO DMPO-OH adduct

Figure 4—Reaction of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) with *OH.

DMPO-"OH adduct can also be detected by HPLC using elec-
trochemical detection (Husain and others 1987). Other spin-traps
are also utilized to detect “OH, for example, phenyl-t-butylnitrone
(PBN) (Harbour and others 1974).

Although pulse-radiolysis is by far the best method for deter-
mining the “OH-scavenging activity, it is quite expensive and re-
quires instrumentation. Therefore, Halliwell and others (1987) de-
veloped a new, simple “test-tube” deoxyribose method. The mix-
ture producing "“OH was incubated with the deoxyribose probe for
1 h at 37 °C. The reaction was stopped by adding trichloroacetic
acid. The mixture was again incubated for 1 h at 80 °C with thio-
barbituric acid (TBA). In this process, the deoxyribose molecule
is attacked by "“OH (Kaur and others 2010). The products of the
damage are mainly malondialdehyde (MDA) and other MDA-like
products. The reaction of MDA and MDA-like products results
in the formation of a pink MDA-TBA, adduct (Figure 5) that
could be detected either spectrophotometrically (at 532 nm) or
fluorimetrically (with excitation at 532 nm and emission at 553
nm) (Biaglow and others 1997; Kaur and others 2010).

Separating the MDA-TBA, adduct by HPLC and detecting
and quantifying it with a fluorescence detector can improve this
procedure (Genaro-Mattos and others 2009). Another approach is
to separate the free MDA with HPLC and detect it directly with
UV at 270 nm (Cheeseman and others 1988). However, there has
been some criticism of methods using MDA as a mediator for the
determination of *OH, mainly because they are rather unspecific.
For instance, it is also used for testing lipid peroxidation. Another
doubtful point is that only a small percentage of the deoxyribose
is converted to TBA-reactive substances and we cannot properly
assay the "OH scavenging activity of phenolic compounds, which
can show pro-oxidant activity in the Fenton reaction (Bektasoglu
and others 2006).

There is another group of compounds used as probes for "OH
scavenging. Their common structural feature is an aromatic skele-
ton. The principle of their reaction with "OH is aromatic hy-
droxylation (Figure 6). Diez and others (2001) reported that the
most specific probe is salicylic acid because of its high reaction
rate with "OH (5 x 10 M~ x s7!) and the relative stability
of the resulting products, which can be separated and measured
by HPLC-ECD. Another method of separating and measuring the
products of hydroxylation of salicylic acid was used by Paulovi and
others (2000)—HPLC with UV detection at 270 nm. Contrary to
the previous conclusion, Singh and Hider (1988) have suggested
that salicylic acid suffers from several disadvantages as a probe for
"OH. According to their findings, the hydroxylation of salicylic
acid leads to the formation of catechol, which forms complexes
with iron ions and as feedback can interfere with the Fenton
reaction. Therefore, they designed a new probe with trisubsti-
tution at the C-1, C-3, and C-5 positions of the aromatic ring
to prevent the formation of catechol. Hydroxylation of this new
probe, N,N'-(5-nitro-1,3-phenylene)bisglutaramide, increased the
absorbance measured at 430 nm. The amino acid phenylalanine is
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O,
0. H
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deoxyribose NOA

MDA-TBA, adduct

Figure 5—Principle of deoxyribose assay.
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Figure 6—-Probes for aromatic hydroxylation.

the next probe commonly used to determine the hydroxyl radical
via aromatic hydroxylation. Puppo (1992) used phenylalanine in a
method determining the "“OH-scavenging activity. The separation
and measurement of the tyrosine hydroxy derivatives produced in
the reaction were carried out by HPLC-ECD. Various other aro-
matic compounds can be used in a similar way: benzoic acid (Gut-
teridge 1987), acetylsalicylic acid (Diez and others 2001), and also
probes for fluorescence detection, such as sodium terephthalate
and coumarin (Gomes and others 2005). According to Bektasoglu
and others (2006), the methods for "OH determination using the
principle of aromatic hydroxylation are specific, but require rela-
tively sophisticated instrumentation, such as HPLC-ECD. There-
fore, Bektasoglu and others (2006) decided to develop a new
“test tube” method to determine *OH-scavenging activity using
a modified CUPRAC (cupric ion reducing antioxidant capacity)
method. This method utilizes “OH attacks on the probes used
(p-aminobenzoate; 2,4- and 3,5-dimethoxybenzoate) and also on
the water-soluble antioxidants present. The probes that were hy-
droxylated in reactions with "OH are later able to reduce Cu(II)-
neocuproine reagent to the chromogen Cu(l)-neocuproine, which
strongly absorbs at 450 nm. The scavenging activity of the test sub-
stance is compared with the activity of the probe.

Various methods of determining the *“OH-scavenging activity
use principles of chemoluminescence, in which light is emitted
from a chemical reaction. Parejo and others (2000) used lumi-
nol (Figure 7) as a probe for detecting “OH. Luminol reacts with
"OH and emits light at a wavelength of 430 nm. Tsai and others
(2001) developed a specific and rapid method using the specific
probe indoxyl-B-glucuronide (IBG; Figure 7), which is a low-

730 Comprehensive ReviewsinFoodScience and FoodSafety * Vol.15,2016
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Figure 7-Probes for chemoluminescence.

level chemoluminescence emitter. One great advantage is that it
is insensitive to superoxide radical and H,O,. On the contrary,
Yoshiki and others (1995) and Chen and others (2002) observed
chemoluminescence of flavonoids themselves, probably after the
degradation of the hydroperoxide, which was an intermediate re-
sulting from the reaction of "OH with flavonoids.

Apart from methods that use chemoluminescence, fluorescence
is also utilized in determining the *OH-scavenging activity. Flu-
orescence is the light emitted by a compound after absorbing
light or other electromagnetic radiation. In addition to the prod-
ucts of the aromatic hydroxylation of sodium terephthalate and
coumarin, there are other compounds used as fluorescent probes.
Cao and others (1997) introduced a method called “hydroxyl
radical absorbing capacity” (ORAC.o), wherein the probe was
B-phycoerythrin, a protein pigment from the phycobiliprotein
family isolated from Porphyridium curentum. The fluorescence of
B-phycoerythrin decreased after the attack of a radical, with emis-
sion at 540 nm and excitation at 565 nm (Fernandéz-Pachén and
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heoed
o<

Figure 8—Probe for fluorescence — fluorescein.

N HogH
i +OH —> I

dimethyl

sLItoxige formaldehyde

Figure 9-Production of formaldehyde from dimethyl sulfoxide.

others 2005). As a modification of the original ORAC.op, Kim
and Jang (2011) used fluorescein as a probe (Figure 8). Again, the
fluorescence decreased after the attack, with emission at 485 nm
and excitation at 528 nm.

Dimethyl sulfoxide (DMSO) is another possible probe molecule
used to trap "OH (Figure 9). DMSO is known to be a good
"OH scavenger; when attacked by "OH, it produces formalde-
hyde (Klein and others 1981). One of the ways of detecting and
quantifying formaldehyde is the spectrophotometric method pre-
sented by Nash. Briefly, after the reaction of "OH with DMSO the
formation of formaldehyde is stopped by ice-cold trichloroacetic
acid. Formaldchyde then reacts with acetylacetone in the presence
ofan ammonium salt and acetic acid. The product is a yellow com-
pound, 3,5-diacetyl-1,4-dihydrolutidine, which can be measured
at 415 nm (Nash 1953; Klein and others 1981). Tai and others
(2002) developed a different method of detecting “OH and sub-
sequently formed formaldehyde (again from DMSO). Formalde-
hyde reacts with ammonia and 1,3-cyclohexanedione at pH 4.5.
The product has a specific fluorescence with excitation at 404.4
nm and emission at 452.3 nm.

There are also fingerprinting methods other than trapping
methods, as mentioned in the introduction to this section. Ba-
sically, these methods approach the determination of the "OH-
scavenging activity by analyzing the damage that "OH causes to
biomolecules. The most commonly used biomolecule is DNA.
An advantage of using DNA is that potential antioxidants protect-
ing the DNA are more likely to do so in vivo, and thus the method
more nearly resembles real conditions. One possibility is to use
lambda DNA, which is a double-stranded and linear molecule,
isolated from bacteriophage A (Benherlal and Arumughan 2008),
or a plasmid DNA that is also double-stranded but circular and
is isolated from an Escherichia coli bacterial culture containing the
plasmid DNA (Londhe and others 2008). In both cases, the DNA
is subjected to "OH attack, which causes fragmentation (single- or
double-strand breaks) or cross-linking (intra- or inter-strand). The
fragmented DNA is then separated by agarose gel electrophore-
sis and visualized by using ethidium bromide (Treml and others
2013).

© 2016 Institute of Food Technologists®

The relationship between flavonoid structure and hydroxyl
radical-scavenging activity

The aim of the previous chapter was to summarize the meth-
ods used to determine antioxidant activity via "OH scavenging.
Various methods can be used and each method mentioned pos-
sesses some specific mechanism of measurement. Therefore, the
results of assays also differ according to the method used, and
many times they are not fully comparable. The main aim of this
short review is to recapitulate the progress made in elucidating the
relationship between the structure of flavonoids and their *OH-
scavenging activity—the structure activity relationship (SAR). The
results obtained by using the different methods will be organized
in the same order as the methods are listed in the previous chapter.

Pulse radiolysis. Bors and Michel (1999) measured the antiox-
idant capacities of various flavanols and gallate ester groups. They
used pulse radiolysis combined with kinetic spectroscopy. The
test compounds were: (—)-epicatechin (1), (—)-epicatechin gal-
late (2), (=)-epigallocatechin (3) and (—)-epigallocatechin gallate
(4). After reaction with "OH, the transient spectra of all of the
test compounds showed a major absorption peak at 270 to 300
nm, which reflects the semiquinone structure formed at ring B
of the flavonoid. Additional absorption bands around 400 nm (for
compounds 2, 3, and 4), which correspond to gallate esters, were
observed in the spectra obtained. The results showed a clear cor-
relation between the total number of o-di- and/or o-tri-hydroxyl
groups in flavonoid structures with the rate constants of their reac-
tion with "OH. Compound 4, with 6 “reactive” hydroxyl groups,
showed the highest rate constant, followed by compound 2 with
5; compound 3 with 3. Compound 1, with 2 “reactive” hydroxyl
groups, had the lowest rate constant.

Fu and others (2011) used pulse radiolysis to evaluate the *OH-
scavenging activity of 3 flavanones: naringin (5), hesperetin (6), and
naringenin (7). The rate constants and thus the *OH-scavenging
activity trended downward in the same order. Compound 5
showed the greatest activity, probably due to the presence of a
sugar moiety with several hydroxyl groups. Fu and others (2011)
also performed a theoretical elucidation of the SAR. They calcu-
lated the O-H bond dissociation energies (BDE) of the hydroxyl
groups in the flavanones. If the BDE is low, the particular O-H
bond is weak and is more involved in the scavenging. The lowest
BDE was calculated for both compounds 5 and 7. They both have
the free hydroxyl group on C-4’, which confirms the essential
involvement of ring B in the "OH-scavenging activity.

Londhe and others (2009) measured the absorption spectra
of "OH to determine the scavenging activity of quercetin-3-
glucoside (8) and rutoside (9). The ability of these compounds
to scavenge "OH radicals was measured by comparing it with a
standard scavenger such as potassium thiocyanate (KSCN) using
a competition technique. The results showed higher activity for
compound 8, indicating that the presence of the monosaccha-
ride moiety in quercetin-3-glucoside is more favorable than the
disaccharide in rutoside (9).

DMPO trap. Husain and others (1987) determined the *OH-
scavenging activity of various flavonoids at 1 mM concentra-
tion using DMPO as the "OH spin trap. "OH was produced by
UV photolysis of H,O,. The formed adduct, DMPO-"OH, was
not detected by EPR, but was separated and detected by HPLC
with ECD detection. The most active flavonoid was myricetin
(10), which scavenged 50% of the *OH. Second-most active was
quercetin (11) with 48% scavenging activity. The most impor-
tant feature appears to be the hydroxylation of ring B, because
kaempferol (12) has only 1 hydroxyl group at ring B compared to
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myricetin (10) or quercetin (11), and possesses a scavenging activity
of only 20%. Another structural moiety important for scavenging
is the carbonyl group at C-4, as (+)-catechin (13), without this
moiety; it displays activity of 31% compared to quercetin (11) with
a C-4 carbonyl group.

Tsuda and others (1996) performed similar experiments, but
they detected the adduct DMPO-"OH by EPR and produced
"OH via the Fenton reaction. The compounds tested were the
anthocyanidins pelargonigin (14), cyanidin (15), and delphinidin
(16). The anthocyanidins tested may act by different mechanisms
than other flavonoids, because the results differed diametrically
from those obtained by Husain and others (1987). The most active
was compound 14 with ICs of 8.5 uM and 1 hydroxyl on ring B,
followed by compound 15 with ICs; of 36.7 uM and 2 hydroxyl
groups on ring B; the last was compound 16, with ICs; >100 uM
and 3 hydroxyl groups. Therefore, the activity of anthocyanidins
increases as the number of hydroxyls at ring B declines.

Chang and others (2007) also used EPR to detect of DMPO-
"OH. All measurements were done with flavonoids at a concen-
tration of 200 uM. The greatest “OH-scavenging activity was the
56% shown by baicalein (17), which does not possess a hydroxyl
group on ring B but has a carbonyl group at C-4 and 3 hydroxyls
on ring A. In view of the results of Husain and others (1987), one
would not expect such great activity. For example, compound 13
with hydroxyl groups at ring B, but without a carbonyl at C-
4, showed much lower activity (only 31%), and baicalin (18; the
7-O-glucuronide derivative of compound 17), showed only 15%
activity. These results lead to the conclusion that the hydroxylation
of ring A and the carbonyl group at C-4 are necessary for the en-
hancement in activity observed for compound 17. This effect may
be caused by the chelation of iron, because the *OH was produced
via the Fenton reaction.

Gao and others (2000) obtained similar results. Compound 17
showed much greater activity compared to compound 11, which
was used as a positive control and had previously shown high
scavenging activity against other radicals. The "OH was formed
via the Fenton reaction and thus iron chelation was a possible
mechanism of action for compound 17.

Harris and others (2006) reported that luteolin (19) was more
active than chrysin (20) in inhibiting the LPS-dependent pro-
duction of “OH in the RAW 264.7 macrophage-like cell line, but
compound 20 also showed some degree of activity. This means that
hydroxyl groups on ring B may not be essential for this activity.
The effect of compound 20 can be explained by its involvement in
LPS-induced cell signaling or in interference with the formation
of "OH from O, ™" and H,O,.

Lee and others (2006) analyzed the "OH-scavenging activity
of prenylated flavonoids obtained from the root bark of Cudrania
tricuspidata (Carr.) Bureau ex Lavallée (Moraceae), using DMPO as
a trap and detection by ESR.. Euchrestaflavone B (21) showed the
most activity, 1.4 times as high as the Trolox used as a standard.
Compound (22), a new flavanone isolated from C. tricuspidata,
showed 0.6 times as much activity as Trolox. The decrease in
activity was caused by the reduction in the number of hydroxyl
groups on ring B, as one of the hydroxyl groups at ring B of
compound 22 is involved in cyclization with the prenyl moiety.

Shahat and others (2002) tested the scavenging activity of
flavonoids and proanthocyanidins obtained from Crataegus sinaica
Boiss. (Rosaceae). The greatest scavenging activity (57 %) was
shown by procyanidin C1 (23), consisting of 3 monomers de-
rived from (—)-epicatechin (1), connected with 45-8 bonds. The
tetrameric proanthocyanidin (24) surprisingly scavenged only 48%

732 Comprehensive ReviewsinFoodScience and FoodSafety ® Vol.15,2016

of the "OH, almost the same amount as the dimeric procyanidin
B2 (25). (—)-Epicatechin (1) itself showed activity of only 18%.
So the theoretical assumption that an increase in the number of
hydroxyl groups would improve the “OH-scavenging activity did
not prove to be fully true. The tetrameric compound 24 probably
underwent some disruptive or remodeling reaction with "OH that
diminished the "OH-scavenging activity.

Deoxyriboseassay. Puppo (1992) tested the antioxidant activity
of selected flavonoids using the deoxyribose method. "OH was
produced by the Fenton reaction. According to his results, the
most active flavonoid was myricetin (10), followed by quercetin
(11) and kaempferol (12). This supports the importance of the role
of hydroxylation on ring B in the scavenging activity.

Hsu and others (2012) isolated compounds from fresh pods of
Caesalpinia pulcherrima (L.) Sw. (Fabaceae) and determined their
*OH-scavenging activity. The most active flavonoid compound
was myricitrin (26); further results suggest important roles for
the galloyl group and hydroxylation on ring B, based mainly on
the pattern of decreasing activity: (4)-gallocatechin-3-O-gallate
(27), (+)-gallocatechin (28), and (+)-catechin (13). The greater
activity of myricitrin (26) in comparison with (+)-gallocatechin
(28), followed by amelopsin (29) and (4)-catechin (13) reveals the
necessity of the C2—-C3 double bond, the C-4 carbonyl group,
and the coplanarity of rings B and C.

Moharram and others (2006) isolated compounds from the
leaves and stem of Calliandra haematocephala Hassk. (Fabaceae) and
tested their antioxidant activity in the same way as the scaveng-
ing of the "OH. The test compounds were acylated derivatives of
myricitrin (26) and quercitrin (30). The most active was myricitrin
2"",3""-di-O-gallate (31). In descending order, lower activity was
shown by myricitrin 2"'-O-gallate (32), myricitrin 3" -O-gallate
(33), quercitrin 2" -O-gallate (34), quercetin (11), myricitrin (26),
and quercitrin (30). The greatest scavenging activity is thus shown
to be connected with acylation by gallate and the pattern of the
hydroxylation on ring B. The arrangement at ring C (the C2-C3
double bond, C-4 carbonyl group, and C-3 hydroxyl group) also
appears to be important, because this allows conjugation of the
-bonds of rings A and B.

The assumption that the hydroxylation on the ring B is vital for
‘OH scavenging in the deoxyribose method has been confirmed
by Si and others (2011). Their measurements revealed that luteolin
(19) exhibits twice as much activity as apigenin (35), although it
differs by only 1 more hydroxyl group on ring B.

For flavonoids with 1 hydroxyl group on B ring, the crucial
structural element appears to be the presence of hydroxyl groups
on ring A. Cavia-Saiz and others (2010) have demonstrated this
by comparing the activities of naringenin (7) and naringin (5).
Compound 5 possesses a C-7 hydroxyl group substituted with
rhamnoglucose, and has lower activity. The aglycone, compound
7, which shows a greater effect, is better at stabilizing the radical
and can better chelate iron ions.

Marzouk and others (2006) demonstrated that substitution at
C-3 does not necessarily reduce the scavenging activity in the de-
oxyribose method. Quercetin-3-galactouronide (36) shows more
activity than quercetin (11). The presence of a galactouronopyra-
noside moiety increases the activity as compared to substitution
with glucuronide (in miquelianin; 37) or galactoside (in hypero-
side; 38).

Zhao and others (2006) identified major flavonoids from the
pericarp of Litchi chinensis Sonn. (Sapindaceae) and determined
their antioxidant activity using the deoxyribose method, work-
ing mainly with procyanidin B2 (25) and procyanidin B4 (39).
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Procyanidin B2 (25) is a dimer of (—)-epicatechin (1), whereas
procyanidin B4 (39) consists of (4)-catechin (13) bound with
(—)-epicatechin (1). Among the compounds tested with the de-
oxyribose method, compound 25 showed the greatest activity,
because at a concentration of 400 pug/mL it scavenged nearly
97% of the "“OH. Compound 39 scavenged only 56% of the "OH
and compound 1 scavenged 52% of the "“OH in this assay. These
results suggest that the spatial orientation of ring B and the C-3
hydroxyl group is crucial for the activity. Compound 1 has 2R,3R-
orientation and it allows the structure to scavenge much more “OH
than compound 13 with 2R,3S-orientation. Thus compound 25
shows the highest activity, because it is a dimer of compound 1.
The difference is also seen in the fact that compound 39 has almost
the same activity as compound 1.

Van den Berg and others (2000) tested the "OH-scavenging
activity of semisynthetic derivatives of rutoside (9). The introduc-
tion of hydroxyethyl groups into the structure of compound 9
increases the activity, and the corresponding tetrahydroxyethylru-
toside (40) is the most active compound. On the contrary, Kessler
and others (2003) found no difference between the activities of
tetrahydroxyethyl- and trihydroxyethylrutoside (40 and 41).

Aromatic hydroxylation. Apart from the deoxyribose method,
Puppo (1992) also used HPLC-ECD to determine the *OH-
scavenging activity of flavonoids by determining the inhibition
of the hydroxylation of phenylalanine. "“OH was produced by the
Fenton reaction. The results are fairly similar to the results of the
deoxyribose method. The most active flavonoid was myricetin
(10), followed by quercetin (11) and kaempferol (12), which sug-
gests that the hydroxylation of ring B plays an important role
in the scavenging activity. Ozyiirek and others (2008) determined
the "OH-scavenging activity using a modified CUPRAC method.
Contrary to the results of Puppo (1992), the highest rate constant
for the reaction with "OH was calculated for compound 11, fol-
lowed by compounds 10 and 12. In accordance with the results
of Zhao and others (2006), compound 1 showed a higher rate
constant than compound 13 (Ozyiirck and others 2008).

Bochoidkovd and others (2003) determined the ‘OH-
scavenging activity of selected flavonoids via hydroxylation of sal-
icylic acid with "“OH generated by the UV photolysis of H>O».
Rutoside (9) showed the most activity, wogonin glucuronide (42)
and baicalin (18) were less effective in scavenging "OH. The hy-
droxylation of ring B again appears to be a determining factor in
the antioxidant activity.

Chemoluminescence. Chen and others (2002) determined the
“OH-scavenging activity of flavonoids by measuring the chemo-
luminescence produced during the reaction of “OH with a probe.
The presence of an o-dihydroxyl group on ring A appears to
be an important part of the flavonoid molecule contributing to
the scavenging effect. This was discovered when the activity of
baicalin (18; ICsy 34.6 mg/mL) was compared with the activ-
ity of lysinonotin (43; IC5, 187 mg/mL). However, the presence
of an o-dihydroxyl group on ring B was found to be more im-
portant, because quercetin (11) showed the highest activity (ICs
12.1 mg/mL). The hydroxyl group substituted at C-3 also proved
to be a key feature of the flavonoid structure, as was shown on
comparing the activity of the aglycone (quercetin; 11) with its
corresponding glycoside (hyperoside, 38; ICs) 19.5 mg/mL). The
study of Yoshiki and others (1995) described the utilization of a
very similar method. However, according to their results, com-
pound 9 showed the greatest activity, which is the opposite of the
results obtained by Chen and others (2002), who found that the
activity was greater when the C-3 hydroxyl group was not sub-
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stituted. The importance of the hydroxylation at ring B was also
supported by Yoshiki and others (1995). Compound 10 was more
active than compounds 11 and 12.

Chang and others (2010) used another chemoluminescence
method developed by Tsai and others (2001) and employing IBG
as a probe to measure the "OH-scavenging activity of flavonoids
and flavolignans obtained from Calamus quiguesetinervius Burret
(Arecaceae). The most active flavonoid was dihydrotricin (44),
which was more potent than naringenin (7), possibly because of
the presence of ortho methoxyl groups on ring B, which may
help to stabilize the phenoxy radical and thus terminate the chain
reaction.

Hydroxyl radical-absorbing capacity—fluorescence. The re-
sults of the ORAC.op method performed by Kim and Jang (2011)
showed the potent antioxidant activity of compounds 11, 8, and
9. However, the statistical significance of the differences in their
activity is low, and from these results it can be suggested that the
presence of a C-3 hydroxyl group is not necessary for the scaveng-
ing activity. Cao and others (1997) used a different probe for the
ORAC.op method. The results of these experiments showed the
greatest activity for fustin (45), followed by eriodictyol (46) and
taxifolin (47). These compounds, a flavanone and 2 flavanonols,
possess activities twice as great as that of flavonols (such as com-
pounds 10 or 11). The flavonols showed rather pro-oxidant activity
in this particular method.

DMSO trap. Arimboor and Arumughan (2012) used the clas-
sical Nash method to determine the "OH-scavenging capacity of
flavonoids found in the seeds of Hippophae rhamnoides L. (Elacag-
naceae). The most potent was compound 11. Less activity was
observed for compounds 12 and 9, which clearly showed a link
between the scavenging effect, the hydroxylation on ring B, and
the C-3 hydroxyl group. Using the same method, Benherlal and
Arumughan (2007) also proved the significant importance of the
C2-C3 double bond by showing that compound 11 has more
activity than compound 13.

Furthermore, Ozgovi and others (2003) used the Nash method
to examine the influence of flavonoids on the "OH scavenging.
An NADPH-generating system was used in connection with cy-
tochrome P-450 obtained from microsomes and a reaction mixture
of iron ions and ascorbate to produce "OH. The results of both
methods were compared. None of the tested flavonoids scavenged
the "OH formed in the mixture of iron ions and ascorbate. On the
other hand, the "OH produced in the NADPH-generating system
was readily scavenged by compound 10 and less readily by com-
pound 11. The major reason for this discrepancy is probably the
different means of producing *OH in the 2 methods. The first way
of producing "OH, the NADPH-generating system, uses various
enzymatic systems that leave opportunities for compound 10 to
interfere, whereas the reaction mixture of iron ions and ascorbate
probably creates “OH via the autooxidation of iron and the test
flavonoids exhibited rather pro-oxidant activity.

Tai and others (2002) also detected "OH-scavenging activity
using DMSO as a probe, but they developed a new fluorescence
method. Quercetin (11) showed the most activity. Morin (48) was
less active, which means that the o-dihydroxyl group on ring B is
vital for activity. Hesperidin (49) was also less active, and thus the
C2-C3 double bond and the C-3 and C-7 hydroxyl groups are
also important.

Fingerprinting. The last chapter touching on the results of the
structure—activity relationship of flavonoids scavenging "OH is
dedicated to the use of fingerprinting. Benherlal and Arumughan
(2008) detected activity of naringenin (7) and naringin (5) that
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protects against oxidative damage to DNA. The results showed a
clear connection between the protective activity of compound 5
and its ability to chelate iron. Compound 5 showed more activity
than its aglycone, so the disaccharide moiety probably enhances
iron chelation. Londhe and others (2008) have reported similar
conclusions, but in their study quercetin-3-O-glucoside (8) pro-
tected DNA better than rutoside (9). When both of the substances
were glycosides of quercetin (11), the flavonoid with a monosac-
charide moiety was more active. Zima and others (2010) deter-
mined the antioxidant activity of several geranylated flavanones ob-
tained from Paulownia tomentosa (Thunb.) Steud. (Paulowniaceae).
The greatest activity found by the DNA protection method was
exhibited by 3"-O-methyl-5"-hydroxydiplacone (50), followed by
diplacone (51) and mimulone (52). This shows the importance of
the hydroxylation of ring B in protecting DNA against "OH.

The importance of flavonoid metabolites for their
antioxidant effect

To take into account the relatively large metabolization of
flavonoids after their dietary intake, we tried to summarize also
the activity of simple phenolics obtained after their degradation by
gut microflora against the hydroxyl radical. The majority of these
metabolites belong to the group of aromatic acids or phlorogluci-
nols. The antioxidant activity of these substances in vivo could be
based on their direct ability to scavenge radicals, or on the ability
to decrease its production through the inhibition of producing
enzymes or suppression of their expression in cells. However, the
information about the real contribution of these metabolites to
ability of flavonoids to act as antioxidant (and to scavenge hy-
droxyl radical) in living organisms is relatively unclear, and it is
difficult to get information only from in vitro comparisons. For
example, the review of Rice-Evans and others (1996) compares
the simple phenols and flavonoids in TEAC assays and shows lower
activity of simple phenols than flavonoids. This led some authors
to the opinion that dietary phenols have lower importance and
antioxidant effect in vivo than is generally thought (Olthof and
others 2003). On the other hand, there is evidence of antiox-
idant and/or antimutagenic activity of plant extracts or herbal
infusions connected with high concentration of phenolics includ-
ing hydroxyphenylacetic and dihydroxyphenylactic acid (Kogian-
nou and others 2013; Kaliora and others 2014), but they do not
show the contribution of these simple phenolics on the total ef-
fect. Antiradical activity of dihydroxyphenylacetic acid was further
proved using DPPH" and peroxyl scavenging activity (LeBlanc and
others 2012) and also some other methods (Rubio-Senent and
others 2012). The antioxidant power of dihydroxy and trihy-
droxy phenolic acids was analyzed via ABTS™, DPPH" and in-
hibition liposomal oxidation, together with the inhibition of 2~
deoxyguanosine oxidation produced by "OH formed in Fenton
reaction. ABTS™ and DPPH" assays showed greater effect of tri-
hydroxylated phenols in comparison with dihydroxy-substituted
compounds. The type of spacer between the carboxylic acid and
the aromatic ring also influences the antioxidant activity, when
highest effect was observed for substances with methylenic and
ethylenic group, with the lower activity of compounds with un-
saturated spacer. For the lipoperoxidation, the ortho-dihydroxylated
compounds presented a greater antioxidant activity than the trihy-
droxylated, because of their greater lipophilicity. Oppositely, the
pro-oxidant activity was observed in 2’-deoxyguanosine oxidation
assay, probably due to the ability of compounds with catechol and
pyrogallol moieties to mediate Fe(Il)/Fe(Il) redox cycle playing

734 Comprehensive ReviewsinFoodScience and FoodSafety ® Vol.15,2016

a role in generation of "OH by the Fenton reaction (Siquet and
others 2006).

ORAC testing was used also for assaying of metabolites of ellag-
itannin, geraniin, chlorogenic acid, and (—)-epigallocatechin gal-
late, and metabolites like protocatechuic acid (56), dihydrocaffecic
acid or dihydroxyphenylacetic acid showed greater antioxidative
activity than their respective original compounds (Ishimoto and
others 2012). ORAC and FRAP methods were used for proving
the effect of several flavonoid metabolites (protocatechuic acid,
3,4-dihydroxyphenylacetic acid, 3,4-dihydroxyphenylpropionic
acid (54) and 3-hydroxyphenylacetic acid), and besides the strong
antioxidant power, synergic effect of 3,4-dihydroxyphenylacetic
acid and ascorbic acid was observed (Noguer and others 2014). Di-
hydroxyphenylpropionic acid (syn. dihydrocaffeic acid) and sim-
ilar aromatic acids observed during metabolism of flavonoids or
in general phenolics showed relatively strong antiradical activity
(ABTS™" and DPPH") and were able to reach the retina in rats
where they protected cells against degeneration (Jang and others
2015). Antioxidative effect of flavonoid metabolites was observed
also on rat hepatocytes (Miyake and others 2000; Minato and
Miyake 2014). The well-organized study tested antioxidative ef-
fect of administration of anthocyanin-rich rich Lonicera caerulea
fruits in healthy human volunteers, and from the metabolic profil-
ing it could be concluded that the activity is connected with the
simple aromatic acids shown as metabolites (Heinrich and others
2013). Similar conclusions can be deduced also from study car-
ried on human volunteers consuming chocolate which is rich in
phenolic substances (Rios and others 2003).

Summary

To sum up the results, pulse radiolysis studies showed these cru-
cial elements of the flavonoid structure: o-hydroxylation on ring B,
a gallate moiety at C-3, and glycosylation with a monosaccharide.

The results obtained with methods using DMPO as a trap to
detect "“OH have shown the importance of various structural pat-
terns, depending on the way “OH is produced. The results of
Husain and others (1987) showed clearly the importance of the
hydroxylation of ring B and the presence of a C-4 carbonyl group.
The results of Lee and others (2006) are in accord with this, al-
though they used the Fenton reaction to produce “OH. On the
contrary, Chang and others (2007) and Gao and others (2000)
proved that for iron chelation the optimal structural parameters
are represented by trihydroxylation on ring A. Harris and others
(2006) reported that the absence of hydroxylation on ring B does
not diminish the scavenging activity when the "OH is produced
by LPS-activated macrophages. According to Tsuda and others
(1996), anthocyanidins have a different mode of action than other
flavonoids, because they show the opposite effect: less hydroxy-
lation of ring B leads to more activity. Finally, Shahat and others
(2002) proved that an increase in the number of units of (—)-
epicatechin (1) in oligomeric compounds does not increase the
scavenging activity, and the ideal scavenger is trimeric procyanidin
C1 (23).

The results of the "OH-scavenging activity of flavonoids, as
determined by the deoxyribose method, showed these structural
elements to be vital for this activity: hydroxylation of ring B, a C2—
C3 double bond, a C-4 carbonyl group and a C-3 hydroxyl group.
Active compounds can possess gallate and galactouronate substi-
tuted for the hydroxyl at C-3. Moreover, the spatial conformation
of (—)-epicatechin (1) is more active than that of (+)-catechin
(13), and the substitution of rutoside (9) with hydroxyethyl groups
enhances the scavenging activity.
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Experiments that determine the *OH-scavenging activity of
flavonoids by evaluating the effect of aromatic hydroxylation have
shown that hydroxylation of ring B is indispensable. Only the
measurements done by Ozyiirek and others (2008) did not prove
this assumption.

The "OH-scavenging activity of flavonoids as determined by
chemoluminescence methods shows that the most important fea-
ture for the activity is the hydroxylation of ring B. Some results
also suggest that additional methoxyl groups on ring B can help to
improve the antioxidant activity. If there are no hydroxyl groups
on ring B, hydroxylation of ring A becomes important. The role
of the C-3 hydroxyl group is questionable.

The results of both ORAC.; methods contrast with the re-
sults of other methods of determining the *“OH-scavenging activ-
ity. Quercetin (11) was not more active than its glycosides, and
flavanones and flavanonols were more active than flavonols.

Methods using DMSO as the probe revealed again that the
hydroxylation of ring B is vital for the "OH-scavenging activity.
Furthermore, a C2-C3 double bond and C-3 and C-7 hydroxyl
groups also enhance the antioxidant effect. The results of Ozgova
and others (2003) showed differences between the 2 ways of pro-
ducing "OH. Whereas myricetin (10) successfully scavenged the
“OH produced in a NADPH-generating system, the “OH pro-
duced in a mixture of iron ions and ascorbate was resistant to the
activity of any flavonoid tested.

Studies using DNA protection showed that the hydroxylation
of ring B and glycosylation with either a mono- or disaccharide
to be the most preferential. This effect is probably caused by the
enhanced possibility of chelating the iron ions.

According to Prochizkovi and others (2011) the importance of
the hydroxylation of ring B also applies to other ROS-scavenging
methods. The reaction of ROS with a flavonoid having hydroxyl
groups on ring B produces a fairly stable ortho-semiquinone by
enabling electron delocalization (Heim and others 2002). The
advantage of an ortho rather than meta orientation of the hydroxyl
groups was shown by Rice-Evans and others (1996). Methylation
of the hydroxyl groups on ring B usually diminishes the scavenging
activity (Heim and others 2002). But, according to the results
of Chang and others (2010), in some cases it can increase the
stability of the radical formed at ring B. The next most important
parts of the flavonoid structure are the C2—C3 double bond, the
C-3 hydroxyl group, and the C-4 carbonyl group. Heim and
others (2002) reported that these structural elements strengthen the
conjugation of the A and B rings, increase electron delocalization,
and in the end facilitate the stabilization of the radical. There are
some results that indicate that a C-3 hydroxyl group has only a
slight influence on antioxidant activity (Yoshiki and others 1995;
Kim and Jang 2011). The other hydroxyl groups, namely at C-5
and C-7, are also involved in the activity (Heim and others 2002).

Apart from the ROS-scavenging activity, many structural ele-
ments can be involved in the chelation of metal ions, such as copper
oriron (Prochizkovi and others 2011). In particular, the neighbor-
ing hydroxyl and carbonyl groups are involved. This could explain
the fact that in some pulse-radiolysis studies (methods using de-
oxyribose and methods that prevent DNA damage), glycosylation
actually increased the antioxidant activity (Marzouk and others
2006; Benherlal and Arumughan 2008; Londhe and others 2009).
The hydroxyl groups of the saccharide moieties probably augment
the antioxidant activity, although normally this does not apply
(Heim and others 2002).

The antioxidant potential of gallic acid (57) is known and thus
it 1s no surprise that gallate esters of catechins have high scav-

© 2016 Institute of Food Technologists®

enging capacity for ROS (Rice-Evans and others 1996; Bors and
Michel 1999). Rice-Evans and others (1996) also reported that
that scavenging activity of anthocyanins increases with the num-
ber of hydroxyl groups, in contrast to the findings of Tsuda and
others (1996). In a similar way, the antioxidant activity of proan-
thocyanins does not precisely increase with the degree of polymer-
ization (Rice-Evans and others 1996; Shahat and others 2002).

As can be seen, a relatively large number of studies have been
carried out to clucidate the potential of flavonoids for interaction
with the hydroxyl radical. However, the majority of these exper-
iments, although they showed some basic structural parameters
necessary for such activity, were performed in vitro using purcly
chemical methods. This is because the hydroxyl radical is unstable
and forms at an extremely high reaction rate. Nevertheless, in vivo
techniques should be developed and used, so as to involve reaction
conditions that are actually present in cellular systems.

The results summarized in this review also emphasize the im-
portance of natural flavonoids in the human diet. Flavonoids of
certain structures are potent scavengers of hydroxyl radicals and
also other ROS and thus can help the human body to overcome
oxidative stress. However, it should be noted that extensive in vivo
clinical trials must be performed to evaluate the positive effect of
flavonoid intake on the development of diseases associated with
oxidative stress. Moreover, several studies on human volunteers
and animals showed the possible importance of contribution of
flavonoid metabolites to overall antioxidant activity.

Conclusions

The structural elements of the flavonoids most vital for hydroxyl
radical-scavenging are hydroxylation of ring B and a C2-C3 dou-
ble bond connected with a C-3 hydroxyl group and a C-4 carbonyl
group. Hydroxylation of ring A also enhances the activity, as does
the presence of gallate and galactouronate moieties as substituents
on the flavonoid skeleton. A similar hydroxylation pattern is valid
for simple aromatic acids observed as flavonoid metabolites.
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Abstract: Antiradical and cytoprotective activities of several flavanones isolated from
Paulownia tomentosa (Thunb.) Steud. (Scrophulariaceae) have been evaluated using
different in vitro and in vivo methods. The capacity of flavanones to scavenge radicals was
measured in vitro by means of DPPH and ABTS assays, the inhibition of hydroxyl radicals
produced in Fenton reactions, FRAP, scavenging superoxide radicals using enzymatic and
nonenzymatic assays and the inhibition of peroxynitrite-induced nitration of tyrosine. The
in vivo testing involved measuring the cytoprotective effect of chosen flavanones against
alloxan-induced diabetes in mice. The activity of tested compounds was expressed either as
a Trolox® equivalent or was compared with rutin or morine as known antioxidant
compounds. The highest activity in most tests was observed for diplacone and 3'-O-
methyl-5"-hydroxydiplacone, and the structure vs. the antioxidant activity relationship of
geranyl or prenyl-substituted flavonoids with different substitutions at the B and C ring
was discussed.
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1. Introduction

The so-called civilization diseases are, especially in the Western world, complex illnesses resulting
from bad and unhealthy life styled as well as impaired environmental conditions. The incidence of
civilization disease is also connected to the increase of the World’s population and extended life-times.
Such diseases are, for example, neurodegenerative disorders (senile dementia, Alzheimer’s disease),
cardiovascular illnesses, diabetes mellitus type 2, and cancer. It is now common knowledge that the
formation of reactive oxygen species (ROS) and/or nitric species (RNS) is highly implicated in the
pathogenesis of such diseases [1,2]. ROS/RNS can be both harmful and beneficial in humans. The
beneficial effects of ROS involve, for instance, the defense against infectious agents and several
cellular signaling systems. In contrast, when released in high concentration, ROS/RNS can inflict
damage to cellular components (lipids, membranes, nucleic acids, etc.). This situation can lead to
oxidative stress. Oxidative stress has been defined as “a disturbance in the pro-oxidant and antioxidant
balance in favor of the former, leading to potential damage” [2]. To counterbalance the harmful effects
of ROS/RNS, organisms are protected by different antioxidants systems, which inhibit or retard the
oxidation damage of cells and/or physiological processes [3,4].

Flavonoids are a structurally variable group of polyphenolic compounds that are ubiquitous in
Nature. Up until the present, over 8,000 flavonoids have been identified [5]. The beneficial health
effects of flavonoids are especially attributed to their antioxidant activity. Attempts to establish the
relationship between structure and their radical-scavenging capacity have been successful [5-7]. The
activity of flavonoids depends on the position of hydroxy, methoxy, geranyl or other group
substitutions. The ability to act as an efficient antioxidant does not depend solely on the availability of
phenolic hydrogens but also on the possible stabilization of the resulting radical [7,8].

Paulownia tomentosa (Thunb.) Steud. (Srophulariaceae) is a potent source of biologically active C-
geranyl flavanones. According to scientific literature, these compounds have shown cytotoxic,
antibacterial and antiradical properties [9-11]. In this present work, flavonoids with a geranyl and
prenyl substitution isolated from P. tomentosa were evaluated in vitro in antiradical assays (DPPH,
ABTS, the inhibition of Fenton reaction, inhibition of peroxynitrite induced nitration of tyrosine,
FRAP, and the inhibition of superoxide) and in vivo for their cytoprotective effects against alloxan-
induced diabetes.

2. Results and Discussion

The ability of variously substituted flavonoids from P. fomentosa, with a geranyl or prenyl chain at
position 6, to act as potential antioxidants was tested. The tested flavanones showed different degrees
of activity in all of the assays that were used. The activity of these compounds was expressed as TEAC
(Trolox Equivalent Antioxidant Capacity) for ABTS, DPPH, FRAP, and the inhibition of peroxynitrite
induced tyrosine nitration. The TEAC value is based on the ability of an antioxidant to scavenge
radicals relative to the radical scavenging ability of the water-soluble vitamin E analogue, Trolox™
[12], and is expressed as multiples of the activity of Trolox”. Rutin was used as the standard of activity
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for comparing the effects in assays based on the inhibition of superoxide radical and inhibition of
Fenton reaction. Morine was used as a reference compound in the alloxan-induced pancreatic damage test.

The evaluated compounds all had a flavanone skeleton except 5 and 10 (flavanonol structures).
Compounds 1-9 were substituted with a geranyl side chain at the position 6 (hydroxylated geranyl
present at 4 and 8), 10 was substituted by a prenyl chain at the same position. The compounds had
different substitution at the B and C ring (Table 1).

Table 1. Structures of compounds tested.

R3

R2
HO. o O
O R

RS R4
OH O
Compound / substituent R1 R2 R3 R4 RS
Diplacone (1) OH OH H H ot
Mimulone (2) H OH H H S
3’-0-methyldiplacone (3) OMe OH H b bidd
Tomentodiplacone (4) OMe OH H H Yt/\(\/
3’-0-methyldiplacol (5) OMe OH H OH b G
3°-0-methyl-5"-OH-diplacone (6) OMe OH OH H b dhas e
3’-0-methyl-5"-O-methyldiplacone (7) OMe OH OMe H N
Tomentodiplacone B (8) OMe OH H H ™
Schizolaenone C (9) OH H OH H s
6-isopentenyl-3"-O-methyltaxifolin (10) OMe OH H OH )\/

2.1. ABTS, DPPH, FRAP, the inhibition of peroxynitrite induced tyrosine nitration

Both the ABTS and DPPH tests identified the promising activity of compound 1 (TEACagrs 3.2
and TEACpppy 1.06) and compound 6 (TEACagrs 1.66 and TEACpppy 0.98). The reducing potential
of the compounds (4, 8 and 9 were excluded because of insufficient material), was evaluated in the
FRAP assay, where compounds 7 (1.189) and 6 (0.741) showed the highest activity. The ability of the
tested compounds to decrease peroxynitrite-induced nitration of tyrosine was investigated as well. The
tested compounds showed similar results of activity. The highest ability to prevent against tyrosine
nitration showed 9. The results of the above-mentioned experiments are summarized in Table 2.

The structure and antioxidant activity relationships of flavonoids is determined by a) the ortho
3’,4’-dihydroxy substitution in the B ring, b) the meta 5,7-dihydroxy substitution in the A ring, c) the
2,3-double bond in C ring, d) the 4-keto substitution in C ring, e) the 3-hydroxyl group in the C ring.
The spatial arrangement of the substitution is perhaps a greater determinant of antioxidant activity than
the flavan skeleton [13,14]. Another substitution influencing antioxidant activity is O-methylation,
which may decrease antioxidant activity [15]. Steric effects may also induce the suppression of
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antioxidant activity; the B ring is particularly sensitive to the position of the methoxy group and 2"-O-
methyl, 4’-hydroxy substitution at the flavonoid B ring abolishes antioxidant activity, whereas 2’-
hydroxy, 4’-O-methyl derivatives show activity. The methylation of the 3’,4" ortho dihydroxy group
leads to the decrease of scavenging [16]. Similar structure—activity relationships can also be deduced
from the results presented here. Compounds with an ortho-dihydroxy substitution of the flavanone B-
ring showed the highest activity, but the activity of methoxylated compounds (3, 4, 5, 7, 8) or
compound with para located hydroxyl (2) was much lower. The 3-OH substitution of 5 did not affect
activity, similar to the hydroxy substitution of the geranyl side chain (3 in comparison with 4 and 8).

These basic rules were established based on the DPPH, ABTS and similar antioxidant assays and
may differ slightly from the results obtained from other tests. Different influence of O-methylation on
activity is described for FRAP and the inhibition of peroxynitrite induced nitration of tyrosine. The
increase of reduction ability in FRAP may be evoked by partial O-methylation of the B ring. The
presence of an electron-donating moiety on the B ring as the methoxy group confers the higher
reducing capability, but total number of hydroxy groups and other mentioned structural properties are
necessary and enhance the antioxidant activity of the flavonoids [17].

Previously published studies also show the low effect of O-methylation on peroxynitrite induced
nitration of tyrosine, when the different position of the O-methoxy substitution of antocyanins did not
influence their activity [18]. It corresponds with results presented here, which show only a low
influence of O-methylation on peroxynitrite induced nitration of tyrosine (compare diplacone (1) and
3’-O-methyldiplacone (3)). Results also showed that compounds with O-methyl group at similar
position on the B-ring (3-8) have similar antiperoxynitrite activity, while the activity of mimulone (2),
compound with p-OH substituted B-ring is low. Also, the changes on the geranyl side chain did not
affect the ability of the compounds tested to prevent tyrosine nitration (4, 8, 10).

Table 2. Antioxidant activities of compounds 1-9 determined by using ABTS, DPPH,
FRAP, the inhibition of tyrosine nitration (activity expressed as TEAC - ability of the
sample to scavenge the radical relative to the radical scavenging ability of Trolox”™. Value
are multiples of activity of Trolox") and superoxide scavenging activity (expressed as % of
inhibition at 50 uM concentration).

Inhibition of. Superoxide scavenging
ABTS DPPH FRAP peroxynitrite activity
induced tyrosine
nitration Enzymatic DR
enzymatic
1 3.2+0.01 1.06 +0.04 0.522+0.01 0.84 +0.01 45.2 25.9
2 1.7+0.01 0.02+0.01 0.051 +£0.00 0.09 +0.01 - -
3 1.4+0.00 0.12+0.02 0.118 +£0.00 0.80 +0.03 - -
4 1.61 £0.01 0.14+0.04 - 0.82+0.01 - -
5 1.62+0.01 0.10+0.00 0.127 +0.01 0.74 +0.01 - -
6 1.66 £ 0.01 0.98 +0.03 0.741 £0.01 0.84+0.01 1.2 29.5
7 1.60 +0.01 0.29+0.02 1.189 +0.06 0.83+0.02 -t -
8 0.97 +0.03 0.12+0.00 - 0.82+0.02 - -
9 - - - 0.93+0.02 - -
Rutin - - - - 50.2 43.6

# Not determined.
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2.2. Superoxide scavenging activity assay

Both flavonoids 1 and 6 showed a promising scavenging of radicals. According to the scientific
literature, there are some requirements in the arrangement of substituents for superoxide scavenging
and the inhibition of xanthinoxidase (XO). Searching the literature led however to conflicting
conclusions about superoxide scavenging activity and the inhibition of XO by flavanones. Tested
samples met the structural conditions for superoxide scavenging: 5,7-dihydroxy substitution,
3’,4’-dihydroxy substitution, and 4-oxo group [19,20]. These conditions are stated for the direct
scavenging of superoxide, but not for the inhibition of XO. Some authors state that flavanones are not
able to inhibit XO because they lack the C-2 - C-3 double bond. This double bond causes planarity of
the A, C and B rings group due to the conjugation effect and is an important factor for XO inhibition
[19]. On the other hand, according to some authors, flavanones might inhibit XO due to the fact that
their chemical structure is closely related to hypoxanthine, xanthine, and uric acid, and may act as XO
substrate analogs [21].

Based on the results of the ABTS and DPPH assays, the activity of compound 1 and compound 6
was measured using a superoxide-scavenging assay. Two systems for generating superoxide radical
were used: enzymatic and non-enzymatic. Both assays, as described in past literature, were primary for
the proper evaluation of hydrophilic compound activity because of the aqueous character of the
reaction mixture [22]. In this work, the optimization of these assays for hydrophobic compounds
(C-6 lipophilic substituent) was carried out, and the activity of the compounds tested was compared
with rutin at equimolar concentrations of 50 pM.

Some differences between the results of enzymatic and non-enzymatic assays were found (Table 2).
In the non-enzymatic test, the activities of the compounds tested were similar (1 25.9%, 6 29.5%), but
lower than the activity of rutin (43.6%). The results of the enzymatic assay showed higher activities of
1, 6 and rutin, in comparison with the non-enzymatic assay. Compound 6 showed the highest activity
(71.2%), significantly higher than rutin (50.2%). From these results it can be concluded, that
geranylated flavanones can also act as XO inhibitors and, if needed, serve as compounds for the
modeling of more potent structures.

2.3. Inhibition of Fenton reaction assay

Different methods can be used for the measurement of hydroxyl radical scavenging activity [23]. In
this study, the Fenton reaction system generating a hydroxyl radical with plasmid DNA as a detection
system was used to bring the assay closer to in vivo conditions. Plasmid DNA was used as a target for
the attack of OH’ radicals. Plasmid DNA is constituted from a circular double strand of nucleic acids in
its native supercoiled conformation, also known as CCC (covalently closed circle). The attack of OH’
degrades the DNA into series of degradation products. The open circle (OC) conformation is the first
step of degradation and it is characterized by having only one strand cut, therefore remaining in its
circular conformation. The linear (L) form is the result of a cut in both DNA strands. All these forms
are visible by electrophoretic separation.

Oxidative damage of biomacromolecules, including DNA, is considered one of the most dangerous
actions of ROS. Plasmid DNA as a model of oxidative disruption was successfully used in several
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studies [24,25]. The activity of the compounds tested was expressed as a “compounds ratio/ rutin
ratio®. Compounds ratio and rutin ratio means ratio of area under curve (AUC), which demonstrates
concentration of DNA (see section 3.6), of CCC form /AUC of OC form plus AUC of L form [i.e.
CCC/(OC+L)]. The higher value means a higher content of CCC-form, thus a lower degradation of
plasmid DNA. AUCs of individual plasmid forms were obtained from the densitometric evaluation of
electrophoretograms. Among the compounds tested, the highest activity was found for compound 6
(ratio 2,565) and compound 1 (ratio 0,892). The compounds tested can be ordered in decreasing
activity: 3’-O-methyl-5"-hydroxydiplacone (6) > diplacone (1) > mimulone (2) > 3’-O-methyl-
diplacone (3) > 3’-O-methyldiplacol (5) > 3’-O-methyl-5’-O-methyldiplacone (7) > 6-isopentenyl-3’-
O-methyltaxifolin (10). Table 3 displays the results of this assay in detail. Among the compounds
examined for their antioxidant effect, only the two compounds with the ortho-dihydroxy substitution at
ring B diplacone (1) and 3'-O-methyl-5"-hydroxydiplacone (6), were significantly active. This may
imply that the ortho hydroxy substitution is important for the antioxidant activity of such compounds,
similarly in the results shown in the DPPH test and FRAP (with exception of compound 7).
6-isopentenyl-3’-O-methyltaxifolin (10) showed virtually no antioxidant activity in the Fenton reaction
inhibition assay, being the only flavanone tested that lacks the geranyl group (compare 5 and 10).

Table 3. Results of Fenton reaction inhibition assay. Rutin at the molar excess of 50:1 or
10:1 to DNA base pare was compared with the tested compounds at the same molar excess.
AUC — area under curve; CCC — covalent closed circle (superhelical form of plasmid);
L — linear form of plasmid; OC — open circle (circular form of plasmid).

Conijoni AUC Ratio CCC/ Compound ratio/
cCC oC L (OC+L) Rutin ratio
1(50:1) 569 1618 98 0.332 0.892
1(10:1) 453 3272 458 0.121 0.135
3(50:1) 708 3271 231 0.202 0.543
3(10:1) 229 3170 294 0.066 0.073
7(50:1) 514 2854 193 0.169 0.454
7 (10:1) 564 2173 73 0.251 0.279
Rutin (50:1) 1288 3207 254 0.372 1
Rutin (10:1) 1942 1955 207 0.898 1
Natural plasmid 2790 386 193 4819 -
2(50:1) 439 634 - 0.692 0.553
2(10:1) 152 1502 - 0.101 0.199
6(50:1) 1289 402 - 3.206 2.565
6 (10:1) 656 1406 - 0.467 0.921
10 (50:1) 194 1556 96 0.117 0.094
10 (10:1) 189 1915 122 0.093 0.183
Rutin (50:1) 1055 843 - 1.251 1
Rutin (10:1) 806 1591 - 0.507 1
Natural plasmid 1507 - S o =
5(50:1) 505 1379 - 0.366 0.491
5(10:1) - 1373 - - -
Rutin (50:1) 1155 1493 57 0.745 1
Rutin (10:1) 535 1788 47 0.292 1
Natural plasmid 2166 258 - 8.395 -
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2.4. Cytoprotective effect against alloxan-induced diabetes

The single in vivo test was based on monitoring of cytoprotective effect against alloxan-induced
diabetes. Alloxan transported into B-cells of Langerhans islets of mouse pancreas is transformed to
dialuric acid, which re-oxidation leads back to alloxan. Several free radicals, such as superoxide,
hydroxyl radical or alloxan radical, are formed during this intracellular red/ox process. These free
radicals selectively destroy the B-cells, which results in insulin production decrease in treated mice
[26]. Flavonoids, as known antioxidants, may prevent the progressive impairment of pancreatic B-cell
function due to oxidative stress [27]. Administration of diplacone (1) and mimulone (2) was not found
to reduce the blood glucose levels in alloxan-induced diabetic mice (Figure 1). The only exception was
the reduction (p < 0.05) in blood glucose levels of animals treated with diplacone (1) on the first day of
the experiment.

Diplacone (1) showed significant antioxidant activity in the in vitro tests. Whereas the damage of -
cells of Langerhans islets occurs by means of free radicals formed during red/ox reactions (see above),
a cytoprotective activity of diplacone (1) with consequent decrease of glycemia level was expected in
the test focused on cytoprotective effect against alloxan-induced diabetes, as it was described by
Soto et al. [28]. However, in the present in vivo experiment, only minor changes in glycemia level in
groups treated with diplacone (1) were found. This fact could be caused by low dose of diplacone (1)
used for experiment [28].

On the other hand, some cytoprotective effect of diplacone (1) was proved by histopathological
analysis of pancreatic tissue (Figure 2—5). This observation supports fact that flavonoids may act as a
cytoprotective substances [29]. Results of cytoprotective activity assay could be correlated with a
higher activity of diplacone (1) compared with the other tested compounds.

Figure 1. Levels of glycemia mmol/L as determined in alloxan induced diabetes testing of 1 and 2.
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Figure 2. Microphotograph of the pancreas of control mice (HE 400x%). Pancreatic islets
with distinctly-outlined cell borders (physiological findings).

Figure 3. Microphotograph of the pancreas of alloxan-treated mice (HE 600x). Rudimental
reaction to the destroyed pancreatic islet.

Figure 4. Microphotograph of the pancreas — the effect of mimulone (2) on the pancreatic
histopathology of diabetic mice (HE 600x). Regressive changes to pancreatic islet cells.
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Figure 5. Microphotograph of pancreas — the effect of diplacone (1) on the pancreatic
histopathology of diabetic mice (HE 600x). Pancreatic islet with an irregular shape; with
vacuolised cytoplasm, a pyknotic nucleus and tiny necrosis without a significant
inflammatory reaction.

3. Experimental
3.1. Tested compounds

C-6 geranylated flavonoids 1-8 were isolated from P. tomentosa fruit [9,10]. Schizolaenone C (9)
and 6-isopentenyl-3’-O-methyltaxifolin (10) were isolated from P. fomentosa fruit as well (Table 1)
[9,30]. As a standard for comparing the activities of the compounds that rutin (Fluka®), morine
(Sigma-Aldrich®) and Trolox™ (Sigma-Aldrich®) were used. The purity of all the compounds tested
was checked via HPLC analysis and exceeded 95%.

3.2. ABTS and DPPH scavenging activity

The antiradical activity of the compounds was determined spectrophotometrically in the Microplate
Reader Synergy HT (Bio-Tek Instruments, Inc) in 96 wells plates in kinetic mode. The DPPH and
ABTS assay followed modified methods of Brand-Williams er al. [31] and Arnao et al. [32],
respectively. DPPH test: reaction mixture contained DPPH (63.4 uM) and different concentrations of
samples in final volume of 300 pL. Detection at 517 nm. All components were dissolved in methanol.
ABTS test: the reaction mixture contained ABTS (83.4 uM, in phosphate buffer pH 7.4) and different
concentrations of samples in final volume of 350 pL. Detection wavelength was 734 nm. Samples
were dissolved in ethanol. All experiments were performed in triplicate. Activity of the tested
compounds was expressed as TEAC.

3.3. FRAP

A colorimetric assay, according to Benzie and Strain, was used [33]. Activity was measured
spectrophometrically at 593 nm. The reaction mixture contained TPTZ (0.83 mM), FeCl; (1.67 mM)
and an acetate buffer (250 mM, pH 3.6). The total volume of the reaction mixture was 3 mL. Samples
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were measured in triplicates for 6 min in kinetic mode. The results are presented as the equivalent of
the Trolox".

3.4. Inhibition of peroxynitrite induced tyrosine nitration

A peroxynitrite solution was prepared and an assay carried out according to the method mentioned
previously [34]. The percentage of the inhibition of tyrosine nitration was compared to that of the
calibrated Trolox” standard. The results are expressed in terms of Trolox™ equivalent
antioxidant capacity.

3.5. Superoxide scavenging activity

Modified enzymatic and non-enzymatic assays described by Valentad et al. for the generation of
superoxide radical were used [22]. Both methods used spectrophotometric detection at 562 nm, using
96 wells plates and the microplate reader Synergy HT. The assay was performed at room temperature.
Samples and standard were measured in equimolar concentrations of 50 uM and subsequently
compared. All experiments were performed in triplicate. Activity of the samples was compared
with rutin.

3.5.1. Enzymatic assay

The reaction mixture consisted of xanthine (380 uM, in 1 pM NaOH), xanthinoxidase (0.025 U/mL,
in 0.1mM EDTA), NBT (42.3 uM, in a 50mM phosphate buffer with 0.1mM EDTA, pH 7.8) and the
tested compounds (in DMSO). The final volume of the reaction mixture was 350 pL. The reaction was
initiated by the addition of XO and proceeded for 2 min. at room temperature.

3.5.2. Non-enzymatic assay

Superoxide was generated in system NADH/PMS. The reaction mixture contained NADH
(166 uM), NBT (43 uM), PMS (2.7 uM), the tested compounds in final volume 300 pL. All
components were dissolved in 19 mM phosphate buffer (pH 7.4). Compounds were dissolved in
DMSO. The reaction was initiated by the addition of PMS and proceeded for 2 min at
room temperature.

3.6. Inhibition Fenton reaction assay

This assay was proposed in order to evaluate the capacity of compounds to scavenge OH™ and,
consequently, to protect DNA from oxidative degradation. To supply OH’, a mixture of Fe(IIl), H,O,
and ascorbic acid was used. Ascorbic acid reduces Fe(IlI) to Fe(II), providing a constant flux of OH'.
The following equations illustrate the Fenton reaction:

Fe' + ascorbate — Fe?' + oxidized ascorbate
Fe*" + H,0, — Fe*" + OH + OH
OH’ + DNA — DNA damage product + OH"
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The degradation of plasmid DNA was used as a marker of oxidative damage. Supercoiled plasmid
pUC19 was isolated from Escherichia coli TOP10F" using a QIAprep Spin Miniprep Kit (QIAGEN,
Hilden, Germany). This plasmid (300 ng per reaction) was mixed with compounds dissolved in DMSO
and tested in two final ratios of 50:1 and 10:1 (the number of molecules of the tested compound: 1 bp
[base pair]), both in the presence or absence of every single intervening agent in the Fenton reaction.
Ratio 1:1 was also used, but it was removed from the evaluation because of ambiguous results, which
were observed with some compounds. DMSO and rutin were used as negative and positive controls,
respectively. A solution of the tested compound was added into a microtube and a TE buffer was used
to fill up to the final volume level of 20 pL. This was followed by the addition of 12 pL of the
established Fenton reaction mixture, with the final concentrations of 0.66 mM H,0,, 0.66 mM FeSO4
and 0.83 mM ascorbic acid. Reaction mixtures were incubated at 37 °C for 1 hour and then analyzed
using electrophoresis [0.8% agarose gel, voltage 5 V/cm, visualized by ethidium bromide staining
(0.15 mg/mL)] (Figure 6). Visualization was performed on a UV transilluminator (A 312 nm). The
electrophoreogram was captured and analyzed by AlphaEaseFC software, version 4.0.0.34 (Alpha
Innotech, USA). The relative percentages of circular (CCC) form, one strand nicked (OC) form and
linear (L) form of plasmid DNA were evaluated by measurement of the intensity of individual bands.
Afterwards, the quantity of different plasmid forms was expressed as an AUC of peaks obtained on the
basis of bands intensity. Any compound tested did not digest plasmid, when it was incubated alone
with plasmid (data not shown).

Figure 6. Typical electrophoreogram showing the ability of the individual compound to
protect DNA in vitro. Lane 1-3: pUC19 + Fenton reaction + 1 (50:1, 10:1, 1:1); Lane 4:
pUCI19 + 1 50:1; Lane 5-7: pUCL9 + Fenton reaction + rutin (50:1, 10:1, 1:1); Lane 8:
pUCI9 + rutin 50:1; Lane 9: pUCI9 + Fenton reaction + DMSO (vehicle); Lane 10:
pUCI19 L-form; Lane 11: pUCI19 native form; Lane 12: ladder.
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3.7. Cytoprotective effect against alloxan-induced diabetes

The in vivo test of antioxidant activity studied the protective effect of flavonoid compounds from P.
tomentosa (1-8) in mouse model of alloxan-induced diabetes mellitus. This experiment was divided
into two steps. First, as a pre-screening, the cytoprotective activity of compounds 1-8 was evaluated
(data not shown). According to the pre-screening results we decided to target on the activity of
diplacone (1) and mimulone (2), both at two concentrations (0.5 mmol/kg and 1 mmol/kg
body weight).
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Female ICR (imprinting control region) albino mice (30-40 g; Anlab, Czech Republic) were used in
the experiment. The animals were placed individually in glass metabolic cages at a temperature of
20-24 °C, fed a standard diet and given water ad libitum. The mice were divided into seven groups,
each with 10 members: 4 pretreated with the tested compounds in two concentrations, one positive
control (only alloxan solution administered), one negative control (isotonic saline solution
administered) and one group pretreated with morine known to be a good antioxidant [35].

The tested compounds and alloxan monohydrate were dissolved in a 10% (v/v) DMSO diluted by
an aqua pro injectione. The solution of the tested compounds was administered to the mice
intraperitoneally (at doses of 0.5 mmol/kg and 1 mmol/kg body weight). The alloxan solution
(12 mg/mL) was injected into the tail vein (0.1 mL/10 g body weight) 30 min after the application of
the tested compounds solution. The experiment was carried out for 5 days, the first day was expressed
as day 0. The initial glucose levels were measured in the intact mice. During the next 4 days of the
experiment, the glucose levels were measured in the morning after at least 3 h of fasting (Day 2-5).
One-drop glucose oxidase test and blood glucose reflective photometer Glucotrend® 2 with
Glucotrend® Glucose (max. concentration 33.3 mM; Roche, Germany) test strips were used to
determine glucose concentrations (mM) in the venous blood. On the 4th day of the experiment, the
animals were destroyed and exsanguinated with pancreas samples taken for histopathological analysis.
Samples were fixed in a neutral 10% formol and routinely stained by hematoxyline-eosine. The
preparations were examined in an optical microscope, and the observed changes in glucose levels were
statistically evaluated using the ANOVA method.

All aspects of animal care complied with the ethical guidelines and technical requirements, and
were proven to be consistent with the Animal Scientific Procedures Act 86/609/EC. The state of health
of all animals was regularly examined several times a day during both the period of the animal’s
acclimation and the whole course of the experiment, by the working team whose members are holders
of the Certificate on Professional Competence issued by the Central Commission for the Animal
Protection pursuant to § 17 of the Act on Protection of Animals against Cruelty (No. 246/1992 Coll.)
of the Czech National Council.

4. Conclusions

The antioxidant activities of different flavonoids with a geranyl (compounds 1-9) or a prenyl
substitution (compound 10) at position 6 and different substitutions at B and C ring were analyzed.
Activity was determined using in vitro methods - ABTS, DPPH, FRAP, the inhibition of peroxynitrite-
induced tyrosine nitration, superoxide scavenging and the inhibition of Fenton reaction assay. A single
in vivo test was used for the monitoring of cytoprotective effects of compounds 1 and 2 against
alloxan-induced diabetes.

Some of the tested compounds showed notable anti-oxidant activity. The compounds were
compared with standards Trolox®, rutin, and with morine in the case of the evaluation of
cytoprotective effect in vivo. Generally, the highest activity was shown to be compounds 1 and 6 with
an ortho dihydroxy substitution at the B ring of the flavonoid skeleton. The structure vs. antioxidant
activity of the evaluated flavonoids was discussed. Studies on the structure-activity relationship have
shown and confirmed that the presence of hydroxyl groups and methoxy groups at the A and B rings
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appear to be important in the antioxidant and free radical scavenging activities of flavonoid
compounds. The conclusions of this study have demonstrated that the fruits of P. fomentosa provide an
efficacious source of natural antioxidant-active substances.
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Oxidative stress plays a key role in the pathophysiology of many diseases. Hydroxyl radical is the
oxidative species most commonly causing damage to cells. The aim of this work was to optimize
the method for antioxidant activity determination on a model lipophilic geranylated flavanone,
diplacone. This method uses protection of plasmid DNA from oxidation by a hydroxyl radical
generated by the Fenton reaction involving oxidation of metal ions using H2O2 and ascorbate. The
method was optimized for lipophilic compounds using several solvents and co-solvents. It was found
that (2-hydroxypropyl)-3-cyclodextrin (0.1 mass % aq. sol.) is the best co-solvent for our model
lipophilic compound to measure the antioxidant activity by the method presented. Other solvents,
namely dimethyl sulfoxide, Cremophor EL® (0.1 mass % aq. sol.), ethanol, and methanol, were not
suitable for the determination of the antioxidant activity by the method described. Tween 80 (0.1
mass % aq. sol.) and a mixture of 10 vol. % ethanol and 9 mass % bovine serum albumin (aq. sol.)
significantly decreased the antioxidant activity of the model lipophilic compound and thus were not
suitable for this method.
© 2013 Institute of Chemistry, Slovak Academy of Sciences

Keywords: antioxidant activity, plasmid DNA, Fenton reaction, solubility, diplacone

Introduction

Aecrobic organisms take advantage of oxidative
phosphorylation and therefore gain much more energy
from one molecule of glucose compared to anaerobic
organisms. The price paid is the production of reac-
tive oxygen species (ROS). ROS consist of various
small molecules derived from oxygen, including oxy-
gen radicals (such as hydroxyl radical *OH) and cer-
tain non-radicals (such as hydrogen peroxide; HyO3).
Cells use numerous antioxidant enzymes and defen-
sive molecules to avoid the overproduction of ROS;
however, if the production of ROS exceeds the capac-
ity of the cellular antioxidant system, the cell has to
face a state called oxidative stress. Oxidative stress
plays a key role in the pathophysiology of many dis-
eases such as neurodegeneration, cardiovascular dis-
eases, and cancer (Ma, 2010).

The method presented for antioxidant activity de-

*Corresponding author, e-mail: jakub.treml@gmail.com

termination is based on the generation of hydroxyl
radicals which then cause oxidative damage to plas-
mid DNA. The hydroxyl radical can be produced by
the Fenton reaction Eq. (1). Originally, the metal ion
reacting with HoOy was iron but also copper reacts
with HyOy (Que et al., 1980). Ascorbate is an excel-
lent antioxidant; however, it also shows a pro oxidant
activity due to its reducing character, Eq. (2) (Chiou,
1983). Chiou (1984) reported that H,O, alone (with-
out metal ions) does not show any visible cleavage of
DNA, which makes it an important intermediate in
the reaction.

There are various ways of DNA damage; it can
be fragmented (single- or double-strand breaks) or
cross-linked (intra- or inter-strand). The hydroxyl rad-
ical also causes base oxidation (e.g., formation of 8-
hydroxyguanine or thymine glycol). If not repaired,
these DNA alterations lead to mutations or cell death
(Cooke et al., 2006). The production and effects of hy-

82



J. Treml et al./Chemical Papers 67 (5) 484489 (2013) 485

Fig. 1. Structure of diplacone.

droxyl radicals used in this method are summarized in
the following reactions:

Cu® +Hy0, — Cu?*t + "OH + OH~ (1)
Cu?* + ascorbate — Cu™ + dehydroascorbate (2)
‘OH + DNA — product of DNA damage + OH™ (3)

The detection of DNA breakage caused by oxida-
tive damage has been described by Sagripanti and
Kraemer (1989). Plasmid DNA consists of a circular
double strand in a native supercoiled conformation,
also known as covalently closed circular (CCC) confor-
mation. The first step of degradation after the attack
by the hydroxyl radical is the formation of an open
circular form (OC) with one broken strand. In the sec-
ond step, both strands are cut resulting in the linear
form (L) of plasmid DNA. All forms are made visible
by electrophoretic separation (Sagripanti & Kraemer,
1989).

A huge advantage of this method is the use of a nat-
urally occurring hydroxyl radical and DNA to display
the oxidative damage and the possible positive pro-
tective effect of an antioxidant compound. Compared
to other in vitro methods used to determine antioxi-
dant activity, this method is one step closer to in vivo
conditions (Zima et al., 2010). This method was orig-
inally designed for aqueous conditions and the test-
ing of water-soluble compounds; therefore, it had to
be adopted with some changes and modifications. For
lipophilic compounds and extracts, dimethyl sulfoxide
(DMSO) was used as a suitable solvent. Furthermore,
CuSO, was used instead of FeSOy, due to its greater
stability during storage. To optimize the reaction con-
ditions, various concentrations of HyOy and CuSOy4
were tested.

The aim of this work was to optimize the method
for lipophilic water-insoluble compounds testing us-
ing several solvents and co-solvents. DMSO, Tween
80 (0.1 mass % aq. sol.), a mixture of 10 vol. %
ethanol and 9 mass % bovine serum albumin (BSA)
aq. sol., Cremophor EL® (0.1 mass % aq. sol.), (2-
hydroxypropyl)-3-cyclodextrin (HP3-CD) (0.1 mass %
aq. sol.), ethanol, and methanol were tested. Dipla-
cone, a geranylated flavanone (Fig. 1) obtained from
the flowers and fruits of the plant Paulownia tomen-

tosa (Thunb.) Steud. (Scrophulariaceae) (Jiang et al.,
2004; Smejkal et al., 2007), was used as the model
lipophilic compound with proven in vitro antiradical
activity (Smejkal et al., 2007).

Experimental
General

For the isolation of pUC19 plasmid DNA, FEsche-
richia coli TOP 10F’ strain transfected with this plas-
mid was cultivated. The cultivation was performed
overnight in Difco™ LB Broth, Miller medium (BD
Diagnostics, France). After the cultivation, plasmid
DNA was isolated using the isolation kit QIAprep Spin
Miniprep (Qiagen, Germany). The concentration and
purity of the isolated plasmid DNA were evaluated us-
ing a BioPhotometer spectrophotometer (Eppendorf,
Germany).

Plasmid DNA was analyzed using gel electrophore-
sis separation on 0.8 % agarose (voltage 5 V ecm™!
of gel, 45 min) penetrated by ethidium bromide
(0.15 pg mL~1) for visualization. After the complete
run, pictures of the gel were taken using UV detec-
tion (A = 312 nm; a model Transluminator EBW-20
Ultra-Lum Tech, USA). Intensities of the individual
plasmid band conformations were calculated using the
AlphaEasy FC 4.0.0 software (Alpha Innotech, USA)
for densitometric analysis and described as the area
under the curve (AUC).

Material

Agarose (Amresco, USA), ethidium bromide (Sig-
ma—Aldrich, Germany), TE buffer (Amresco), H,O2
30 % (Penta, Czech Republic), ascorbate (Lachema,
Czech Republic), CuSO, - 5H20 (Lachema) were used
in this study.

Diplacone (isolated from Paulownia tomentosa, as
described by Smejkal et al. (2007)), DMSO (Sigma—
Aldrich), Tween 80 (Lachema), Cremophor EL®
(Lachema), HP3-CD (Roquette Pharma, France),
ethanol (Amresco), methanol (Penta) were used as sol-
vents and co-solvents.

Determination of antioxidant activity

The reaction was performed in PCR tubes (Axy-
gen, USA). Total volume of the reaction mixture was
20 uL. The reaction was carried out with 300 ng
of plasmid DNA in TE buffer. First, diplacone (dis-
solved in the chosen test solvent and co-solvent to
reach the final concentrations of 20 pM and 100 pM)
was added. Finally, the Fenton solution consisting of
H,0,, ascorbate, and CuSQ, - 5H,0 was added. The
reaction conditions were optimized prior to the an-
tioxidant activity determination. For HoOq, the tested
concentrations were: 660 puM, 264 pM, and 52.8 uM,
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Fig. 2. Gel electrophoresis: diplacone, 100 uM, dissolved in sol-
vents and co-solvents; 1 — ladder 1 kbp, 2-8 — plasmid
DNA + diplacone + H202 + CuSO4 + ascorbate; 9 —
plasmid DNA + H203 + CuSO4 + ascorbate (positive
control); 10 — plasmid DNA + H,O (negative control);
11 — plasmid DNA; 12 — plasmid DNA (L form only).

and for CuSOy: 330 pM, 248 uM, and 165 pM. All
experiments carried out to determine the antioxidant
activity were performed with a Fenton solution con-
taining HoOo (660 pM), ascorbate (830 uM), and
CuSOy -5H,0 (165 pM).

The reaction mixture was incubated at 37°C for
1 h. Then, the samples were analyzed using gel elec-
trophoresis (as described above). Plasmid DNA was
separated in the gel as shown in Fig. 2. The OC form
is the slowest conformation in the gel and it thus oc-
curs at the top of the gel. The next conformation is
the L form, followed by the CCC form. All reactions
were carried out in triplicate. The corresponding pure
solvents were used instead of the diplacone solution as
positive controls. The negative control contained only
water instead of the Fenton solution.

After the run, the gel was analyzed and the in-
tensities of the individual bands were measured. The
intensity of each band corresponded to the amount of
DNA and was expressed as the percentage of the area
under the curve (AUC). A ratio Eq. (4) expressing the
amount of intact DNA divided by the total amount of
DNA was calculated for each sample. Both strands
in the CCC DNA were intact; thus, the percentage
was multiplied by 2. To cover the possible influence
of solvents and co-solvents on the reaction, the dam-
age index (D), dividing the ratio of the sample by the
ratio of the positive control (Eq. (5)), was calculated:

Yoc + (2 x Yocce)

Ratiogample = 100 %

4)

. Ra»tiosalnple

e i ree——
Ratlopossitivc control

()

Results and discussion

Suitable concentration of CuSOy for each solvent
and co-solvent was determined. The optimal combi-
nation of concentrations should lead to the damage

Fig. 3. Optimization of CuSOy4 concentration; 0— 330 uM, m —
248 pM, W — 165 pM.

of half of the DNA (=~ 50 % of the CCC form). In
other words, the optimal ratio Eq. (4) value is ap-
proximately 1.5. After the electrophoretic separation
and visualization, the ratio representing the amount
of intact strands divided by the total amount of DNA
in each sample was calculated.

The concentration of HyOs was adjusted from
660 uM to 264 uM and then to 52.8 uM, but this
did not lead to the optimal ratio whereas adjusting
the concentration of CuSO,4 from 330 uM to 248 uM
and 165 uM led to a ratio closer to 1.5. Results of
the CuSOy4 concentration optimization are shown in
Fig. 3. After the adjustment of the optimal combina-
tion of concentrations, 660 uM for HoOs and 165 uM
for CuSOy, the modified method for antioxidant ac-
tivity assay was applied for diplacone dissolved in dif-
ferent solvents and co-solvents at concentrations of
20 puM and 100 pM. Not all pictures of the gels are
presented and only the results of diplacone dissolved
in solvents and co-solvents at the concentration of
100 puM are shown in Fig. 2.

D; was calculated as the ratio of the sample divided
by the ratio of the corresponding solvent or co-solvent.
This calculation is necessary due to the possible an-
tioxidant or pro-oxidant activity of the solvents. Fig. 4
shows the damage indexes of diplacone at the concen-
trations of 20 pM and 100 uM dissolved in all sol-
vents and co-solvents used. ANOVA statistical analy-
sis was performed followed by a post-hoc Tuckey’s test
of damage indexes.

No significant differences were found when the
damage index of DMSO was compared with those of
Cremophor EL®, HPj3-CD, ethanol, and methanol.
Thus, these solvents and co-solvents are suitable for
the presented method of antioxidant activity determi-
nation. However, a significant difference (p < 0.05) be-
tween the damage indexes of DMSO and Tween 80 was
found for diplacone at the concentration of 100 pM.
The latter was lower by 6.8 percentage points. There
was also a significant difference between the damage
index of BSA when compared with those of other sol-
vents and co-solvents (p < 0.001). These differences
imply that Tween 80 and BSA are not suitable co-
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Fig. 4. Damage indexes of 20 uM (@) and 100 pM (m) diplacone dissolved in solvents and co-solvents (*** —

* - p < 0.05).

solvents for the presented method of antioxidant ac-
tivity determination. Another reason for the exclusion
of BSA is that it seriously interfered with the elec-
trophoretic detection.

DMSO is known to possess some antioxidant prop-
erties. For example, Bektasoglu et al. (2006) proved
the hydroxyl radical scavenging activity of DMSO us-
ing a modified cupric reducing antioxidant capacity
(CUPRAC) method. Kishioshka et al. (2007) demon-
strated the ability of DMSO to protect liver from acute
oxidative hepatitis caused by thioacetamide. In this
case, DMSO also functioned as a radical scavenger.
DMSO is widely used as a solvent for water-insoluble
substances in biological studies. The DMSO molecule
contains one highly polar domain and two nonpolar
methyl groups which make it a very efficient solvent
for water-insoluble compounds.

Santos et al. (2003) described several effects of
DMSO on cellular processes and systemic side effects
in vivo, e.g., nausea, vomiting, hemolysis, hyperten-
sion, and pulmonary edema. Therefore, although it is
well known that the dissolving ability of DMSO is ex-
cellent and its negative effects on cellular processes do
not interfere with the results of the presented method
for antioxidant activity determination, we decided to
avoid the use of DMSO and to find a less harmful
solvent for future testing of lipophilic antioxidants.

Tween 80, a synonym for polysorbate 80, is a
nonionic surfactant used in food and pharmaceutical
preparations. There is no evidence in literature sug-
gesting that Tween 80 itself has any antioxidant ac-
tivity. Nevertheless, Tween 80 increases the cytotoxic-
ity of hydrogen peroxide under in vitro conditions and
thus may increase the susceptibility of cells to oxida-
tive stress (Tatsuishi et al., 2005).

According to the results of the National Toxicology

I i =

Cremophor ~ HPB-CD Ethanol Methanol

p < 0.001,

Program (1992), toxicity of Tween 80 is low. As men-
tioned above, when diplacone was dissolved in Tween
80 at the concentration of 100 puM, its antioxidant ac-
tivity was significantly lower (p < 0.05) than when
DMSO was the solvent (Fig. 4). The probable reason
is that Tween 80 interferes with the chelation of Cu?*
caused by diplacone. Thus, Tween 80 was found to be
an unsuitable co-solvent for the presented method.

BSA is the most abundant serum protein with the
molecular mass of 66 kDa. The role of albumin in lig-
and binding and free radical-trapping activities has
been well described (Roche et al., 2008). Fukuzawa et
al. (2005) demonstrated the inhibition of lipid peroxi-
dation by BSA. This effect is caused by the ability of
BSA to bind with iron chelates and keep them away
from lipid membranes.

Because of the significant difference between the
damage index of BSA and those of other solvents and
co-solvents (p < 0.001), BSA was identified as an un-
suitable co-solvent. BSA was not able to dissolve dipla-
cone and thus, nothing prevented the DNA damage.

Cremophor EL® (or polyoxyethyleneglycerol triri-
cinoleate 35) has been used as a co-solvent for hy-
drophobic drugs in pharmaceutical preparations. Cre-
mophor EL® is considered to be relatively non-toxic;
however, several reports suggest side effects such as
anaphylactoid hypersensitivity, axonal degeneration,
and demyelination. Cremophor EL® is also known to
increase oxidative stress and lipid peroxidation in cells
(Gelderblom et al., 2001; Gutiérrez et al., 2006). Sim-
ilarly, Iwase et al. (2004) provided results suggesting
that Cremophor EL® increases the susceptibility of
thymocytes to oxidative stress caused by hydrogen
peroxide.

Cremophor EL® showed good ability to dissolve
diplacone. There was no significant difference (p <
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0.05) between the antioxidant activity of diplacone
dissolved in DMSO and that dissolved in Cremophor
EL (Fig. 4). Cremophor EL® can be used in the
method presented, but for future testing of lipophilic
antioxidants, the use of Cremophor EL® is question-
able because of the side effects occurring in vivo, sim-
ilarly to DMSO.

Cyclodextrins (CD) are cyclic oligosaccharides
composed of glucopyranose units which can be pre-
sented as truncated cone structures with hydrophobic
cavities. The cavities form inclusion complexes with a
variety of molecules. Cyclodextrins are widely used in
pharmaceutical applications to modify the solubility
of poorly water-soluble compounds. Hydroxypropyl-
(-CD is now used instead of 3-CD because it is more
soluble in water and has a relatively low nephrotoxi-
city (Lu et al., 2009). Calabro et al. (2004) tested 3-
CD for antioxidant activity and proved the protective
effect of 3-CD against lipid peroxidation, probably re-
sulting from the chelation of Fe?t. HP3-CD showed
good ability to dissolve diplacone. There is no signif-
icant difference (p < 0.05) between the antioxidant
activity of diplacone dissolved in DMSO and that dis-
solved in HP3-CD (Fig. 4). Gould and Scott (2005)
proved very low toxicity of HP3-CD, which makes
it a good co-solvent for lipophilic compounds in the
method presented and also for further in vivo testing
of lipophilic compounds.

Ethanol is widely used as a solvent in laboratory
work. Koch et al. (2004) reviewed the factors leading
to alcoholic liver disease. Many experiments proved
that ethanol increases oxidative stress in hepato-
cytes. Ethanol-inducible cytochrome P45 (CYP2EL),
present in microsomes, produces ROS. Electron para-
magnetic resonance spectroscopy has also shown free
radicals derived from ethanol itself. Moreover, the con-
sumption of ethanol is connected with the dysfunction
of the central nervous system. Loureiro et al. (2011)
described ROS formation and cytoskeleton disruption
in C6 glioma cells after their exposure to ethanol.
Ethanol is capable of dissolving diplacone and it is
a suitable solvent for the method presented, as it is
evident from the similarity of the damage indexes of
diplacone dissolved in ethanol and that dissolved in
DMSO (Fig. 4). However, similarly to DMSO and Cre-
mophor EL®, its usage is questionable due to its toxic
effects on cells.

Methanol is also used as a solvent and cleanser. Af-
ter ingestion, it causes metabolic acidosis and severe
clinical problems such as blindness, serious neurolog-
ical problems, or even death. Methanol intoxication
is associated with mitochondrial damage and micro-
somal proliferation resulting in higher production of
ROS, which, together with the generation of formalde-
hyde, leads to increased lipid peroxidation increasing
the toxic impact of methanol (Parthasarathy et al.,
2006). Similarly to ethanol, methanol shows the abil-
ity to dissolve diplacone, but because of its reported

toxicity, its future usage in the lipophilic antioxidants
testing is doubtful.

Conclusions

This study shows that HP3-CD is the best co-
solvent of the model lipophilic compound, dipla-
cone, in the presented method for antioxidant activ-
ity determination. Also other solvents and co-solvents
tested, namely DMSO, Cremophor EL®, ethanol, and
methanol, do not interfere with the method described
but their further usage, especially for in vivo testing,
is problematic due to the reported side effects and
possible toxicity.

Tween 80 and BSA significantly decreased the an-
tioxidant activity of the model lipophilic compound
and were thus found not to be suitable for the dissolv-
ing of the lipophilic compounds assayed by the method
presented.
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Abstract: The stilbenoids, a group of naturally occurring phenolic compounds, are found in a
variety of plants, including some berries that are used as food or for medicinal purposes. They are
known to be beneficial for human health as anti-inflammatory, chemopreventive, and antioxidative
agents. We have investigated a group of 19 stilbenoid substances in vitro using a cellular model of
THP-1 macrophage-like cells and pyocyanin-induced oxidative stress to evaluate their antioxidant or
pro-oxidant properties. Then we have determined any effects that they might have on the expression
of the enzymes catalase, glutathione peroxidase, and heme oxygenase-1, and their effects on the
activation of Nrf2. The experimental results showed that these stilbenoids could affect the formation
of reactive oxygen species in a cellular model, producing either an antioxidative or pro-oxidative
effect, depending on the structure pinostilbene (2) worked as a pro-oxidant and also decreased
expression of catalase in the cell culture. Piceatannol (4) had shown reactive oxygen species (ROS)
scavenging activity, whereas isorhapontigenin (18) had a mild direct antioxidant effect and activated
Nrf2-antioxidant response element (ARE) system and elevated expression of Nrf2 and catalase.
Their effects shown on cells in vitro warrant their further study in vivo.

Keywords: stilbenoid; antioxidant; pro-oxidant; pyocyanin; Nrf2; macrophages

1. Introduction

Stilbenoids are a group of secondary plant metabolites belonging to a wide family of plant
phenolics. Although stilbenoids share a simple C6-C2-C6 unit, i.e., a 1,2-diphenylethylene structural
unit-glycosylation, prenylation (including the formation of Diels-Alder adducts), and the ability to form
benzofurans and oligomers make the group structurally large and diverse [1]. Historically, stilbenoids
have been studied because of their prominent antibacterial, anticancer, and anti-inflammatory
properties, and many studies have also described their antioxidant and chemopreventive properties.
Among the stilbenoids chosen for these experiments (see Table 1) and also one of the best known is
trans-resveratrol (1). This stilbenoid has been the focus of thousands of studies in recent years and
has been shown to possess a promising potential for interactions with many cellular components.

Bionolecules 2019, 9, 468; doi:10.3390/biom9090468 www.mdpi.com/journal/biomolecules
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Its antiaging, anti-inflammatory, antioxidant, and immunomodulatory properties [2,3] have inspired
clinical studies and trans-resveratrol (1) is currently described as a compound that is beneficial for the
treatment of inflammatory diseases, metabolic syndrome, type 2 diabetes, and cardiovascular diseases.
However, its relatively low bioavailability and rapid metabolism in vivo make the efficacy of this
compound uncertain and reveal the need to investigate stilbenoid derivatives with greater activities [4].

Based on our previous results concerning anti-inflammatory activity (effect of lipopolysaccharide
(LPS)-stimulated activation of nuclear factor kB/activator protein 1 (NF-kB/AP-1) and also
subsequent signaling pathways) [3], we have tested 19 stilbenoid derivatives in the cell
model THP-1-XBlue-CD14-MD2.  We observed the production of reactive oxygen species
(ROS) at the basal level and after stimulation with pyocyanin [5] after short- and long-termed
exposure to determine any possible antioxidative and pro-oxidative effects, and compare
its effects with quercetin [6]. These compounds that showed potential to interact with
oxidative processes were further tested for their effects on the expression of enzymes involved
in oxidative stress: catalase (CAT), glutathione peroxidase (GPx), heme oxygenase-1 (HO-1),
superoxide dismutase 1 (SOD-1) and superoxide dismutase 2 (SOD-2). They were also tested for their
effects on nuclear factor erythroid 2-related factor 2 (Nrf2), which controls the basal and induced
expression of antioxidant response element-dependent genes to regulate cellular resistance to
oxidative stress.

Table 1. Structures of the test stilbenoids.

R! R? R? R* RS R®
1 Trans-resveratrol OH H H OH OH H
2 Pinostilbene OCH3; H H OH OH H
3 Thunalbene OCH; H OH H OH H
4 Piceatannol OH H OH OH OH H
5  Piceatannol-3"-O-B-glucopyranoside OH H O-Glc OH OH H
7 Pinostilbenoside OCH;3; H H O-Gle OH H
11 3,5-dimethoxystilbene OCHj3; H H H OCH3 H
12 Trans-stilbene H H H H H H
13 Cis-stilbene H H H H H H
14 4-Stilbenecarboxylic acid H H H COOH H H
15 Pterostilbene OCHj; H H OH OCH3 H
16 Trans-a-methylstilbene H H H H H CHj3
17 Pinosylvin monomethyl ether OCH3 H H H OH H
18 Isorhapontigenin OH H OCH;3 OH OH H
19 2,4,3°,5-tetramethoxystilbene OCHj; OCHj3; H OCHj3 OCHj; H

OH

OH

1-(2,4-dihydroxyphenyl)-2-(4-hydroxyphenyl)-ethanone (10)

HO
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Table 1. Cont.

R! R? R3

6 Batatasin IIT H OH H
8  2-carboxyl-3-O-methyl-4"-8-D-glucopyranosyl-dihydroresveratrol COOH H O-Glc

O/
HO. o] ‘
o_ © 0
HO | OH OH) 1o OH o
0. HO S -
o

3-O-caffeoyl-(9—5)-B-apiosyl-(1—6)-B-glucopyranosyl-5,3"-O-dimethyldihydropiceatannol
(9)

2. Materials and Methods

2.1. Test Compounds

The stilbenoid derivatives to be tested (1-19, Table 1) were isolated from natural
sources or obtained commercially. The naturally occurring stilbenoids trans-resveratrol (1),
pinostilbene (2), thunalbene (3), piceatannol (4), piceatannol-3’-O-3-glucopyranoside (5),
batatasin III (6), pinostilbenoside (7), 1-(2,4-dihydroxyphenyl)-2-(4-hydroxyfenyl)-ethanone (10),
3,5-dimethoxystilbene  (11),  pterostilbene (15), pinosylvin monomethyl ether (17),
and isorhapontigenin (18) were obtained from Sigma-Aldrich, synthetic compounds
trans-stilbene (12), cis-stilbene (13), 4-stilbenecarboxylic acid (14), trans-a-methylstilbene (16),
and 2,4,3",5"-tetramethoxystilbene (19) were purchased from Sigma-Aldrich (Steinheim, Germany).
The compounds 2-carboxyl-3-O-methyl-4"-3-p-glucopyranosyl-dihydroresveratrol (8) and
3-O-caffeoyl-(9—5)-p-apiosyl-(1—6)-f3-glucopyranosyl-5,3"-O-dimethyldihydropiceatannol 9)
were kindly provided by Dr. Sebastian Granica (Medical University of Warsaw, Warsaw, Poland) who
had isolated them from Tragopogon tommasinii Sch.Bip. (Asteraceae, Cichorieae) [7].

2.2. Induction of Lipid Peroxidation

Lipid peroxidation was measured using linoleic acid and
2,2’-azobis(2-amidinopropane)dihydrochloride (AAPH) as has been previously described [8],
with some slight modifications. The reaction mixture and also the positive control consisted of 8 mM
linoleic acid (Sigma Aldrich, Saint Louis, MO, USA) and 20 mM of AAPH (Sigma Aldrich). Each test
compound was added to an experimental tube at a concentration of 15 uM. The negative control

contained only the vehicle (DMSO). The reaction mixtures were then incubated for 24 h at 37 °C.

Following incubation, the content of malondialdehyde (MDA) formed by lipid peroxidation was
measured as described in Section 2.2.1. All of the experiments were performed in triplicate.
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2.2.1. Thiobarbituric Acid Reactive Substances Assay

The content of MDA in each reaction mixture was quantified as described by Vasantha Rupasinghe
and Yasmin [9], with some modifications. The thiobarbituric acid (TBA) reagent (20% (w/v) trichloracetic
acid (Sigma Aldrich) along with 0.375% (w/v) TBA in 0.25M HCI (Sigma Aldrich)) was added to each
reaction mixture. The mixtures were incubated for 30 min at 95 °C and then cooled to room temperature.
The MDA-TBA adduct which formed was extracted from the mixture with an equal volume of butanol
(Sigma Aldrich). The extraction was done in two steps: The mixtures were vigorously vortexed for 15
min, and then centrifuged for 5 min at 16,000x g. Each butanol fraction was transferred to a 96-well
plate, and the absorbance was measured at 532 nm using a FluoStar Omega spectrophotometer (BMG
Labtech, Ortenberg, Germany).

2.3. Cell Culturing

THP-1-XBlue-MD2-CD14 cells were supplied by Invivogen (San Diego, CA, USA) and cultured in
RPMI 1640 medium containing stabilized 2 mM r-glutamine (Biosera, Nuaille, France), supplemented
with antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin (Biosera), and 10% fetal bovine serum
(FBS) (HyClone, Logan, UT, USA). The cells were kept in an incubator at 37 °C in a water-saturated
atmosphere of air containing 5% CO,. The suspensions of THP-1-XBlue-MD2-CD14 cells were passaged
approximately twice a week.

The HepG2 human hepatoma cell line was purchased from the European Collection of Cell
Cultures (Salisbury, UK). Cells were grown in DMEM low glucose medium (Biosera) supplemented
with antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin), 10% FBS, and 2 mM r-glutamine.
Cultures were kept in an incubator at 37 °C in a water-saturated atmosphere of air containing 5% CO,.
Stabilized cells (12—35th passage) were split into microtitration plates and used for further experiments.

All procedures, such as viability control (each time only cells with viability greater than 95%
were used), erythrosine B staining, and light microscopy, were done in standard aseptic conditions.
Each experiment for each compound was done three times in an independent triplicate.

2.4. Antioxidant Activity Testing

Antioxidant activity was initiated by triggering the formation of ROS by applying pyocyanin
to the cultured cell. In order to measure the fluorescent probe 2°,7"-dichlorodihydrofluorescein
diacetate (DCFH-DA) was introduced to the cell culture, where it was immediately deesterified to form
2°,7"-dichlorodihydrofluorescein, which then causes fluorescence when it was oxidized by ROS [10].
The compounds and standard of quercetin [6] (Koch Light Laboratories, Haverhill, UK) were tested at
a final concentration of 2 uM, which previous cytotoxicity tests revealed as non-toxic for all of these
compounds [3]. Stock solutions (20 mM) of the test compounds were prepared by dilution with DMSO,
and stored frozen at —80 °C. Before each experiment, they were thawed and diluted to achieve the
desired final concentration of 2 pM. Pyocyanin was used to trigger oxidative stress in the cells [5].
The stock solution of it at a concentration of 100 mM in DMSO was stored in a freezer. Before each
experiment, the stock solution was thawed and diluted to achieve a final concentration of 100 uM per
well. The maximum amount of DMSO in solution with cell culture was 0.1% (v/v).

2.4.1. Determination of Antioxidant Activity

A suspension of cells in RPMI 1640 serum-free medium at a concentration of 500,000 cells/mL
was aliquoted into a 96-well microtiter plate, 100 uL per well. The cells were incubated for 2 h at
37 °C in 5% CO; atmosphere to acclimatize, and the test compound of final concentration 2 M was
added. Quercetin was used as the reference compound, along with a negative control—DMSO alone.
This procedure was followed by 1 h of incubation (37 °C, an atmosphere of 5% CO,). Pyocyanin
solution (as the positive control) was then added to all wells after that period, and the incubation
followed next 30 min. After that DCFH-DA solution was added and after 30 min for the short term
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or 24 h for the long-term exposure, the fluorescence (excitation at 485 nm; emission at 538 nm) was
measured using a FluoStar Omega spectrophotometer.

2.4.2. Determination of Antioxidant Activity—Pyocyanin Free Model

The testing was carried out under the same conditions as were used to determine the antioxidant
activity of the test compounds alone, without pyocyanin added to stimulate the formation of ROS.
Pyocyanin served as a positive control for comparison. Both 2 h and 24 h exposures of cells to tested
compounds were used.

2.5. Protein Expression of Antioxidant Enzymes

The effect of test compounds on protein expression of antioxidant enzymes was observed in
THP-1-XBlue-MD2-CD14 cells. The cells were incubated in the form of floating monocytes (1,000,000
cells/mL) in 3 mL of a serum-free RPMI 1640 medium and seeded into 6-well plates in triplicate at 37 °C.
After a 6 h treatment with one of the test compounds at a concentration of 2 pM dissolved in DMSO,
the cells were collected using lysis buffer (50 mM Tris-HCl (pH 7.5), 1 mM EGTA, 1 mM EDTA, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, and 0.27 M sucrose)
with protease inhibitors (Roche, Mannheim, Germany). The protein concentration was measured using
a Bradford method protein assay kit (Sigma Aldrich) according to the manufacturer’s instructions.

To separate the proteins, 20 pg of the proteins from the cell lysates were loaded onto a 12%
SDS-polyacrylamide gel. They were then transferred electrophoretically to polyvinylidene fluoride
(PVDF) membranes with 0.2 um pores (Bio-Rad, Hercules, USA) that were subsequently blocked using
5% bovine serum albumin (BSA) (SERVA, Heidelberg, Germany) dissolved in TBST buffer (10 mM
Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% (v/v) Tween-20) for 1 h.

The membranes were incubated with the primary antibody (mouse anti-CAT 1:1000 (Sigma-Aldrich;
product No. C0979), rabbit anti-SOD1 1:1000 (Sigma-Aldrich; product No. HPA001401), rabbit
anti-SOD2 1:1000 (Abcam, Cambridge, UK; product No. abl6956), rabbit anti-NRF2 1:1000
(Abcam; product No. ab137550), rabbit anti-GPx1 (Abcam; product No. ab22604), mouse anti-HO-1
(Abcam; product No. ab13248), or mouse anti-f3-actin 1:5000 (Abcam; product No. ab8226)) at 4 °C
overnight. After washing, the secondary antibody (anti-mouse IgG (Sigma-Aldrich; product No. A0168)
or anti-rabbit IgG (Sigma-Aldrich; product No. A0545) at a dilution of 1:2000), was applied to
the membranes, and they were incubated for 1 h at room temperature. Bands were visualized
using a chemiluminescent kit (Bio-Rad) and a PXi Syngene Chemiluminescent Imaging System
(Syngene, Cambridge, UK) and quantified by optical densitometry (AlphaEaseFC 4.0.0 software,
Alpha Innotech, San Leandro, CA, USA).

2.6. Activation of Nrf2-Antioxidant Response Element System

The influence of the test compounds on the activity of Nrf2 was estimated using an antioxidant
Response Element (ARE) reporter kit (BPS Bioscience, San Diego, CA, USA). HepG2 cells were
transiently transfected for 24 h (35,000 cell/well in 96-well plates) with the ARE luciferase reporter
vector (firefly luminescence) plus a constitutively expressing Renilla vector using the TransFast
Transfection reagent (Promega, Madison, WI, USA). After serum recovery, the cells were treated for
24 h with each of the test compounds at a concentration of 2 uM dissolved in DMSO (a non-toxic
concentration). Asa positive control for this experiment, we have used DL-sulforaphane (Sigma Aldrich)
at a concentration of 10 uM solved in DMSO, as recommended by ARE reporter kit. The luciferase
activity from the cell lysates was detected using a Dual luciferase reporter assay system (Promega) and
a FluoStar Omega spectrophotometer. Data were normalized to Renilla luminescence.

2.7. Statistical Evaluation

The experimental data were processed in Excel (Microsoft). The results of the blank experiment
were subtracted, and the experimental results were normalized to the positive control. Outliers were
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removed using the ROUT statistical method (Q = 5%) in GraphPad Prism 6.01 (San Diego, CA, USA).
Groups were compared with the help of the one-way ANOVA test followed by Fisher’s LSD multiple
comparison test. The value p < 0.05 was assigned as statistically significant.

3. Results

The antioxidant or pro-oxidant activity of 19 natural and synthetic stilbenoids was determined
using various in vitro methods. First of all, the influence of test compounds on lipid peroxidation in a
cell-free assay was measured. Lipid peroxidation was studied because lipids are the main components
of cellular membranes and often the targets of oxidative stress. The products of this oxidation are lipid
peroxides, which can have toxic effects on other cellular components, such as DNA or proteins [11].

Thus, we evaluated the effects of stilbenoids in the peroxidation of lipids in linoleic acid by AAPH.
The results are displayed in Figure 1. Trans-stilbene (12) with 46.4% inhibition of lipid peroxidation,
followed by pterostilbene (15) and 3,5-dimethoxystilbene (11), most effectively diminished lipid
peroxidation. On the other hand, quercetin did not inhibit lipid peroxidation. This was rather surprising
because quercetin had been chosen as the standard precisely because we did not expect it to show
pro-oxidant activity at a concentration of 15 uM [12]. Resveratrol (1) with —49.4% was the most effective
pro-oxidant stilbenoid. Pinostilbene (2), piceatannol (4), and piceatannol-3"-O-3-glucopyranoside (5)
also showed some statistically significant pro-oxidant effects.
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Figure 1. The effects of stilbenoids 1-19 (at a concentration of 15 uM) on the lipid peroxidation of
linoleic acid caused by 2,2"-azobis(2-amidinopropane)dihydrochloride (AAPH), and measured as the
production of malondialdehyde (MDA) using the thiobarbituric acid reactive substances (TBARS)
assay. Quercetin was used as a standard (15 uM) and AAPH alone served as the positive control (PC).
The negative control (NC) contained linoleic acid alone, and thus, no lipid peroxidation occurred.
The effects of the vehicle were subtracted from that of each stilbenoid. * = p < 0.05; ** = p < 0.01;
= p < 0.001; and **** = p < 0.0001.

To evaluate these results, we have employed an antioxidant method using the
THP-1-XBlue-CD14-MD2 cell model. Some stilbenoids showed an effect on the pyocyanin-stimulated
formation ROS after 1 h of incubation. A statistically significant decrease in the levels of ROS was
observed for piceatannol (4) (53.8%), and piceatannol-3"-O-3-glucopyranoside (5) (41.4%), but neither
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compound was as active as the quercetin standard (77.8%). Several other compounds showed some
increase in the formation of ROS. For pinostilbene (2) and thunalbene (3), this effect was statistically
significant, showing them to act as pro-oxidants in this short-term incubation model (Figure 2).
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Figure 2. Antioxidant and pro-oxidant effects of stilbenoids 1-19 (at a concentration of 2 uM) on the
formation of ROS after 1 h of incubation. In the THP-1-XBlue-CD14-MD2 cell model, the formation of
ROS was triggered by adding 100 uM pyocyanin; quercetin was used as the standard (2 uM), pyocyanin
alone served as the positive control (PC; 100 uM) and the vehicle alone was the negative control (NC).
* =p <0.01; *** = p <0.0001.

From the results, we can observe that the stilbenoids which acted as antioxidants in lipid
peroxidation assay (e.g., trans-stilbene (12)) did not prove to be antioxidants in a cell-based assay.
The advantage of assays using cell cultures is that apart from observing the activity, we can also have a
clue whether the compound is able to cross the cell membrane or not.

The effects of long-termed incubation of stilbenoids 1-19 on the formation of ROS following
simulation with pyocyanin were evaluated using a 24 h period of incubation. Figure 3 shows
that, as in the short-termed system, piceatannol (4), and piceatannol-3"-O--glucopyranoside (5) as
did isorhapontigenin (18) decreased the formation of ROS, but a statistically significant effect was
observed only for quercetin, the positive control. In contrast, pinostilbene (2), thunalbene (3), batatasin
111 (6), pinostilbenoside (7), and 2-carboxyl-3-O-methyl-4"-$-D-glucopyranosyl-dihydroresveratrol (8)
increased the formation of ROS to a statistically significant degree.
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Figure 3. Antioxidant or pro-oxidant effects of stilbenoids 1-19 (at a concentration of 2 M) on the
formation of ROS after 24 h of incubation. In the THP-1-XBlue-CD14-MD2 cell model, the formation of
ROS was triggered by adding 100 uM pyocyanin; quercetin was used as the standard (2 uM), pyocyanin
alone served as the positive control (PC; 100 M) and the vehicle alone was the negative control (NC).
*=p <0.05 ** = p <0.01; and *** = p < 0.0001.

We also evaluated the effects of the stilbenoids alone in the cell model, without artificially
stimulating the production of ROS. Incubation times of 2 h and 24 h were chosen. The results of the
2-h incubation are shown in Figure 4. The pattern was similar to that for the data shown in Figure 1.
Statistically significant increases in the levels of ROS were observed for pinostilbene (2) (29.1%),
batatasin III (6) (17.4%), pinostilbenoside (7) (26.3%), and pinosylvin monomethyl ether (17) (18.2%)
compared to the negative control. Thunalbene (3), 3,5-dimethoxystilbene (11), trans-stilbene (12),
and cis-stilbene (13) were also pro-oxidant, but with less significant increases in production of ROS.
On the other hand, piceatannol (4), piceatannol-3"-O-f3-glucopyranoside (5), and quercetin standard
significantly reduced the levels of ROS.
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Figure 4. Antioxidant and pro-oxidant effects of stilbenoids 1-19 alone (at a concentration of 2 M) on
the formation of ROS after 2 h of incubation. In the THP-1-XBlue-CD14-MD2 cell model, the formation
of ROS was triggered by stilbenoids alone; quercetin was used as the standard (2 uM), pyocyanin

alone served as the positive control (PC; 100 1tM), and the vehicle alone was the negative control (NC).
*=p <0.05 ** =p <0.01; ** = p <0.001; and *** = p < 0.0001.

Results of the 24 h incubation are shown in Figure 5. We detected only slightly decreased levels of
ROS after incubation with some of the stilbenoids alone, but, a pronounced increase was observed for
resveratrol (1) (36.9%) and pinostilbene (2) (60.4%) compared to the negative control.
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Figure 5. Antioxidant and pro-oxidant effects of stilbenoids 1-19 alone (at a concentration of 2 uM) on
the formation of ROS after 24 h of incubation. In the THP-1-XBlue-CD14-MD2 cell model, the formation
of ROS was triggered by stilbenoids alone; quercetin was used as the standard (2 tM), pyocyanin alone
served as the positive control (PC; 100 uM), and the vehicle alone was the negative control (NC).

Based on the of the results described above, we analyzed the effects of compounds 2, 4, and 18
on the expression of enzymes associated with oxidative stress, because the observed activities might
also have been caused by effects of these compounds on endogenous enzymatic antioxidant systems.
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We analyzed the effects of compounds 2, 4, and 18 at a concentration of 2 uM after 6 h of incubation
with THP-1-XBlue-CD14-MD2 cells on the levels of CAT, GPx, HO-1, SOD-1, and SOD-2. As shown
in Figure 6, the test compounds did affect the expression of these enzymes. A 6 h of incubation with
compound 2 had decreased the expression of CAT in a statistically significant manner (p < 0.001).
However, the expression of the same enzyme (CAT) was significantly increased by quercetin (p < 0.01).
Also, the expression of CAT enzyme was increased by compound 18, but not in a significant manner.
Compound 2 had proven to be pro-oxidant in the previous experiments, so it was not surprising that it
downregulated the levels of antioxidant enzymes. On the other hand, quercetin and compound 18 had
proven to be antioxidant and upregulated the expression of CAT.
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Figure 6. Effects of compounds 2, 4, and 18 (at a concentration of 2 pM) on the levels of selected
antioxidant enzymes CAT, GPx, HO-1, and SOD-1 and -2, and on the expression of Nrf2 after 6 h of
incubation. The THP-1-XBlue-CD14-MD2 cell model was used with quercetin as the standard (2 uM),
pyocyanin alone (100 tM) as the positive control (PC), and the vehicle alone as the negative control
(NC). ** = p < 0.01; ™* = p < 0.001; and *** = p < 0.0001.

For another protein expression, the results were significant when cells were incubated with
compound 18 and positive control (p < 0.01) for Nrf2 protein. Also, the positive control pyocyanin
significantly elevated the expression of HO-1 protein (p < 0.001). The changes in the results for other
compounds and enzymes were not statistically significant, although expression of SOD-2 was elevated
after incubation with compounds 2 and 4.

The obvious effects of compounds 2, 4, 18 and quercetin on the expression of several enzymes
associated with antioxidant defense encouraged us to analyze their effects on the upstream regulator
Nrf2. To verify the mechanism causing the effects of test compounds, we evaluated their direct effects on
the activation of Nrf2-ARE. Figure 7 shows that compound 18, as well as DL-sulforaphane, the positive
control, triggered the activation of the Nrf2-ARE system in a statistically significant manner (p < 0.001
and p < 0.05, respectively). This might explain the mechanism behind the increased expression of Nrf2
and CAT induced by compound 18. Surprisingly, quercetin did not activate the Nrf2-ARE pathway,
although it was able to increase the expression of CAT.
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Figure 7. The effects of selected stilbenoids 2, 4, and 18 (at a concentration of 2 uM) on the activation of
Nrf2-ARE system. The HepG2 cell model was transiently transfected with the ARE luciferase reporter
vector firefly luminescence and a constitutively expressing Renilla vector. The results are expressed as
the ratio of firefly to Renilla luminescence. Quercetin was used as the standard (2 uM), DL-sulforaphane
was used as a positive control at a concentration of 10uM (PC), and the vehicle alone served as the
negative control (NC). * = p < 0.05; ** = p < 0.001.

4. Discussion

The antioxidant and pro-oxidant activities of natural and synthetic compounds can be tested
in different ways. Cell-based methods have an advantage over biochemical screening in that they
are more complex, and their results offer a more thorough interpretation of the conditions within
the organism. We, therefore, used first the lipoperoxidation cell-free measurement of TBARS and
then for verification the THP-1-XBlue-CD14-MD2 cell model and the formation of ROS triggered
using pyocyanin (a blue-green phenazine pigment with oxidoreductive properties). It stimulates
oxidative metabolism, increasing the formation of ROS via the oxidation of NADPH [5]. The flavonoid
quercetin was used for reference because it is a well-known antioxidant, and at greater concentrations
shows pro-oxidant properties [6]. Like the flavonoids represented by quercetin, the stilbenoids are
phenolics found at high concentrations in medicinal plants, vegetables, walnuts, and edible fruits,
such as grapes or berries [1]. The most well-known stilbenoid is resveratrol (1). In combination
with anthocyanins, this compound is believed to be responsible for the beneficial phenomenon called
the French paradox. In addition to its anti-inflammatory and antioxidant activities, it is antiviral,
neuroprotective, cardioprotective, and chemoprotective [13].

Stilbenoids affect organisms in different ways, depending on their structural characteristics.
Therefore, we studied a large group of synthetic and natural stilbenoids (1-19), to find out, if and
how their structures affect their antioxidant or pro-oxidant effects in cellular systems. In the cell-free
lipoperoxidation inhibition assay, the most active compound was trans-stilbene (12), followed by
pterostilbene (15) and 3,5-dimethoxystilbene (11). And unexpectedly, quercetin and resveratrol (1)
acted as pro-oxidants.

The cell-based antioxidant assay showed rather different outcomes. Piceatannol (4)
and piceatannol-3"-O-f-glucopyranoside (5) showed significant antioxidant
activities after a short-term incubation with cells stimulated by pyocyanin.
3-O-caffeoyl-(9—5)-p-apiosyl-(1—6)-p-glucopyranosyl-5,3"-O-dimethyldihydropiceatannol 9),
pterostilbene (15), trans-«-methylstilbene (16) and isorhapontigenin (18) decreased the formation of ROS,
but not significantly. The other compounds did not decrease the formation of ROS as much as
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quercetin, the positive control. On the contrary, pinostilbenoside (7) and pinostilbene (2) showed
significant pro-oxidant activities. Clearly, the glycosylation of 4 reduced the antioxidant activity,
however not significantly.

Long-term exposure of cells to compounds 1-19 with pyocyanin showed no statistically
significant antioxidant effects, but isorhapontigenin (18) diminished the formation of
ROS by 49.7%, followed by piceatannol (4) and piceatannol-3"-O-B-glucopyranoside (5).
Mild activity (10%), greater than in the short-term exposure, was also observed for
1-(2,4-dihydroxyphenyl)-2-(4-hydroxyphenyl)-ethanone (10). Other compounds had little effects
on the levels of ROS, or were pro-oxidative, as seen for pinostilbene (2), thunalbene (3), batatasin III (6),
pinostilbenoside (7), and 2-carboxyl-3-O-methyl-4"-f-D-glucopyranosyl-dihydroresveratrol (8).

Twelve of the 19 test compounds are hydroxystilbenoids (with a free hydroxyl). These can
be divided into two groups according to their structure: Those which can form quinoid systems
after two-electron oxidation, and those which cannot [14]. Hydroxystilbenes that contain a catechol
or pyrogallol moiety belong to the first group, whereas the ones which possess only phenol or
resorcinol arrangements cannot be so oxidized to form quinoids [15]. Compounds in the first group
generally display much greater scavenging effects and can increase their overall antioxidant activity,
for example, by chelating metal ions [16]. Piceatannol (4) was the only compound with a free
catechol moiety. The structurally similar piceatannol-3"-O-3-glucopyranoside (5) has an ortho hydroxy
group, but the critical is occupied by a glycosidic bond. Compound 4 had a greater antioxidant
activity, which confirms previous studies showing the antioxidant potential of highly hydroxylated
stilbenoids [14,15]. Piceatannol (4) affects the same molecular targets involved in antioxidant defense
(AP-1, Nrf2, HO-1, COX, iNOS, NF-kB, and IKK) as resveratrol (1), but it showed a much greater direct
scavenging effect and also greater inhibition COX-2, NF-kB and the formation of the pro-inflammatory
cytokines TNF-« and IL-13 [17,18]. Because the antioxidant activity is greater for the short-term
exposure of cells than for the long, the direct scavenging effect will likely predominate over stimulation
of the antioxidant defense, but possible improvement in the overall antioxidant status cannot be
excluded [19,20]. The blocked hydroxy groups of stilbenoids may be responsible for reducing the
antioxidant effect not only directly, but also indirectly, by reducing the ability to inhibit enzymes
responsible for the formation of ROS, such as xanthinoxidase, monoaminoxidase or, - in case of
nitrogen-containing reactive species - iNOS [21,22].

Another compound with antioxidant activity was isorhapontigenin (18), which showed only a
small effect after one hour of incubation (8.8%), but much more (49.7%) after 24 h. This result can be
attributed to modulation of the antioxidant defense by antioxidant or pro-oxidant enzymes. Studying
the same compound, Abbas et al. have found increased levels of glutathione and the antioxidant
enzymes SOD and CAT [23], and another study has shown the increased expression and activity of
SOD-2 and GPx1 [24], which we also found.

Several test compounds were inactive, showing neither antioxidant nor pro-oxidant effects.
Although other studies have reported antioxidant activities for these compounds, possible because
greater concentration (5-50 uM) were tested [1,14,16], we feel concentrations for greater than those
likely to be found are not realistic for the in vivo evaluation of biological effects.

Several studies have depicted stilbenoids as pro-oxidative compounds [14,16]. Resveratrol (1)
and its hydroxylated derivatives can be oxidized either enzymatically or non-enzymatically to form
phenoxy radical, which can, escaping further cellular antioxidant processing, increase levels of
ROS. Pro-oxidative effects of hydroxylated stilbenoids have usually been described for much greater
concentrations than were used in our study, but we observed pro-oxidant effects for several compounds
at a concentration of 2 uM only for both short-term and long-term incubations. The common structural
feature of compounds showing pro-oxidative effects in the short-term incubation was the presence of a
methoxy group at position 3, and hydroxyl at position 5, and no other substituents attached to this
ring, as seen for pinostilbene (2). Pinostilbene (2) was also the most pro-oxidative substance, increased
the level of ROS by 60.4% in comparison to the control in the long-term incubation. Resveratrol (1)
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with a 36.9% increase of ROS was next, and pinostilbenoside (7), thunalbene (3) and batatasin III (6)
with 3,5-dihydroxy, 2,4-dihydroxy, or 3,5-methoxy arrangements also increased the levels of ROS.
The pro-oxidant effect shown by resveratrol (1) after long-term incubation and possibly also by other
stilbenoids can be ascribed to HyO» and other ROS formed as they decompose in culture medium [16].
This has not been observed during short-term exposures. Contrary to our results, Chao et al. found
resveratrol (1) and pinostilbene (2) protecting neuron SH-SY5Y cells against oxidative stress caused by
6-hydroxydopamine [25].

Enzymatic systems that eliminate excessive ROS, such as CAT, GPx, and SOD, and enzymes that
regenerate and produce endogenous antioxidants, such as glutathione reductase, thioredoxin reductase,
or glutathione synthetase, make the most important contribution to the antioxidant defense of cells [26].
By increasing the expression of the aforementioned enzymes, natural phenolics exert an indirect
antioxidant effect. It is possible that the increased expression of antioxidant enzymes is mediated
by activation of the Keap1-Nrf2-ARE (Kelch-like ECH-associated protein 1-nuclear factor erythroid
2-related factor 2 (Nrf2)-antioxidant responsible elements) signalization pathway. Some phenolics
are able, via Nrf2, to induce certain enzymes of phase 1 and phase 2 (e.g., glutathione-S-transferase,
UDP-glucuronyltransferase) of metabolic elimination to detoxify pro-oxidant xenobiotics. [26,27].
Nrf2 is blocked in the cytoplasm by its inhibitor Keap1. Nrf2, activated by electrophilic stimuli, such
as ROS, reactive nitrogen species (RNS), heavy metal ions, or some diseases) is released from the
cytoplasmic protein Keap1 and translocated into nucleus, where it binds to the ARE area that regulates
the expression of the target genes, for example, of HO-1, NAD(P)H:quinone oxidoreductase (NQO-1),
or y-glutamylcysteinsynthetase (YGCS), which increases the levels of glutathione [28-30].

Enzymes that cause antioxidant effects are activated by an increase in their responsible coding
genes mediated by Nrf2. Most compounds that affect Nrf2 is thought to be pro-oxidants acting on Keap1,
probably by reacting with sulfhydryl groups of cysteine. Nrf2 is then released [26]. Compared to the
direct antioxidant effect of scavenging ROS (commonly observed using concentrations of 10-100 uM),
the activity involving Keap1/Nrf2/ARE is more effective, requiring only 0.5-5 uM concentrations. It is
independent of the stoichiometry and can amplify the initial direct effect of phenolics beyond the
timeframe of direct activity, making them effective even after they are no longer present in situ [26].

Armed with this knowledge, we analyzed the effects of compounds 2, 4, and 18 on the expression
of enzymes associated with oxidative stress. The effects of compounds 2, 4, and 18 on the levels of
CAT, GPx, HO-1, and SOD-1 and -2 were evaluated after 6 h of incubation. The compound 2 decreased
expression of CAT enzyme and basically unaffected expression of other proteins. Compound 18 elevated
expression of Nrf2 significantly and CAT non-significantly. Standard quercetin significantly increased
the expression of CAT and positive control pyocyanin upregulated HO-1. Greater concentrations of test
compounds, or a different period of incubation, or both together might increase the effect. The effect of
compound 18 on the expression of several enzymes associated with antioxidant defense was clearly
visible, and we, therefore, analyzed effects of the test compounds 2, 4 and 18 on the upstream regulation
caused by Nrf2. As seen in Figure 7, compound 18 increased the activation of Nrf2-ARE system in a
significant manner. This result corresponds to the elevated expression of Nrf2 and CAT.

Our results confirm previous studies showing that the stilbenoids, such as resveratrol (1)
significantly affect the activity of Nrf2 and the levels of enzymes under its control. Resveratrol (1)
enhances autophagy by increasing the activity of Nrf2. This activity is mediated by the binding of the
adaptor protein p62, phosphorylated by kinases in the cytoplasm, to Keap1 in competition with Nrf2.
The phosphorylated p62 binds to Keap1, releasing Nrf2, which translocates to the nucleus. [28,30].
Similar effects have been observed for oxyresveratrol [31]. Another stilbenoid able to increase the
activity of Nrf2 is pterostilbene (15). A study by Saw et al. has shown, that pterostilbene (15)
(and quercetin and kaempferol, two other phenols found in berries) directly scavenged ROS, activated
the Nrf2-ARE signal pathway and acted synergistically when used together at some concentrations [19].
The incubation of cells with piceatannol (4) (10-20 uM) also increased the expression of HO-1. It is
expected, that electrophilic quinone formed by the oxidation of piceatannol (4) binds directly to Keapl
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and initiates this process [32]. The activity of cajanin stilbene acid may also be due to the effect on
Nrf2 [33]. Similar effects were also seen in tests of extracts rich in stilbenoids, such as Vitis vinifera root
extract which contains resveratrol (1) [29].

5. Conclusions

A group of several stilbenoids was investigated in vitro, using a cellular model of THP-1
macrophage-like cells to evaluate their antioxidant or pro-oxidant properties, to determine any effects
that might possibly have on the expression of the enzymes catalase, glutathione peroxidase, and
heme oxygenase-1, and their effects on the activation of Nrf2. The experimental results showed that
these stilbenoids could affect the formation of reactive oxygen species in a cellular model, producing
either an antioxidative or pro-oxidative effect, depending on the structure. Selected stilbenoids also
affected the expression of antioxidant enzymes and showed some effects on the activation of Nrf2.
Depending upon their structure, stilbenoids can possess either antioxidative or pro-oxidative effects,
and they can also affect enzymatic antioxidant defenses. Pinostilbene (2) showed rather pro-oxidant
effects and also decreased expression of CAT in cell culture. Piceatannol (4) had antioxidant effect as it
directly scavenged ROS and isorhapontigenin (18) had a mild direct antioxidant effect, but on the other
hand, activated Nrf2-ARE system and elevated expression of Nrf2 and CAT.
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Abstract: Background: Oxidative stress is a key factor in the pathophysiology of many diseases.
This study aimed to verify the antioxidant activity of selected plant phenolics in cell-based assays
and determine their direct or indirect effects. Methods: The cellular antioxidant assay (CAA) assay
was employed for direct scavenging assays. In the indirect approach, the influence of each test
substance on the gene and protein expression and activity of selected antioxidant enzymes was
observed. One assay also dealt with activation of the Nrf2-ARE pathway. The overall effect of each
compound was measured using a glucose oxidative stress protection assay. Results: Among the test
compounds, acteoside showed the highest direct scavenging activity and no effect on the expression
of antioxidant enzymes. It increased only the activity of catalase. Diplacone was less active in direct
antioxidant assays but positively affected enzyme expression and catalase activity. Morusin showed
no antioxidant activity in the CAA assay. Similarly, pomiferin had only mild antioxidant activity and
proved rather cytotoxic. Conclusions: Of the four selected phenolics, only acteoside and diplacone
demonstrated antioxidant effects in cell-based assays.

Keywords: antioxidants; CAA; catalase; glucose toxicity; plant phenolics; superoxide dismutase;
Nrf2-ARE

1. Introduction

Oxidative stress is a disturbance of the balance between pro-oxidant and antioxidant
states that favors the former. The essence of the pro-oxidant process is the production
of reactive oxygen (ROS) and nitrogen species (RNS). ROS include molecules of various
structures: for example, oxygen radicals (such as hydroxyl radical *OH or peroxyl radical
RO,*) and strongly oxidizing non-radical substances (such as hydrogen peroxide, H,O5) [1,2].
ROS production, which leads to DNA damage, protein alteration, or lipid peroxidation,
is a known factor in developing various pathological conditions, such as cardiovascular
diseases, cancer, neurological disorders, diabetes mellitus, and aging [3].

In addition to these deleterious effects, there is also a positive side to producing
ROS. For example, they are produced by phagocytic NADPH oxidase (in oxidative burst),
and NO® regulates vascular tone [1,3]. Current understanding uses the concept of “eu-
stress”, a certain level of oxidative stress necessary for cellular life. For example, H,O, at
nanomolar concentrations serves as a redox signaling molecule, but at supraphysiological
concentrations (>100 nM), it damages biomolecules [4].

Two basic groups of antioxidants are usually recognized as providing cellular pro-
tection against harmful oxidative stress: (i) direct antioxidants, which undergo redox
reactions and scavenge ROS or RNS, and (ii) indirect antioxidants, which may or may
not be redox-active and activate the nuclear factor erythroid 2 (NFE2)-related factor 2
(Nrf2) and antioxidant response element (ARE) pathway resulting in antioxidant enzyme
expression [4].
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Antioxidant activity assays follow the same division. The direct antioxidant effect
can be evaluated using a chemical-based assay, such as the 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH®) scavenging assay or the ferric reducing antioxidant power (FRAP) assay.
In general, the mechanisms of these in vitro methods depend on scavenging stable free
radicals or reducing ferric ions, respectively. Another approach is to establish the antioxi-
dant capacity under more biologically relevant conditions. These assays are cellular-based
and focus on direct scavenging. An example of such a method is the cellular antioxidant
activity (CAA) assay, which identifies antioxidants able to prevent ROS (obtained from
the decomposition of 2,2"-azobis(2-methylpropionamidine) dihydrochloride (AAPH)) from
oxidizing dihydrodichlorofluorescein DCFH; to fluorescent dichlorofluorescein DCF [5].

The indirect antioxidant activity reflects the removal of ROS by enzymes, such as
superoxide dismutase—SOD or catalase—CAT, and small thiol molecules, e.g., glutathione
(GSH). SOD converts superoxide anion (O,° ), a byproduct of normal oxygen metabolism,
into HyO,, which CAT then decomposes into water and oxygen [6]. The expression of
both enzymes is regulated by ARE, which is activated by Nrf2 [7]. A member of the cap

‘n’ collar (CNC) subfamily of basic region leucine zipper (bZip) transcription factors, Nrf2

is found in an inactive form in the cytosol, bound to Kelch-like ECH-associated protein 1
(Keapl). Upon oxidative stress, Nrf2 dissociates from Keapl and translocates into the
nucleus, activating the ARE [6,8].

The Nrf2 system was, therefore, found to be the target of various indirect antioxidants,
and this mode of action has been confirmed for various phenolics, e.g., epigallocatechin-
3-gallate [9] or 3-O-caffeoyl-1-methylquinic acid [10]. The proposed mechanism of Nrf2
activation is most likely the alteration of the structure of Keap1 because it contains several
cysteine thiol residues that function as sensors of cellular redox changes. Thus, oxidation
or covalent modification of some of these residues would release Nrf2 and facilitate its
accumulation in the nucleus [11].

The main difference between the two approaches is that the direct measurement is
quite rapid, whereas the indirect effect requires more time because it entails the biosynthesis
of new proteins [5]. A third approach combines direct antioxidant activity and indirect
antioxidant effects in a cellular-based assay, with a long incubation time (e.g., 24 h or
longer). In these settings, both direct scavenging and indirect activation of Nrf2/ARE
may concur to the final effect. An example of this type of method is the glucose oxidative
stress protection (GOSP) assay, which creates a condition of hyperglycemia to increase the
production of ROS [12,13].

OH OH
HO, _~ OH D C[
OH g HO. 0. ot

Figure 1. The compounds selected for experiments: acteoside (A), diplacone (D), morusin (M), and
pomiferin (P).

Dietary phenolics of polyphenols occupy a special place among the antioxidants that
occur in plants [14]. The structures of these compounds contain an aromatic ring with one
or more hydroxyl groups. This group of natural products is very widely distributed in the
plant kingdom, with more than 8000 phenolic structures currently known [15]. Many of
these compounds possess direct or indirect antioxidant activity [6]. We selected four plant
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phenols that had shown some degree of in vitro antioxidant activity [16-19] for further
testing in cell-based assays (Figure 1). Acteoside (A) is a caffeoyl phenylethanoid glycoside
obtained from Paulownia tomentosa, as is the geranylated flavanone diplacone (D) [17,20].
Morusin (M) was selected as an example of the prenylated flavones obtained from Morus
alba, and pomiferin (P), a prenylated isoflavone, comes from Maclura pomifera [18,21]. Here,
we aimed our study at testing the direct scavenging or indirect modulation of expression
of some antioxidant enzymes by these typical representatives of natural phenolics.

2. Results and Discussion
2.1. Antiproliferative Activity

The direct scavenging effect and ability to modulate antiradical defense in a model
cellular system of the test compounds were analyzed. Before carrying out antioxidant
assays in cellular systems, it was necessary to determine the concentrations above which the
test compounds became cytotoxic. A model assay employing THP-1 monocytes was used.
Diplacone had previously been shown to be non-toxic at a concentration of 10 uM when
incubated with THP-1 cells [22]. It had also been found that the half-maximal inhibitory
concentration (ICsg) of morusin for the THP-1 cells is 24.3 uM [23,24].

The cytotoxic (antiproliferative) activity of the other two test compounds, acteoside
and pomiferin, for the THP-1 cell line could not be found in the literature, and it was,
therefore, measured using a WST-1 assay kit. As shown in Figure 2, acteoside influenced
the viability of THP-1 cells only slightly, even at the high concentration of 50 uM. The in-
formation published about cytotoxic effects observed for acteoside is quite inconsistent.
Lee et al. measured the cytotoxicity of this compound using the MTT assay on HL-60
human promyelocytic leukemic cells and found the IC5, value after a 24 h incubation to be
approximately 30 uM [25]. On the other hand, Sgarbossa et al. claimed to find no cytotoxic
effect on the immortalized human keratinocyte cell line HaCaT using the MTT assay at
a concentration of 200 uM even after 72 h of incubation [26]. Similarly, Nam et al. and
Speranza et al. reported no cytotoxic effect on the THP-1 cell line at concentrations of
16 uM and 100 uM, resp. The only difference from our experiment was using the MTT
assay, whereas we employed the WST-1 test [27,28].

Pomiferin greatly reduced the viability of THP-1 cells, with an ICsq of 1.0 uM (Figure 2),
suggesting that it may possess antitumor activity because THP-1 cells are cancer-derived.
Our conclusion is consistent with other results. Son et al. found that pomiferin inhibited
histone deacetylase (HDAC), an enzyme involved in cell proliferation, and thus may
reduce the proliferation of tumor cells. This was confirmed by further experiments with
the MTT assay, in which pomiferin inhibited the growth of several human tumor cell lines
with IC5) ranging from 1 to 5 uM [29]. Similarly, Yang et al. demonstrated the selective
antiproliferative activity of pomiferin against the tumorigenic breast epithelial cell line
MCE-7 (ICs0 = 5.2 uM) [30]. Both articles also compared the antiproliferative activity of
pomiferin on normal, non-tumor cells—SON et al. employed primary human hepatocytes
that were affected much less (IC5p = 123 uM) [29]. Yang et al. proved a limited toxicity
toward non-tumorigenic breast epithelial cells (MCF-10A) [30].
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Figure 2. The antiproliferative activity of the test compounds after 24 h of incubation with the THP-1
cell line, measured using a WST-1 kit: (A) acteoside; (P) pomiferin. The viability was calculated as a
percentage of the control cells treated only with DMSO.
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2.2. Cellular Antioxidant Activity (CAA) Assay

After the cytotoxicity had been evaluated, the overall antioxidant activity of the test
compounds was analyzed using the CAA assay. CAA measures the ability of compounds
to prevent AAPH-generated peroxyl radicals from forming fluorescent DCF in THP-1 cells.
AAPH gradually decomposes into carbon-centered radicals that then react rapidly with
O, to give ROO* radicals [31]. The compounds were tested at a nontoxic concentration of
5 uM. The toxicity of pomiferin was not considered problematic because a short incubation
time was used for this assay (2 h).

As seen in Figure 3, the most active compound was acteoside, with a CAA value of
85.1 £ 0.7 and activity greater than that of quercetin, the positive control (n.s. difference).
The activity of both acteoside and quercetin was significantly higher than that of DMSO,
the negative control (NC; Figure 3). The ability of acteoside to scavenge radicals directly
has been reported in the literature. Koo et al. showed its DPPH®* and NO® scavenging
activities [16]. Similarly, Siciliano et al. measured the ability of acteoside to scavenge the
radical cation 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS®*) using the Trolox
equivalent antioxidant capacity (TEAC) assay [32]. Further, Li et al. demonstrated the
scavenging activity of acteoside in the FRAP and cupric reducing antioxidant capacity
(CUPRAQC) assays [33]. Moreover, Lee et al. proved the ability of acteoside to scavenge *OH
and O,*~ [34]. The advantage of CAA is that the radical scavenging effect of a compound
is measured only inside the cells because after de-esterification DCFH stays inside the
cells [35]. It also confirms the ability of acteoside to cross the cell membrane, as shown by
Koo et al., who found that acteoside decreased the lipid peroxidation and neurotoxicity of
glutamate in cortical cell cultures [16].

Pomiferin showed mild antioxidant activity. It has been reported to be a scavenger
of DPPH*® and O,°~ [18,36,37]. Bozkurt et al. also observed that a 300 mg/kg dose of
pomiferin administered to rats significantly reduced the lipid peroxidation induced by
indomethacin in their stomachs. Lipid peroxidation was measured by determining the
levels of malondialdehyde (MDA) [38]. Similarly, Hwang et al. showed the antioxidant
activity of the large quantity of pomiferin present in Osage orange extract [39].

Interestingly, neither diplacone nor morusin demonstrated any antioxidant effect
in the CAA assay, as seen in Figure 3. Diplacone had previously shown DPPH* scav-
enging activity and was the most active of the geranylated flavonoids extracted from
P. tomentosa [17]. Diplacone has shown activity in other antioxidant methods—scavenging
of ABTS**, O,*~, HCIO, and inhibiting the plasmid DNA oxidative damage caused by the
Fenton reaction [36,40,41]. Similarly, Moon et al. showed that incubation cells of the human
lymphoblastoid cell line AHH-1 with diplacone and exposing them to y-radiation protected
them from oxidative stress and DNA damage [42]. However, ]774A.1 cells incubated for 30
min with diplacone produced almost double the amount of ROS, measured as DCF, as was
produced by untreated cells. Although the difference did not appear to be statistically
significant, it demonstrated a mild pro-oxidant effect for diplacone [36]. This result is
following the conclusion published by Malanik et al. that a crucial structural element for
activity in the CAA assay is the 5,7-m-dihydroxy arrangement of the flavonoid ring A, with
no substituent at C-6. Diplacone a has geranyl moiety at C-6, and its activity in CAA is,
therefore, reduced [43].

Hosek et al. have reported that cudraflavone B, a compound structurally similar
to morusin, scavenges HCIO [36]. On the other hand, incubating this compound with
J774A.1 cells alone for 30 min tripled the production of ROS, measured as DCF, compared
to untreated cells [36]. However, contradictory results reported in the literature have found
morusin reducing the production of ROS in cell cultures. Cheng et al. reported that morusin
reduced 12-O-tetradecanoylphorbol-13-acetate (TPA)-mediated production of ROS in a
mouse epidermal JB6 P* cell model [19]. Lee et al. reported a decrease in NO®-induced
cell death in neuroblastoma SH-SY5Y cells during incubation with morusin [44]. Similarly,
Yang et al. observed that morusin suppresses the production of NO® in RAW264.7 cells
caused by lipopolysaccharide (LPS) and interferon-y [45]. Moreover, finally, Ko et al.
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found that morusin inhibits the formation of O,*" in rat neutrophils stimulated with
phorbol myristate acetate (PMA) [46]. The difference between these findings and our result
probably stems from using different cell lines and ROS generators. Morusin was obviously
better at counteracting TPA, LPS, NO®, PMA, and radicals formed from them than radicals
generated by AAPH.
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Figure 3. The antioxidant activity of acteoside (A), diplacone (D), morusin (M), and pomiferin (P) at
a concentration of 5 uM in a CAA assay in THP-1 cells. Quercetin at a concentration of 5 uM was
used as a positive control (PC). DMSO, the solvent used for both the test compounds and quercetin,
was added as the negative control (NC). The results are expressed as the mean + SEM for two
independent experiments measured in triplicate and are statistically compared to NC (** p < 0.01,
and *** p < 0.0001).

2.3. Glucose Oxidative Stress Protection (GOSP) Assay

After the CAA assay experiments, acteoside and diplacone were chosen for further
evaluation in a GOSP assay. Morusin was not chosen because it showed the lowest values in
the CAA assay. Similarly, pomiferin was omitted due to its unfavorable cytotoxicity profile.
In the GOSP assay, the cells were exposed to a hyperglycemic condition that increased
oxidative stress. The amount of intracellular stress was visualized by the conversion to
fluorescent dichlorofluorescein (DCF).

Chronic hyperglycemia is a characteristic condition for diabetes mellitus (DM) that
negatively impacts cells and tissues. The toxicity of high levels of glucose manifests itself,
especially in the 3-cells of the pancreas, where it reduces the secretion of insulin. In other
organs, it is responsible for the chronic microvascular complications of DM. The molecular
mechanisms of glucose toxicity involve the glycation of proteins via Schiff bases and
Amadori compounds that increase ROS production [47]. Overproduction of O2°*~ in the
mitochondrial electron transport chain (ETC) increased production of ROS as glucose is
the main energy source and fuel for ETC [48].

After a 48 h incubation of HepG2 cells in hyperglycemic conditions, both test com-
pounds were able to reduce oxidative stress and the production of DCF to the level of
normoglycemia in a statistically significant manner (p < 0.001; Figure 4). Both acteoside
and diplacone reduced oxidative stress down to 28% of the level of the hyperglycemic
condition and were more effective than the quercetin used as a positive control.

El-Marasy et al. have reported that acteoside alleviates oxidative stress in rats with
streptozotocin-nicotinamide (STZ-NA)-induced type 2 diabetes [49]. This was observed as
reduced levels of malondialdehyde (MDA), a marker of lipid peroxidation. The content
of reduced glutathione in the liver was also increased. In addition, acteoside significantly
lowered blood glucose levels, glycosylated hemoglobin, and total cholesterol compared to
control diabetic rats [49]. Glucose toxicity during hyperglycemia is marked by increased
formation of advanced glycation endproducts (AGEs) and greater aldose reductase ac-
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tivity. According to the results of Yu et al., both of these parameters were inhibited by
acteoside [50].

Zima et al. described the effects of diplacone administered to rats with alloxan-
induced diabetes. While the impact of diplacone on glucose levels was minor, the com-
pound showed a cytoprotective effect on 3-cells of the islets of Langerhans, which was
confirmed by histopathological analysis. The protection of 3-cells correlated with the
greater antioxidant activity of diplacone than the other compounds examined [41].

120

100 '
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Figure 4. The antioxidant activity of acteoside (A) and diplacone (D) at a nontoxic concentration
of 5 uM in a GOSP assay in HepG2 cells. Quercetin at a concentration of 5 uM was used as a
positive control (PC). DMSQ, the solvent used for both the test compounds and quercetin, was added

F1/1000000 cells (% of NC)

as the negative control (NC). Normoglycemic control was achieved using a low glucose medium
(LG). All other samples were incubated in a high-glucose medium. The results are expressed as
the mean + SEM for two independent experiments measured in triplicate and were statistically
compared to NC (** p < 0.001).

2.4. Indirect Antioxidant Activity—Modulation of Antioxidant Enzymes
2.4.1. Protein Expression

Further, it was important to discern whether the test compounds acteoside and dipla-
cone can also protect cells against oxidative stress also by indirect modulation of antioxidant
enzymes and not only by the direct scavenging activity shown previously [32,33,36,40,41].

Because the most common representative ROS are O,*~, H,O,, and *OH [51], we
chose to evaluate antioxidant enzymes that deal with them, namely CAT, SOD1, and SOD2.
We also evaluated the expression of another protein—Nrf2, a transcription factor involved
in the antioxidant response of cells. We incubated acteoside and diplacone with THP-1
cells and observed their influence on the level of protein expression.

After incubation periods of 8 and 24 h, acteoside showed almost no influence on
the expression of the selected proteins (data not shown). On the other hand, incubation
with diplacone increased the level of the CAT enzyme after both 8 h and 24 h. After 8 h
of incubation, diplacone treatment increased the level of SOD2 and showed a moderate
effect on the expression of Nrf2. After 24 h of incubation, increases were observed in the
levels of SOD1 and SOD2. Unfortunately, none of these effects were statistically significant
(Figures 5 and 6).
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Figure 5. Effects of diplacone (D) at a concentration of 2.5 uM on the expression of (1) CAT, (2) SOD1,
(3) SOD2, and (4) Nrf2 after 8 h incubation with THP-1 cells. DMSO was used as the solvent and
was added as the negative control (NC). The results are expressed as the mean + SEM and were
measured in triplicate.
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Figure 6. Effects of diplacone (D) at a concentration of 2.5 uM on the expression of (1) CAT, (2) SOD1,
(3) SOD2, and (4) Nrf2 after 24 h incubation with THP-1 cells. DMSO was used as the solvent and
was added as the negative control (NC). The results are expressed as the mean = SEM and were

measured in triplicate.
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2.4.2. Gene Expression

To confirm the impact of diplacone, we tried to evaluate it also on the level of mMRNA
transcription. The results of the experiment are shown in Figure 7. For this experiment,
we have chosen genes with elevated protein expression levels after 8 h of incubation.
Unfortunately, we did not observe any elevation of the transcription levels of CAT or
SOD2 mRNA.
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Figure 7. Effects of diplacone (D) at a concentration of 2.5 uM on the gene expression (mRNA levels)
of (1) CAT and (2) SOD2 after 8 h incubation with THP-1 cells. DMSO was used as the solvent
and was added as the negative control (NC). The results are expressed as the mean 4= SEM for two
independent experiments measured in triplicate.

2.4.3. Activation of the Nrf2-ARE System

Next, we tried to find out if either acteoside or diplacone could support the transloca-
tion of Nrf2 to the nucleus and the activation of ARE. Figure 8 shows that the luminescence
produced by the ARE luciferase reporter (normalized to Renilla luminescence) did not
increase when incubated with acteoside or diplacone. This probably means that neither of
these compounds activates the Nrf2-ARE system in HepG2 cells. Both compounds were
tested at a nontoxic concentration of 5 uM.

w

N

-

o

|
-

Firefly/Renilla luminiscence ratio
|
N

|
w

NC A D PC

Figure 8. Effects of acteoside (A) and diplacone (D) at a concentration of 5 uM on the activation of
the Nrf2-ARE system. The HepG2 cell model was transiently transfected with the ARE luciferase
reporter vector firefly luminescence and a constitutively expressing Renilla vector. The results are
expressed as the ratio of firefly to Renilla luminescence. DMSO was used as the solvent and was
added as the negative control (NC). DL-sulforaphane at a concentration of 10 UM was used as a
positive control (PC). The results are expressed as the mean + SEM for two independent experiments
measured in triplicate.

2.4.4. Activity of the Enzyme CAT

Finally, one of the mechanisms contributing to the ability of acteoside and diplacone
to help the THP-1 to survive under oxidative stress is an increase in the CAT activity.
To discern this possibility, we carried out an experiment with an incubation time of 5 h.
The results shown in Figure 9 indicate that both acteoside and diplacone increased CAT
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activity with statistical significance (p < 0.01 and p < 0.001, resp.). The effect of acteoside
was slightly greater than that of diplacone.
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Figure 9. Effects of acteoside (A) and diplacone (D) at a concentration of 5 uM on the activity of
the enzyme CAT. THP-1 cells were incubated with the compounds for 5 h, and then the activity of
the enzyme CAT was calculated. DMSO was used as the solvent and was added as the negative
control (NC). Results are expressed as the mean & SEM for two independent experiments measured
in triplicate and were statistically compared to NC (** p < 0.01, and *** p < 0.001).

Our experiments showed that the antiradical effect of acteoside was expressed more
in direct scavenging of ROS in the CAA assay, but it also showed indirectly as an increase
in the activity of the CAT enzyme. These two effects also appeared in the GOSP assay. Simi-
larly, Huan et al. have found that acteoside increases the CAT activity in homogenized liver
tissue [52]. Our results show that the indirect antiradical effect of acteoside is not related to
increased expression of antioxidant enzymes or activation of the Nrf2-ARE system.

In contrast to the results of our experiments, Sgarbossa et al. found acteoside upreg-
ulates the expression of heme oxygenase 1 (HO-1) in both mRNA and the protein level
in human keratinocyte HaCaT cells. This effect was observed after 24 h of incubation
with acteoside at a concentration of 200 uM. Because the induction of the HO-1 gene is
regulated primarily by Nrf2 and BACH1 transcription factors, Sgarbosa et al. also tested
the influence of acteoside on the expression of these respective proteins. Whereas the
Nrf2 factor activates the ARE sequence, BACHI1 plays an inhibitory role. After 24 h of
incubation, acteoside increased steady-state nuclear levels of Nrf2 protein and decreased
the BACH1 protein levels. According to Sgarbossa et al., the antioxidant effect of acteoside
is partially direct (by scavenging) and partially indirect (by activation of enzymes) [26].
We have observed only the direct scavenging effect and the indirect effect on the CAT
activity, which can be due to different concentrations and cell cultures. The concentration
of acteoside we used in our experiments was 40 x lower than the one used by Sgarbosa
et al. However. Their concentration would be obtained in vivo only with difficulty because
acteoside is known for its poor bioavailability; its maximum concentration in rat plasma
after peroral administration of 200 mg/kg was a mere 0.7 uM [48].

Surprisingly, diplacone showed no direct antioxidant effect in the CAA assay. On the
other hand, its activity in the GOSP assay was comparable to acteoside. Diplacone also
induced the expression of antioxidant enzymes, and it increased the activity of catalase in
THP-1 cells. Although the results of increased expression are not statistically significant,
they show the ability of diplacone to modulate the system of the antiradical defense of
cells. Under specific conditions, some antioxidants may behave as pro-oxidants [53]. In the
presence of heavy metals and oxygen, even some flavonoids undergo redox cycling and
form ROS. A similar thing happens when flavonoids are present at high concentrations in
cells [54,55]. These findings could explain why diplacone may act as a weak pro-oxidant
in THP-1 cells [36] and thus activate the antioxidant defense system. In our experiment,
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we have observed increased Nrf2 protein levels after 8 h incubation. This accords with
the overall evaluation of plant polyphenols that generate nanomolar amounts of HyO»
and thus act as activators of signaling factors [56]. However, diplacone was not shown to
activate the Nrf2-ARE system, which means there may be another mechanism involved.

3. Materials and Methods
3.1. Test Compounds

The test compounds were isolated and characterized at the Faculty of Pharmacy, Uni-
versity of Veterinary and Pharmaceutical Sciences Brno, Brno, Czech Republic [17,18,20,21].
The purity of all compounds tested was confirmed by HPLC analysis to exceed 95% in
all cases. All of the test compounds were dissolved in DMSO; the final concentration of
DMSO in the cellular assays was 0.1% (v/v).

3.2. Maintenance and Cultivation of the Cell Lines

Both cell lines, THP-1 human monocytic leukemia and HepG2 human hepatoma were
purchased from the European Collection of Cell Cultures (Salisbury, UK) and were cultured
according to reported procedures [21,57].

3.3. Antiproliferative Activity

The viability of THP-1 cells was measured using the cell proliferation reagent WST-1
(Roche, Basel, Switzerland) according to the manufacturer’s manual, as reported previ-
ously [58]. The antiproliferative activity of acteoside and pomiferin in THP-1 was screened
in five concentrations, ranging from 0.61 to 50 uM.

3.4. Cellular Antioxidant Activity (CAA) Assay

The antioxidant activity of the test compounds was measured in THP-1 cells using the
method of Wolfe and Liu [59] with some modifications, as reported previously [43].

3.5. Glucose Oxidative Stress Protection (GOSP) Assay

The protection against glucose oxidative stress provided by acteoside and diplacone
was measured in HepG2 cells using a previously reported assay with some modifica-
tions [12,13].

Briefly, the HepG2 cells were incubated in 24-well plates (100,000 cells/well) in a
low glucose DMEM growth medium (Biosera, Kansas City, MO, USA; 5 mM glucose) to
simulate normoglycemic conditions. High-glucose DMEM growth medium with added
glucose (Sigma-Aldrich, Saint Louis, MO, USA) up to 55 mM concentration was used to
create hyperglycemic conditions. The cells were incubated with acteoside, diplacone, or
quercetin (used as a positive control) in a concentration of 5 uM. The solvent, DMSO, was
used as a negative control (NC).

After 48 h of incubation, the cells were washed with PBS (Biosera) and further incu-
bated for 30 min in a medium containing 10 uM 2/,7-dichlorodihydrofluorescein-diacetate
(DCFH»-DA; Sigma-Aldrich) dissolved in DMSO (the final concentration of DMSO in the
medium was 0.1% (v/v)) at 37 °C. The cells were then washed again with PBS and lysed
using trypsin/EDTA 1x (Biosera). The lysates were transferred into a black 96-well plate,
and the fluorescence signal of the dichlorofluorescein product was measured using a FLU-
Ostar Omega microplate reader (BMG Labtech, Ortenberg, Germany) at the wavelengths A
(ex./em.) =485/520 nm.

The fluorescence intensity (FI) was recalculated to accord with the number of viable
cells obtained from a parallel experiment with the same incubation conditions and mea-
surement of antiproliferative activity using a WST-1 kit. The values of FI/10° viable cells of
the NC were assigned as 100%, and other values were referenced to these.
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3.6. Indirect Antioxidant Activity—Modulation of Antioxidant Enzymes
3.6.1. Protein Expression

The effects on protein expression of antioxidant enzymes and Nrf2 were observed
in the THP-1 cell line using the method reported previously [57,60]. Briefly, the THP-1
cells were incubated in the form of floating monocytes (1 x 10° cells/mL) with diplacone
for 8 and 24 h. The cells were collected, and protein lysates were prepared. The lysates
were then separated using SDS-PAGE, and the proteins were transferred to polyvinyli-
dene fluoride membranes using Western blotting and visualized using antibodies and a
chemiluminescent kit (Bio-Rad, Hercules, CA, USA).

Specific primary antibodies were applied: mouse anti-CAT 1:1000 (Sigma-Aldrich;
product No. C0979), rabbit anti-SOD1 1:1000 (Sigma-Aldrich; product No. HPA001401),
rabbit anti-SOD2 1:1000 (Sigma-Aldrich; product No. HPA001814), rabbit anti-NRF2 1:1000
(Abcam, Cambridge, UK; product No. ab137550) or mouse anti--actin 1:5000 (Abcam;
product No. ab8226). After washing, the secondary antibodies were applied: anti-mouse
IgG (Sigma-Aldrich; product no. A0168), or anti-rabbit IgG (Sigma-Aldrich; product no.
A0545) at a dilution of 1:2000.

3.6.2. Gene Expression

To isolate RNA and evaluate gene expression, the THP-1 cells (floating monocytes,
500,000 cells/mL) were incubated in 100 pL of a serum-free RPMI 1640 medium and
seeded into 96-well plates in triplicate at 37 °C with diplacone at a concentration of 2.5 pM
in DMSO.

After 8 h, the total RNA was isolated from the cells using a RealTime Ready cell lysis
kit (Roche, Basel, Switzerland) according to the manufacturer’s instructions. The gene
expression of CAT, SOD2, or B-actin was quantified by two-step reverse-transcription
quantitative (real-time) PCR (RT-qPCR). The reverse transcription step was performed
with a Transcriptor Universal cDNA Master (Roche), using cell lysate as the template.
The reaction consisted of three steps: (1) primer annealing at 29 °C for 10 min, (2) reverse
transcription at 55 °C for 10 min, and (3) transcriptase inactivation at 85 °C for 5 min.

A Fast Start Universal Probe Master (Roche) and gene expression assays (Applied
Biosystems, Foster City, CA, USA) were used for qPCR. These assays contain specific
primers and TagMan probes that bind to an exon—exon junction to prevent DNA contami-
nation. The parameters for the qJPCR work were adjusted according to the manufacturer’s
recommendations: 50 °C for 2 min, then 95 °C for 10 min, followed by 40 cycles at 95 °C for
15 s and 60 °C for 1 min. The results were normalized to the amount of ROX reference dye,
and the change in gene expression was determined by the 2~ #2CT method. Transcription
of the control cells was set as 100%, and other experimental groups were multiples of
this value.

3.6.3. Activation of the Nrf2-ARE System

The activation of the Nrf2-ARE system in HepG2 cells was determined using an ARE
reporter kit (BPS Bioscience, San Diego, CA, USA) as described previously [57]. The cells
were transiently transfected for 1 h (35,000 cells/well in 96-well plates) with the ARE
luciferase reporter vector (firefly luminescence) plus a constitutively expressing Renilla
vector using the TransFast transfection reagent (Promega, Madison, WI, USA). After serum
recovery, the cells were treated for 24 h with acteoside or diplacone at a concentration of
5 uM. As a positive control for this experiment, we used DL-sulforaphane (Sigma-Aldrich)
at a concentration of 10 uM dissolved in DMSO, as recommended by ARE reporter kit.
Luciferase activity from the cell lysates was detected using a dual-luciferase reporter assay
system (Promega, Madison, WI, USA). Data were normalized to the Renilla luminescence.

3.6.4. Activity of the Enzyme CAT

THP-1 cells (floating monocytes, 750,000 cells/mL) were incubated in 2 mL of serum-
free RPMI 1640 medium and seeded into 6-well plates in triplicate at 37 °C. The cells

116



Molecules 2021, 26, 2534

12 0f 15

References

were treated for 5 h with acteoside or diplacone at a concentration of 5 uM. The cells
were then lysed, and the protein concentration was measured using the Bradford method.
Then the activity of the CAT enzyme in the cell lysates was measured using a catalase assay
kit (Cayman Chemical Company, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. The activity of CAT was expressed in nmol/min/mL/mg of proteins in
the sample.

3.7. Statistical Analysis

Statistical analyses were carried out using IBM SPSS Statistics for Windows, software
version 26.0 (Armonk, NY, USA). The data were graphed as the mean + SEM. Compar-
isons between groups were made using a Mann-Whitney U test or Kruskal-Wallis test
followed by pair-wise comparison with Bonferroni correction, depending on the number
of experiments being compared.

4. Conclusions

We selected four plant phenolics previously determined to have antioxidant activity.
Among these compounds, acteoside showed a direct antioxidant effect in a CAA assay.
It also showed great activity in a GOSP assay. In both cases, the activity was higher than
that of quercetin, the positive control. On the other hand, acteoside did show any effect on
the expression of typical antioxidant enzymes or activate the Nrf2-ARE pathway. Instead,
it increased only the activity of the enzyme CAT. Diplacone showed an antioxidant effect
only in the GOSP assay, not in the CAA assay. This compound showed a positive effect on
the expression of the enzymes CAT, SOD1, and SOD2. Again, the activity of enzyme CAT
was increased.

Our results show that the antioxidant activity of compounds measured using in vitro
chemical assays does not always correspond with an ability to counteract the production
of ROS in cell-based systems.
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Extensive phytochemical analysis of the CHCl,-soluble part of an ethanolic extract of branches and twigs of
Broussonetia papyrifera led to the isolation of fourteen compounds, including a novel 5,11-dioxabenzo[b]fluoren-
10-one derivative named broussofluorenone C (12). The isolated compounds 1-14 were characterized based on
their NMR and HRMS data, and examined for their anti-inflammatory activities in LPS-stimulated THP-1 cells as
well as for their cellular antioxidant effects. Compounds 7-10 and 12 showed inhibitory effects on NF-xB/AP-1

activation and compounds 7-9 were subsequently confirmed to suppress the secretion of both IL-1B and TNF-a
in LPS-stimulated THP-1 cells more significantly than the prednisone used as a positive control. In the CAA assay,
compound 10 exhibited the greatest antioxidant effect, greater than that of the quercetin used as a positive
control. The results show possible beneficial effects and utilization of B. papyrifera wood in the treatment of
inflammatory diseases as well as oxidative stress.

1. Introduction

Broussonetia papyrifera (L.) L'Hér. ex Vent. (Moraceae), commonly
known as paper mulberry, is native to Southeast Asia. It has been in-
troduced to other countries throughout the world to be cultivated as a
roadside tree and for paper production. Different parts of B. papyrifera
are used in both industry and medicine. Its roots, bark, branches, and
fruits have traditionally been used in Chinese folk medicine to promote
diuresis, arrest bleeding, and suppress edema [1]. Extracts, as well as
pure compounds, have exhibited antioxidant, anti-inflammatory, anti-
diabetic, antibacterial, and antiproliferative properties [2,3]. Previous
phytochemical investigations revealed that B. papyrifera is a rich source
of bioactive phenolic substances such as coumarins, lignans, 1,3-di-
phenylpropanes, chalcones, flavans, or flavonols, especially those con-
taining a prenyl group [2.3].

Paper mulberry currently attracts researchers as a source of anti-
inflammatory agents. The root bark of B. papyrifera, is extensively
studied, although Lin et al. [4] observed no significant differences in a
comparative study of the anti-inflammatory and antinociceptive ac-
tivity of its various parts. The root bark extract inhibited both the TNF-
a-induced NF-kB transcriptional activity and the expression of pro-

* Corresponding author.

inflammatory genes in 3T3-L1 adipocytes [5]. Another study showed
that flavonoids isolated from the root bark of B. papyrifera significantly
suppressed the production of pro-inflammatory mediators (NO, iNOS,
TNF-a, and IL-6) in LPS-stimulated RAW264.7 cells [6], whereas other
phenolics did not inhibit IL-6, IL-2 and TNF-a production in Jurkat cells
[7]. On the other hand, the only information about the chemical
composition and potential biological activity of woody parts of the
plant is a report by Xu et al. [8] describing the radical scavenging ac-
tivity of wood extracts. Therefore, as a part of an ongoing investigation
of anti-inflammatory agents obtained from plants of the family Mor-
aceae and in connection with a recently published comprehensive re-
view that summarized the anti-inflammatory effects of prenylated
phenolic compounds [9], the branches and twigs of B. papyrifera have
been subjected to extensive chromatographic separation to isolate
analogous compounds as potential lead substances to suppress in-
flammation. The inflammatory response of cells of the immune system
is connected to the “respiratory burst” by which an infecting agent is
destroyed. However, in the case of chronic inflammation or auto-
immune disease, the inflammatory/oxidative environment can trigger
cellular damage [10]. Therefore, this research is aimed at finding nat-
ural products that combat inflammation as well as oxidative stress.
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Fig. 1. Structures of the compounds 1-14 isolated from branches and twigs of B. papyrifera.

Herein, the isolation and elucidation of the structures of fourteen
compounds (Fig. 1) along with the evaluation of their ability to at-
tenuate the activity of NF-kB/AP-1 in LPS-stimulated THP-1 macro-
phages and their cellular antioxidant activities are reported.

2. Materials and methods
2.1. General experimental procedures

Optical rotations were measured on an automatic polarimeter AA-5.
UV and ECD spectra were recorded on a JASCO J-815 CD spectrometer.
IR spectra were determined by the ATR method with a Nicolet Impact
410 FT-IR spectrometer. '"H NMR and 2D experiments were obtained
using a JEOL ECZR 400 MHz spectrometer. '>°C NMR spectra were re-
corded on a Bruker Avance III spectrometer equipped with a broad
band fluorine observation SmartProbe TM. The signal of TMS or the
residual solvent signals of CD30D, CDCls, or DMSO-ds were used for
reference. HRMS analysis was performed using an LTQ Orbitrap XL-

high resolution mass spectrometer equipped with a HESI II (Heated
electrospray ionization) source. Samples were analyzed twice on HPLC-
HRMS with the positive and negative polarity of MS-Orbitrap. Column
chromatography (CC) was carried out using silica gel with a particle
size of 40-63 pm (Merck, USA). Analytical HPLC was measured on an
Agilent 1100 instrument equipped with a DAD using an Ascentis
Express RP-Amide analytical column (100 mm x 2.1 mm, particle size
2.7 um). Dionex UltiMate 3000 liquid chromatograph with an Ascentis
RP-Amide column (250 mm X 10 mm, particle size 5 um) was used for
preparative purposes. HPLC solvents (MeOH and MeCN) were pur-
chased from VWR International, France, and other analytical grade
solvents from Lach-Ner, Czech Republic.

2.2. Plant material

The branches and twigs of B. papyrifera (L.) L'Hér. ex Vent. were
collected during May 2017 in the greenhouse of the Faculty of
Pharmacy, Masaryk University (MU), Brno, Czech Republic, and
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identified by Assoc. Prof. Karel Smejkal. A voucher specimen
(BP052017) has been deposited in the herbarium of the Department of
Natural Drugs, MU.

2.3. Extraction and isolation

The air-dried and chopped branches and twigs of B. papyrifera
(3.2 kg) were extracted with 96% EtOH (3 x 24 h) at room tempera-
ture using ultrasonication to support the extraction process. The solvent
was removed using a rotavapor to obtain 143 g of crude extract that
was partitioned consecutively with n-hexane, CHCl3, and EtOAc. The
CHCl3-soluble extract (30.9 g) was subjected to silica gel CC (n-
hexane:CHCl;3:MeOH, 10:80:10, v/v/v) to afford twenty-three fractions
(BP-1 to BP-23). Fraction BP-7 was subjected to silica gel CC
(CHCl3:EtOAc, 85:15, v/V) to yield twelve subfractions (BP-7-A to BP-7-
L). Subsequently, selected subfractions were purified by means of pre-
parative HPLC with an Ascentis RP-Amide column (250 mm x 10 mm,
5 um) using a further defined mixture of MeCN and 0.2% HCOOH
(5 mL/min). Subfraction BP-7-D was purified using gradient elution
(55-80% MeCN, 25 min) to obtain compounds 4 (5 mg, tg = 9.5 min),
5 (20 mg, tg = 19.4 min), and 6 (4 mg, t = 20.2 min). Subfraction BP-
7-H was separated using gradient elution (25-30% MeCN, 25 min) to
afford compounds 2 (72 mg, tg = 15.6 min) and 1 (10 mg,
tg = 16.7 min). Subfraction BP-7-I was separated with a gradient elu-
tion (50-70% MeCN, 20 min) to afford compound 3 (3 mg,
tx = 185 min). Fraction BP-8 was subjected to silica gel CC
(CHCl3:toluene:MeOH, 80:5:15, v/v/v) to yield nine subfractions (BP-8-
A to BP-8-1). Purification of subfraction BP-8-H with a gradient elution
(40-100% MeCN, 30 min) afforded compounds 8 (4 mg, tx = 25.5 min)
and 9 (12 mg, tg = 28.6 min). Fraction BP-10 was subjected to silica gel
CC (n-hexane:EtOAc:MeOH, 65:30:5, v/v/v) to afford twelve subfrac-
tions (BP-10-A to BP-10-L). Subfraction BP-10-B was purified with a
gradient elution (70-100% MeCN, 30 min) to give compounds 11
(5 mg, tg = 17.3 min) and 12 (3 mg, tzx = 28.0 min). Purification of
subfraction BP-10-D with a gradient elution (30-100% MeCN, 30 min)
afforded compound 10 (7 mg, tg = 28.1 min). Fraction BP-12 was
subjected to silica gel CC (CHCl;:EtOAc:MeOH, 90:5:5, v/v/v) to yield
fourteen subfractions (BP-12-A to BP-12-N). Subfraction BP-12-E was
purified with a gradient elution (50-70% MeCN, 25 min) to give 13
(15 mg, tg = 15.0 min), 14 (8 mg, tg = 16.1 min), and 7 (8 mg,
tg = 19.3 min).

2.3.1. Broussofluorenone C (12)

Amorphous yellow powder; UV (MeOH) Ao (log &) 242 (4.60),
268 (4.62), 302 (4.60) nm, 370 (4.63) nm; IR (ATR) viax 3354, 2919,
2844, 1651, 1608, 1575, 1456, 1367, 1281, 1230, 1124, 1031 cm ™ ;
'H NMR (CDCls, 400 MHz) § 12.76 (1H, s, 5-OH), 6.91 (1H, d,
J = 10.0 Hz, H-1"), 6.38 (1H, dd, J = 10.5, 17.4 Hz, H-4""), 6.37 (1H,
s, H-6), 5.96 (1H, s, 7-OH), 5.90 (1H, s, 5-OH), 5.74 (1H, d,
J = 10.0 Hz, H-2”), 5.24 (1H, t, J = 6.8 Hz, H-2"), 4.89 (1H, d,
J = 10.5 Hz, H-5a"”), 4.67 (1H, d, J = 17.4 Hz, H-5b"”), 3.66 (2H, d,
J = 6.8 Hz, H-1”), 1.88 (3H, s, H-5”), 1.78 (3H, 5, H-4"), 1.74 (6H, s, H-
277, H-3""), 1.55 (6H, s, H-4”, H-5”); '*C NMR (CDCls, 125.27 MHz) &
170.7 (C, C-4), 161.1 (C, C-5), 160.4 (C, C-7), 154.7 (C, C-8a), 149.9
(CH, C-2), 149.8 (CH, C-4""), 146.8 (C, C-2'), 143.2 (C, C-4’), 141.8 (C,
C-5), 138.7 (C, C-3), 135.0 (C, C-3”), 132.1 (C, C-1"), 130.0 (CH, C-2"),
124.5 (C, C-6"), 121.2 (CH, C-2”), 115.1 (CH, C-1"), 111.3 (CH2, C-5"),
109.8 (C, C-4a), 105.3 (C, C-8), 104.7 (C, C-3"), 99.8 (CH, C-6), 79.7 (C,
C-3"), 43.1 (C, C-1""), 31.3 (CH3, C-2"”), 31.3 (CH3, C-3""), 28.3 (CH3,
C-4), 28.3 (CH3, C-5), 25.8 (CH3, C-4”), 22.4 (CH2, C-17), 18.1
(CH3, C-5”); HRESIMS [M+H]* m/z 503.2065 (caled for CzoH3,07,
503.2069).

2.4. X-ray cr llographic analysis of ds 1 and 2

'8

Single crystals of 1 and 2 were obtained by vapor diffusion of MeOH
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at reduced temperature (4-8 °C). X-ray diffraction data were collected
at 120(2) K with the Rigaku MicroMax-007 HF DW X-ray generator and
the Rigaku Saturn944 + CCD detector using Mo Ka radiation
(. = 0.710 73 A), and the crystal structure was solved by direct
methods and refined by full matrix least-squares methods using SHELXT
[11] and SHELXL [12]. Crystallographic data for 1 (CCDC 2002495)
have been deposited with the Cambridge Crystallographic Data Centre.
Copies of the data can be obtained, free of charge, on application to the
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44-(0)
1223-336033 or e-mail: deposit@ccdc.cam.ac.uk).

2.5. Cell culture

The THP-1 human monocytic leukemia cell line was purchased from
the European Collection of Authenticated Cell Cultures (Salisbury, UK).
The THP-1-XBlue™-MD2-CD14 cell line was purchased from Invivogen
(San Diego, CA, USA). Both cell lines were cultured as reported pre-
viously [13].

2.6. Cell viability testing

The viability of THP-1 cells was measured using the cell prolifera-
tion reagent WST-1 (Roche, Basel, Switzerland) according to the man-
ufacturer's manual as reported previously [14].

2.7. Detection of the activation of NF-xB/AP-1

The activity of transcriptional factors NF-kB/AP-1 was evaluated on
the THP-1-XBlue™-MD2-CD14 cell line expressing an NF-kB/AP-1-in-
ducible secreted embryonic alkaline phosphatase (SEAP) reporter gene.
The cells were treated with the test compounds dissolved in DMSO at a
concentration of 1 uM. After a 1 h incubation, cells were stimulated by
LPS 1 pg/mL. The activity of NF-xB/AP-1 was determined after 24 h
using Quanti-Blue reagent (Invivogen, San Diego, CA, USA), as reported
previously [15].

2.8. Differentiation into macrophages and evaluation of cytokine secretion

THP-1 monocytes (1.5 X 10°/well in 24-well plates) were differ-
entiated to macrophages using phorbol myristate acetate (PMA) ac-
cording to the same protocol described previously [16]. Cells were in-
cubated with the test compounds dissolved in DMSO at a concentration
of 1 uM and stimulated by LPS (1 pug/mL) 1 h later. The concentrations
of the secreted cytokines IL-1p and TNF-a were measured after 24 h
using Human IL-1f3 and TNF-a ELISA Kit (Diaclone, Besancon, France)
according to the manufacturer's manual. The experiments were per-
formed in the same manner as reported previously [17].

2.9. Cellular antioxidant activity (CAA) assay

The antioxidant activity of the compounds was measured using the
method of Wolfe and Liu [18] with some modifications. THP-1 cells
(floating monocytes, 600 000 cells/mL) were pre-incubated for 1 h in
serum-free RPMI 1640 medium containing 25 pM 2/,7’-di-
chlorodihydrofluorescein-diacetate (DCFH,-DA; Sigma-Aldrich) dis-
solved in DMSO [the final concentration of DMSO in the medium was
0.1% (v/v)] at 37 °C. After the incubation, the cells were centrifuged,
washed with PBS, re-suspended in serum-free RPMI 1640 medium and
seeded into 96-well plate in triplicate (60 000 cells/well). The cells
were then incubated with the test compounds dissolved in DMSO at a
concentration of 5 uM for 1 h. The cells were then incubated with
600 uM 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH;
Sigma Aldrich) to induce the generation of ROS. The plate was im-
mediately placed into a FLUOstar Omega microplate reader (BMG
Labtech) at 37 °C. The level of oxidized fluorescent 2’,7’-dichlor-
fluorescein (DCF) was measured every 5 min for 1 h with excitation at
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485 nm and emission at 538 nm. Each plate included triplicate control
and blank wells: control wells contained cells treated with DCFH-DA
and oxidant; blank wells contained cells treated with the dye and
serum-free RPMI 1640 medium but without oxidant. Quercetin was
used as a positive control at the same concentration as the test com-
pounds.

After the blank was subtracted from the fluorescence readings, the
area under the curve of fluorescence versus time was integrated to
calculate the CAA values of the test compounds: CAA unit = 100 - (J SA
/ JCA) x 100, where [SA is the integrated area under the sample
fluorescence versus time curve and [ CA is the integrated area obtained
from the control curve.

2.10. Statistical analysis

Statistical analyses were carried out using GraphPad Prism 6.01
software (San Diego, CA, USA). The data were graphed as the
mean * SEM. Comparisons between groups were made using a
Kruskal Wallis test followed by Dunn's multiple comparisons test.

3. Results and discussion
3.1. Isolation of compounds and elucidation of structures

In total, fourteen compounds including a novel 5,11-dioxabenzo[b]
fluoren-10-one, broussofluorenone C (12), were isolated from the
CHCl3-soluble part of an ethanolic extract of branches and twigs of B.
papyrifera. The isolated compounds 1-14 were identified by con-
scientious evaluation of their NMR and MS data. The absolute config-
urations of compounds containing the chiral center were elucidated by
a combination of NMR, optical rotations, electronic circular dichroism
(ECD), and comparison with the data in the literature. In addition, the
absolute configurations of furanocoumarins 1 and 2 were un-
ambiguously determined by single-crystal X-ray crystallography as
obtained ECD data were in contrast with the data published previously
[19]. Accordingly, (S)-8-methoxymarmesin (1) [20], (S)-marmesin (2)
[20], fipsotwin (3) [21], broussin (4) [22], kazinol B (5) [23], kazinol N
(6) 1241, kazinol M (7) [24], broussoflavonol B (8) [25], brousso-
flavonol A (9) [25], 5,7,3’,4’-tetrahydroxy-3-methoxy-8,5"-diprenyl-
flavone (10) [26], kazinol Q (11) [27], threo-dadahol B (13) [28], and
threo-dadahol A (14) [29] were identified and together with brousso-
fluorenone C (12) subsequently evaluated in biological assays.

Compound 12 was obtained as an amorphous yellow powder. Its
molecular formula was established as C3,H3007 based on the HRESIMS
ion at m/z 503.2065 [M+H] ™" (caled for CaoHa; 07, 503.2069). The 'H
NMR data of 12 exhibited resonances for six methyl groups [8y
1.55-1.88 (each 3H, s)], a methylene [8y 3.66 (2H, d, J = 6.8 Hz)],
four olefinic protons [8y 4.67 (1H, d, J = 17.4 Hz), 8y 4.89 (1H, d,
J = 10.5 Hz), 8y 5.24 (1H, t, J = 6.8 Hz), 8§y 5.74 (1H, d,
J = 10.0 Hz)], and three downfielded protons [8;; 6.37 (1H, s), 8y; 6.38
(1H, dd, J = 10.5, 17.4 Hz), and 8y 6.91 (1H, d, J = 10.0 Hz)]. The
remaining three singlets corresponded to three hydroxyl groups [8y
5.90, 5.96, and 12.76 (each 1H, s)]. A detailed evaluation of the "H-'H
COSY, HSQC, and HMBC data revealed the presence of a flavonoid
skeleton and three prenyl groups - one 3,3-dimethylallyl, one 1,1-di-
methylallyl, and one prenyl unit that cyclized with hydroxyl to form a
2,2-dimethylpyran ring. The assignment of prenyl groups was deduced
based on the HMBC correlations (Fig. 2). H-1” (8 3.66) of the 3,3-
dimethylallyl unit as well as H-6 (8y 6.37) and 7-OH (8y 5.96) corre-
lated with C-8 (8¢ 105.4). Thus, 3,3-dimethylallyl is attached to C-8.
The HMBC correlation of H-4”" (8; 6.38) of 1,1-dimethylallyl and
5-OH (81 5.90) with C-6’ (8¢ 124.5) indicated the location of the 1,1-
dimethylallyl unit. H-1"” (8y 6.91) of the 2,2-dimethylpyran ring
provided HMBC correlations with C-2’ (8¢ 147.2), C-3’ (8¢ 104.7), and
C-4’ (8¢ 143.2), together with HMBC correlation of 5-OH (8y 5.90)
with C-4" (8c 143.2) suggesting the presence of 4’,5-dihydroxy
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OH [0}

Fig. 2. Key HMBC correlations for compound 12.

substitution of the flavonoid ring B. As no remaining proton was ob-
served, a comparison with data reported previously [23] was used to
deduce that the OH at C-3 must have cyclized with the flavonoid ring B
to form a furan ring as part of a 5,11-dioxabenzo[b]fluoren-10-one
skeleton, which rarely occur in nature. Accordingly, compound 12 was
characterized as shown and named broussofluorenone C.

3.2. Cell viability testing

In the first instance, the effect of isolated compounds 1-14 on the
cell viability was determined using a WST-1 assay. Several substances
displayed relatively non-toxic profiles with ICs, values greater than
10 uM. However, compounds 5, 7, 11, 13, and 14 affected the viability
of THP-1 cells with ICsq values < 10 uM. Especially, prenylated flavo-
noids 7 (ICsy 3.6 uM) and 11 (ICsq 2.6 uM) as well as 8-0-4"-neolignans
13 (ICsp 2.7 uM) and 14 (ICsp 5 pM) exhibited cytotoxic properties
against THP-1 cells. Therefore, a concentration of 1 pM for the 24 h
incubation was used for the evaluation of the anti-inflammatory po-
tential in order to compare the results. This concentration was not toxic
(viability > 90%) for most of the compounds, except for compound 11
(viability 64%). For the cellular antioxidant assay, a test concentration
of 5 uM was used since the incubation time with the cells was only 2 h.

3.3. Anti-inflammatory potential in cell-based models

To evaluate the anti-inflammatory activity of pure compounds
1-14, their effect on NF-xB/AP-1 signaling in LPS-stimulated THP-1-
XBlue™-MD2-CD14 cells was investigated. As shown in Fig. 3, most of
the test substances showed inhibitory effects on NF-kB/AP-1, except for
coumarins 1-3, flavans 4 and 5, and 8-0-4"-neolignan 14. The strongest
inhibition was shown by compounds 7 (p < 0.0001) and 12
(p = 0.0002), and was comparable to that of the prednisone, used as a
positive control. Significant inhibitory activity was also observed for
compounds 6, 8-11, and 13. Interestingly, compound 7, which differs
from 6 by only one methyl group was found to have much greater in-
hibitory activity. This suggests that O-methylation of 1,3-dihydrox-
ybenzene ring could lead to reduced NF-kB/AP-1 inhibitory activity.
Subsequently, the most effective compounds 7, 9, 10, and 12 (com-
pound 11 was excluded due to its significant cytotoxicity), along with
compound 8, a structural analogue of 9 with a free prenyl group at C-6,
were selected for evaluation of their effects on the secretion of pro-
inflammatory cytokines IL-1B and TNF-a. Remarkably, compounds 7-9
suppressed the secretion of both IL-1f and TNF-a and in both cases,
their inhibitory activity was greater than that of prednisone (Fig. 4). On
the other hand, compound 10 displayed no inhibitory effect and com-
pound 12 only moderate effect. The results indicate that substitution of
the flavonoid ring A has a more significant impact on the anti-in-
flammatory properties than substitution of ring B. However, it is very
difficult to draw even a preliminary conclusion about the

125



M. Malanik, et al

=Y
o
o

o ~
o L
1 1

NF-xB/AP-1 activity (% of Veh.)
N
o
1

1 12

structure-activity relationship from the reported data, as the dataset for
the comparison is still small. This is the first report of the anti-in-
flammatory activity of compounds 7, 9, 10, and 12. The anti-in-
flammatory activity of compound 8 in LPS-stimulated RAW264.7 cells
[6] and 3T3-L1 adipocytes [5] has been demonstrated previously.
Hence, broussoflavonol B (8) is the most promising candidate to eval-
uate by using in vivo assays to further confirm its anti-inflammatory
properties.

3.4. Cellular antioxidant activity (CAA) assay

The antioxidant activity of the test compounds 1-14 was evaluated
using the CAA assay, a method more biologically relevant than many
simple chemical antioxidant activity assays. The CAA assay is based on
using 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH) to
produce reactive oxygen species (ROS). The level of oxidative stress
induced in the cell line is shown by an increase in the fluorescence
signal as ROS convert 2’,7-dichlorodihydrofluorescein (DCFH) to 2/,7’-
dichlorofluorescein (DFC). Compound 10 showed the highest value of
CAA (25.9; p < 0.001), which was greater than that of the quercetin
used as a positive control (Fig. 5). Moreover, compounds 7 and 9 also
exhibited significant antioxidant activity (CAA values of 6.4 and 5.4,
resp.; p < 0.01). Obtained results confirmed the general relationship
of flavonoid structure and antioxidant activity that catechol motif of the
flavonoid ring B is the most important for antioxidant activity as it was
observed for compounds 9, 10, and quercetin. Although flavan 11 also
contains the 3’,4’-dihydroxy substitution of the flavonoid ring B, its
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Fig. 3. Inhibitory effects of compounds 1-14 at a
concentration of 1 uM on the NF-xB/AP-1 activity
in THP-1-XBlue™-MD2-CD14 cells stimulated with
1 pg/mL of LPS. Prednisone at a concentration of
1 uM was used as a positive control (P). DMSO, the
solvent used for both the test compounds and pre-
dnisone, was added to the vehicle control (V) and
to the non-stimulated cells (C). The results are ex-
pressed as the mean + SEM for three independent
experiments measured in triplicates (* indicates a
significant difference in comparison with the ve-
hicle-treated cells (V) p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001).

CAA value

12 3 456 7 8 91011121314 Q V

Fig. 5. Antioxidant activity of compounds 1-14 at a concentration of 5 yM in a
CAA assay in THP-1 cells. Quercetin at a concentration of 5 M was used as a
positive control (Q). DMSO, the solvent used for both the tested compounds and
quercetin, was added to the vehicle control (V). The results are expressed as the
mean *+ SEM for three independent experiments measured in triplicates
(**p < 0.01, ***p < 0.001, and ****p < 0.0001).

activity was very low as it lacks the C-2-C-3 double bond and C-4
carbonyl group that support the conjugation of the rings A and B, in-
crease electron delocalization, and facilitate the stabilization of the
radical [30]. Compound 8 meets all these requirements, unfortunately,
it was inactive that can be explained by the presence of C-6 prenylation

1.5+

0.5+

0.0

7 8 9 10 12 P V C

Fig. 4. Inhibitory effects of compounds 7-10 and 12 at a concentration of 1 M on the secretion of IL-1f and TNF-a in THP-1-XBlue™-MD2-CD14 cells stimulated
with 1 pg/mL of LPS. Prednisone at a concentration of 1 tM was used as a positive control (P). DMSO, the solvent used for both the test compounds and prednisone,
was added to the vehicle control (V) and to the non-stimulated cells (C). The results are expressed as the mean = SEM for three independent experiments measured

in triplicates (p < 0.05, ***p < 0.001, and ****p < 0.0001).
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that decreases antioxidant activity. Therefore, the highest CAA value of
compound 10 can also be attributed to a 5,7-m-dihydroxy arrangement
of the flavonoid ring A with no substituent at C-6. Moreover, C-5-
prenylation significantly increases antioxidant activity that can be re-
lated to more efficient pass through the membrane to enter the cell.
Similarly, Kumazawa et al. [31] reported that flavanones with C-2’ or C-
5’-geranyl substitution (nymphaeol B and isonymphaeol B, respec-
tively) inhibited oxidation of B-carotene/linoleic acid emulsion better
than those with C-6 geranyl substitution of the flavonoid ring A
(nymphaeol A, syn. diplacone). Significant antioxidant activity is also
predicted for uralenol (syn. 5-prenylquercetin) [32]. Thus, 5,7,3’,4’-
tetrahydroxy-5-prenylflavones could potentially be leading antioxidant
agents.

Unlike flavonoids, furanocoumarins are not expected to possess any
antioxidant properties as they lack a phenolic hydroxyl group(s) with
an electron-donating potential [33]. However, the furanocoumarins 1
and 2 displayed slightly pro-oxidant properties, what agrees with the
results recently published for marmesin glycoside [34]. Furthermore,
(S)-marmesin (2) had been previously completely inactive in anti-
oxidant activity assays based on simple chemical reactions [33,35],
thus demonstrating the differences between the results of a CAA assay
and purely chemical assays. Clearly, it is important to use a more bio-
logically relevant model to better predict the antioxidant activity in
vivo.

4. Conclusions

This study brought new findings about the phytochemical profile
and biological activity of industrially and medicinally important plant
B. papyrifera. In summary, fourteen compounds have been identified,
including a novel 5,11-dioxabenzo[b]fluoren-10-one derivative (12).
Subsequently, the anti-inflammatory and antioxidant activities of iso-
lated compounds 1-14 have been investigated as they have not been
evaluated previously. Chemical constituents 7-9 and 12 were demon-
strated to be potent anti-inflammatory agents with moderate anti-
oxidant activity, while compound 10 exhibited significant antioxidant
effect but did not affect the secretion of pro-inflammatory cytokines.
Compounds 7-9 showed the ability to inhibit NF-xB signaling in the
THP-1-XBlue™-MD2-CD14 cell line as well as to inhibit the production
of the pro-inflammatory cytokines TNF-a and IL-1B. Among these,
compounds 7 and 9 were able to reduce the production of ROS in THP-1
cells. Therefore, subsequent evaluation of compounds 7-9 in vivo is
surely warranted. Structure-activity relationships indicate that
5,7,3’,4-tetrahydroxy-5"-prenylflavones (with no substituent at C-6)
could be more effective antioxidants than non-prenylated flavonoids.
Considering the results, B. papyrifera deserves more attention in con-
nection with its bioactive constituents and could be cultivated more
extensively for both industrial and medicinal purposes.
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Ethnopharmacological relevance: Paulownia tomentosa Steud., a traditional Chinese medicinal plant, was used for
many centuries in Chinese herbal medicine as a component of remedies for many illnesses, including inflam-
matory diseases. It is a rich source of phenolic compounds, mainly geranylated flavonoids, which are currently
studied for their promising biological activities.

Aim of the study: The study aimed to isolate minor geranylated flavanones and flavones from P. tomentosa fruit
and evaluate their cytotoxicity and possible anti-inflammatory effects in a cell-based model of inflammation.
Materials and methods: Chromatographic separation of chloroform portion of the ethanolic extract of P. tomentosa
fruit led to the isolation of twenty-seven flavonoids (1-27), twenty-six of them geranylated with different
modifications and one non-geranylated flavanone, and two phenolic compounds. Compounds were identified
using UV, IR, HRMS, NMR, and CD spectroscopy. Ten of these compounds (7-10, 12, 21, 22, 24, 25, and 27)
were determined to be new flavonoid derivatives obtained from a natural source for the first time. Selected
compounds were analyzed for cytotoxicity and anti-inflammatory potential to affect the activation of nuclear
factor xB/activator protein 1 (NF-xB/AP-1) after lipopolysaccharide (LPS) stimulation.

Results: All the test compounds (1-21 and 23-26) reduced the activation of NF-xB/AP-1 24 h after the addition of
LPS. Eight compounds (5, 14-18, 21, and 26) were more active than prednisone, a widely used anti-
inflammatory drug. However, this effect was not seen significantly on the level of TNF-a and IL-1p, which can
be explained by the plurality of possible outcomes of activation of the NF-xB pathway in cells.

Conclusions: Results of the presented study confirmed that constituents from traditional Chinese medicinal plant
P. Steud. have p ory activities and can serve as a potential source of inspiration
for new anti-inflammatory medications.

anti-inf

1. Introduction

Legends and records say that in ancient times people used Paulownia
for various purposes. For many centuries, Chinese people have been
planting Paulownia trees around their dwellings, because they believed it

* Corresponding author.,
** Corresponding author.

can bring good luck. According to records, even 2600 years ago people
were using Paulownia timber. The wood was used for the construction of
houses, production of furniture and paper, handicrafts, farm imple-
ments, musical instruments, and it was used also for medicinal proper-
ties (Zhu et al., 1986).
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Paulownia is known as, ,Princess tree”, ,Empress tree”, ,Royal
Paulownia”, or, ,Foxglove tree” (Kaur et al., 2015), because its flowers
resemble flowers of foxglove (Irbar and Giilden, 2011). In China it is
commonly known as, ,Mao pao tong™ or, ,Yuan bian zhong™ (Hong et al.,
1998), in Korea as, ,0dong-Namoo™, and in Japan as, ,Kiri” (Kaur et al.,
2015).

Different parts of the plant had been used in Chinese herbal medicine
as components of remedies for many diseases. In traditional Chinese
medicine, Paulownia was reported to have effects on inflammatory dis-
eases, e.g, it can, ,resolve toxin and disperse swelling”, it can help with, ,
swelling pain due to external injury” or, ,toxin swelling from hemorrhoids”,
and it was used for the treatment of erysipelas (Zhou et al., 2011), en-
teritis, tonsillitis, and dysentery (Jiang et al., 2004). The injections and
tablets made of Paulownia fruits, leaves, and wood were used for
relieving the cough and reducing the phlegm in the treatment of bron-
chitis and many other inflammations. Daily application of water solu-
tions prepared from fruit and leaves can promote the healthy growth of
hair and turn grey hair darker. The fruit can reduce blood pressure (Zhu
et al., 1986).

Paulownia tomentosa Steud. (Paulowniaceae) is a rich source of sec-
ondary metabolites, mainly of phenolic character. Flavonoids, lignans,
phenolic glycosides, phenolic acids, terpenoids, quinones, glycerides,
and other compounds have been isolated from different parts of this
plant, with flavonoids being the most numerous group. More than sev-
enty prenylated and geranylated flavonoids (prenylation occurs mostly
at position C-6), have been isolated from the leaves, flowers, and fruit of
P. tomentosa (Jiang et al., 2004; Smejkal et al. 2007, 2008, 2010, Asai
et al., 2008, Kobayashi et al., 2008; Cho et al. 2012, 2013, Navratilova
et al., 2013, Schneiderova et al., 2013, Hanakova et al., 2015, Handkova
etal., 2017, Ryu et al., 2017, Molcanova et al., 2021). The side chain of
many of these compounds is further modified by oxidation, reduction,
dehydration, or cyclization, and many of the compounds, both with and
without modifications to the side chain, have never been isolated from
any other plant species. These compounds exhibit potent biological ac-
tivities, such as antioxidant, anti-inflammatory, cytotoxic, antibacterial,
antiparasitic, antiviral, or neuroprotective (Cheng et al., 2019). Most
recently, their P-glycoprotein-affecting activity has been described
(Marques et al., 2021).

Inflammation is a complex and crucial defensive response of the
body that often occurs when infectious microorganisms such as bacteria,
viruses, or fungi invade the body and reside in particular tissues or
circulate in the blood. It may also be a response to processes such as
tissue injury, cell death, cancer, ischemia, or degeneration of tissues or
organs. In most cases, it is a specific and self-controlled immune
response, that tries to resolve infection or repair tissue or wound. On the
other hand, inflammation can produce a harmful dysregulated response,
or it can be associated with disruption of the homeostasis of physio-
logical processes that have no direct connection to classical inflamma-
tion triggers and can lead to systemic damage that results in chronic
inflammatory disorders. Different cells, enzymes, cytokines, chemo-
kines, eicosanoids, and transcription factors are among the inflamma-
tory mediators that drive cellular pathways and have been studied
extensively in association with pathological conditions in humans. The
inflammatory process includes triggering signaling cascades, activating
transcription factors, expressing genes, increasing the levels of inflam-
matory enzymes, and releasing various oxidants and pro-inflammatory
molecules from immune or inflammatory cells, and leads to immune,
vascular, and cellular biochemical reactions (Maleki et al., 2019; Azab
et al., 2016, Andrade and Valentao, 2018).

Because P. tomentosa is an important source of geranylated flavo-
noids with interesting anti-inflammatory activities (Hanakova et al.,
2015, Handkova et al., 2017; Ryu et al., 2017, Vochyanova et al., 2015),
our continuous research done on this plant is now focused on isolating
minor geranylated flavanones and flavones (Chart 1) and testing their
anti-inflammatory potential ability to affect the activation of nuclear
factor xB/activator protein 1 (NF-xB/AP-1) after lipopolysaccharide
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Fig. 1. HMBC correlations typical for flavanone skeleton and assignment of the
position of geranyl chain.

OH O

Fig. 2. Key HMBC (—) and COSY (< ) correlations for assignment of un-
usual double-cyclized geranyl chain of compound 7.

OH
OH
- :f: :OCH3
A N 4

Fig. 3. NOESY correlation typical for assignment of position of methoxy group.

OCHj
OH

OCH,4

A N 4

Fig. 4. NOESY correlation typical for assignment of the position of
methoxy groups.

(LPS) stimulation. We further present the isolation and identification of
nine new geranylated flavonoids and one non-prenylated flavanone, and
the anti-inflammatory potentials of selected compounds together with
those of several previously isolated substances (Molcanova et al., 2021).

2. Material and methods
2.1. Plant material
The fruits of P. tomentosa were collected at the campus of the Uni-

versity of Veterinary and Pharmaceutical Sciences Brno, Brno, Czech
Republic, during October 2004 and October and November 2010.
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OH

OH

Fig. 5. Key HMBC (—) and COSY (< " >) correlations of geranyl chain of compound 21.
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Fig. 6. CD spectrum of 2S-flavanone.

Voucher specimens (PT-040 and PT102010, respectively) have been
deposited at the herbarium of the Department of Natural Drugs, Faculty
of Pharmacy, Masaryk University, Brno, Czech Republic.

2.2. General experimental procedures

UV spectra were obtained using an Agilent 1100 chromatographic
system with an Agilent 1100 Series diode array detector to analyze the
apex of the peak corresponding to the compound (Agilent Technologies,

o

Santa Clara, CA, USA). Circular dichroism spectra were recorded on a
JASCO J-815 CD spectrometer (Jasco, Easton, MD, USA), which was also
used to calculate log & and Ae. IR spectra (ATR technique) were
measured with a Nicolet Impact 400D FT-IR instrument (Thermo Fischer
Scientific, Waltham, MA, USA). 1D and 2D NMR spectra were obtained
on a JEOL ECZR 400 MHz NMR spectrometer (JEOL, Tokyo, Japan) with
TMS as the internal standard. DMSO-ds was purchased from Eurisotop
(Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA). HRMS
data were recorded using a UPLC-HRAM-MS system consisting of q-TOF
mass spectrometer Impact II (Bruker Daltonik, Bremen, Germany)
coupled with a UPLC Ultimate 3000 chromatographic system (Thermo
Fischer Scientific), in both the positive and negative modes. Analytical
HPLC measurements were carried out with an Agilent 1100 chromato-
graphic system (Agilent Technologies). Semi-preparative RP-HPLC was
performed using a Dionex UltiMate 3000 HPLC System with fraction
collector (Thermo Fischer Scientific) and a YL 9100 HPLC System
(Young Lin, Anyang, The Republic of Korea) with a FOXY R2 fraction
collector (Teledyne Isco, Lincoln, NE, USA).

The gradient elution for UPLC-HRAM-MS used MeOH and 0.2%
formic acid. The gradient of the mobile phase consisted initially of 50%
MeOH and reached 100% in the 10 minute (flow rate 0.3 mL/min). An
Ascentis Express RP-Amide, 10 cm x 2.1 mm, particle size 2.7 pm,
analytical HPLC column (Sigma-Aldrich, St. Louis, MO, USA) was used
(column temperature 40 °C). Samples were dissolved in MeOH and the
injection volume was 5 pL. A solution of sodium formate clusters was
used for the exact calibration of mass in both the positive and the
negative ionization modes.

Compounds were separated by column chromatography using silica

Fig. 7. The geometry of compound 21 optimized at the B3LYP/def2-TZVP level of theory. Carbons = dark grey, hydrogens = light grey, oxygens = red. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Inhibitory effects of compounds 1-21 and 23-26 at a concentration of 1 uM on the NF-xB/AP-1 activity in THP-1-XBlue™-MD2-CD14 cells stimulated with 1
pg/mL of LPS. Prednisone at a concentration of 1 pM was used as a positive control (PC). DMSO, the solvent used for both the test compounds and prednisone, was
added to the vehicle control (NC) and to the non-stimulated cells (C). The results are expressed as the mean + SEM for three independent experiments measured in
hexaplicates (* indicates a significant difference in comparison with the vehicle-treated cells (NC); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

gel with a particle size of 40-63 pm (Merck, Billerica, MA, USA). Further
semi-preparative HPLC separations were performed with an Ascentis
RP-Amide, 25 em x 10 mm, particle size 5 pm, semi-preparative HPLC
column (Sigma-Aldrich) or an Ascentis C18, 25 cm x 10 mm, particle
size 5 pm, semi-preparative HPLC column (Sigma-Aldrich). Silica gel 60
Fas4 (20 x 20 cm, 200 pm) TLC plates (Merck) and an Ascentis Express
RP-Amide, 10 cm x 2.1 mm, particle size 2.7 pm, analytical HPLC col-
umn (Sigma-Aldrich) were used for analytical purposes. Gradient grade
MeCN and MeOH for HPLC were purchased from Sigma-Aldrich or VWR
International, France, and other analytical grade solvents from Lach-
Ner, Czech Republic.

2.3. Extraction and isolation

The extraction of P. tomentosa fruit (2004) and further separation
into several portions by liquid-liquid extraction has been described in
previous work (Smejkal et al., 2008). Part of the chloroform portion
(365 g) derived from the ethanolic fruit extract was further separated by
column chromatography to give 20 fractions labeled A-T (Navratilova
et al., 2013).

Fraction PT30 (19.967 g) was separated on silica gel by column
chromatography using a mobile phase consisting of MeOH:CHCl3 6:94
(v/v). Subfractions of 125 mL were collected. Based on TLC and HPLC
analysis, similar subfractions were combined to give 16 final sub-
fractions and the MeOH wash. Selected subfractions were then subjected
to further separation by semi-preparative RP-HPLC using gradient
elution with different ratios of MeCN or MeOH and H,O containing 0.2%
HCOOH (5 mL/min), and either an Ascentis RP-Amide or Ascentis C18
semi-preparative HPLC column (see Separation scheme Al, Supple-
mentary data). Subfractions were collected using a fraction collector and
based on the UV-detector response (4 254, 280, and 350 nm).

Subfraction PT30/16 (183 mg) was separated by semi-preparative
RP-HPLC using gradient elution (30-70% MeCN, 30 min, RP-Amide
column) to obtain methyl ferulate (1.6 mg, tg 12.0 min) and 12 (4.4
mg, tg 20.8 min). Compound 20 (10.7 mg, tg 18.5 min) was obtained by
repeated purification of subfraction PT30/29 (182 mg) using gradient
elution (45-55% MeCN, 20 min, and subsequently 65-75% MeOH, 20

min, RP-Amide column in both cases). Subfraction PT30/35-39 (857
mg) was subjected to semi-preparative RP-HPLC separation using
gradient elution (35-83% MeCN, 30 min, RP-Amide column) to yield 23
(24.3 mg, tg 27.4 min). Compound 9 (9.8 mg, tr 19.5 min) was purified
using gradient elution (40-70%, MeOH, RP-Amide column) from sub-
fraction PT30/35-39/2 (44 mg). Subfractions PT30/35-39/3 (23.4 mg)
and PT30/35-39/5 (11.2 mg) were further separated using gradient
elution (50-60% MeCN, 15 min and 52-58% MeCN, 20 min, respec-
tively, C18 column in both cases) to obtain 6 (5.6 mg, tg 21.7 min) and
25 (1.1 mg, tg 23.5 min), respectively. Compound 27 (2.1 mg, tg 12.2
min) was obtained by purifying subfraction PT30/40-42 (345 mg) using
gradient elution (30-95% MeCN, 25 min, RP-Amide column). Sub-
fraction PT30/35-39/4 was combined with subfractions PT30/40-42/
7+8+9 (total amount 90.5 mg) and the aggregate was separated by
gradient elution (45-95% MeCN, 20 min, RP-Amide column) to obtain
compounds 7 (20.7 mg; tg 20.5 min), 17 (25.3 mg, tg 22.9 min), and 23
(2.0 mg). Subfraction PT30/43-48 (1366 mg) was separated using
gradient elution (50-80% MeCN, 15 min, RP-Amide column) to obtain
three pure compounds, 10 (20.2 mg, tg 20.2 min), 7 (76.8 mg), and 16
(488.8 mg, tg 23.4 min). Subfraction PT30/43-48/3+C (24.9 mg) was
further purified repeatedly using gradient elution (50-70% MeCN, 20
min, C18) to yield compound 17 (3.5 mg). Subfraction PT30/49-57
(608 mg) yielded 16 (67.7 mg) after separation using gradient elution
(50-90% MeOH, 30 min, RP-Amide column). Subfractions PT30/
49-57/3 (43.6 mg) and PT30/49-57/4 (41 mg) were further purified
repeatedly by gradient elution (50-55% MeCN, 20 min and 45-55%
MeCN, 20 min, respectively, RP-Amide column used in both cases) to
obtain compounds 21 (7.4 mg, tg 19.8 min), and 22 (5.9 mg, tg 19.3
min), respectively. Subfraction PT30/75-76 (76 mg) was separated
using gradient elution (40-60% MeCN, 20 min, RP-Amide column) to
yield compounds 19 (6.5 mg, tg 17.3 min) and 24 (0.9 mg, tg 20.5 min).
Subfraction PT30/77-108 (455 mg) was subjected to semi-preparative
RP-HPLC separation using gradient elution (20-70% MeCN, 30 min,
RP-Amide column) to obtain vanillic acid (2.5 mg, tg 4.9 min), 19
(117.2 mg), and 24 (6.3 mg).

The extraction of P. tomentosa fruit (2010), further fractionation of
the extract into several portions by liquid-liquid extraction, and the
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Chart 1. Structures of compounds 1-27 isolated from the fruit of P. tomentosa.

basic chromatographic separation of the methanol portion using silica
gel have been described previously (Hanakova et al., 2015). Fraction
PT4-18/35-37 was chosen for further separation using column chro-
matography (silica gel, mobile phase CgHg:CHCl3:MeOH:HCOOH
10:86:4:0.1, v/v/v) to obtain PT4-18/35-37/11-13 and 14-55). Sub-
sequent semi-preparative RP-HPLC (50-82.5% MeCN, 22 min, and
60-90% MeCN, 22 min, respectively, both using RP-Amide columns)
yielded compounds 2 (216 mg), 4 (6 mg), 8 (18 mg, tg 22.8 min), 11 (39
mg), and 23 (9 mg).

The isolation and characterization of compounds 1-3, 5, 11, 13-15,
18, and 26 have been described in previous work (Molcanova et al.,
2021). The purity of the isolated compounds was evaluated using
HPLC-DAD analysis (10-100% MeCN, 36 min, 0.3 mL/min) and
exceeded 95% in all cases.

Paulodiplacone C (7): yellowish amorphous substance; UV (¢ 5.68
x 1073 M, MeOH) /max (log €) 292 (4.65), 334 (weak) (4.50) nm; ECD (¢
5.68 x 107> M, MeOH) i (A¢) 292 (—2.37), 334 (+1.25) nm; IR (ATR)
Vmax 3233, 2962, 1634, 1601, 1524, 1440, 1333, 1297, 1282, 1262,
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1183, 1154, 1110, 1080, 1018, 981, 871, 812, 776 cm™; 'H and '*C
NMR data, see Table 1; UPLC-HRAM-MS (positive) m/z 441.1916
[M+H]" (caled for CasH2907, 441.1913).

Mimulone I (8): yellowish amorphous substance; UV (¢ 5.89 x 10 °
M, MeOH) Anax (log €) 294 (4.54), 334 (weak) (4.47) nm; ECD (c 5.89 x
107° M, MeOH) / (A¢) 290 (—1.85), 334 (+0.75) nm; IR (ATR) vmax
3300, 2921, 1591, 1517, 1450, 1344, 1257, 1156, 1045, 764 cm“l; H
and '®C NMR data, see Table 1; UPLC-HRAM-MS (positive) m/z
425.1956 [M+H]" (caled for CosHagOg, 425.1964).

Tomentone C (9): red-orange amorphous substance; UV (¢ 5.32 x
1075 M, MeOH) /max (log €) 294 (4.67), 336 (weak) (4.53) nm; ECD (c
5.32 x 10~ M, MeOH) 4 (A¢) 270-310 (~0), 320-350 (~0) nm; 'H and
13C NMR data, see Table 1; UPLC-HRAM-MS (positive) m/z 471.2011
[M+H]" (caled for CyeHz 0§, 471.2019).

Paulodiplacone D (10): red-orange amorphous substance; UV (¢
5.68 x 10°° M, MeOH) imax (log €) 293 (4.63), 337 (weak) (4.50) nm;
ECD (¢ 5.68 x 10 ° M, MeOH) 4 (A¢) 293 (—1.94), 337 (+1.08) nm; IR
(ATR) vmax 3123, 2965, 2925, 1634, 1608, 1517, 1443, 1337, 1289,
1187, 1157, 1113, 1080, 1047, 1022, 985, 812, 773, 765 cm 1; 'H and
3¢ NMR data, see Table 2; UPLC-HRAM-MS (positive) m/z 441.1910
[M+H]" (caled for CosHagOF, 441.1913).

Paulownione H (12): orange amorphous substance; UV (¢ 5.00 x
1075 M, MeOH) imax (log £) 293 (4.71), 336 (weak) (4.56) nm; ECD (c
5.00 x 10~ M, MeOH) A (A¢) 270-310 (~0), 320-350 (~0) nm; IR
(ATR) vmax 3416, 2967, 2934, 1639, 1614, 1519, 1456, 1430, 1340,
1297, 1215, 1158, 1095, 1025 cm ™~ ; 'H and >C NMR data, see Table 2;
UPLC-HRAM-MS (positive) m/z 501.2118 [M+H] ™ (caled for Co7H3303,
501.2125).

Paulodiplacol A (21): yellowish amorphous substance; UV (¢ 5.48 x
107° M, MeOH) /Amax (log €) 293 (4.65), 337 (weak) (4.52) nm; ECD (c
5.48 x 107° M, MeOH) 2 (Ag) 296 (—2.28), 337 (+1.52) nm; IR (ATR)

Table 1

Journal of Ethnopharmacology 296 (2022) 115509

Vmax 3174, 2921, 2848, 1631, 1524, 1495, 1443, 1348, 1271, 1161,
1113, 1084, 1022, 981, 897, 816, 768 cm'; 'H and '*C NMR data, see
Table 2; UPLC-HRAM-MS (positive) m/z 457.1864 [M+H]" (calcd for
Cas5H290g, 457.1862).

Paulodiplacol B (22): yellow-brown amorphous substance; UV (c
5.48 x 107 M, MeOH) Amax 296, 337 (weak) nm; 'H and >C NMR data,
see Table 3; UPLC-HRAM-MS (positive) m/z 457.1848 [M+H]™" (caled
for CasHa90g, 457.1862).

Tomentoflavone B (24): yellow-brown amorphous substance; UV (¢
5.34 x 107° M, MeOH) /max (log €) 279 (4.61), 343 (4.59) nm; IR (ATR)
Umax 3149, 2929, 2848, 1649, 1601, 1511, 1451, 1436, 1341, 1267,
1177, 1095, 1044, 981, 820, 761 cm*; 'H and *C NMR data, see
Table 3; UPLC-HRAM-MS (positive) m/z 469.1867 [M+H]" (calcd for
Ca6HagO04, 469.1862).

Tomentoflavone D (25): brown amorphous substance; UV (¢ 5.19 x
10 ° M, MeOH) Amax (l0g €) 275 (4.63), 347 (4.62) nm; 'H and '°C NMR
data, see Table 3; UPLC-HRAM-MS (positive) m/z 483.2011 [M+H]"
(calced for C7H310§, 483.2019).

4',5,5',7-Tetrahydroxy-3'-methoxy flavanone (27): orange amor-
phous substance; UV (c 7.86 x 105 M, MeOH) Amax (log €) 289 (4.53),
334 (weak) (4.38) nm; ECD (¢ 7.86 x 10> M, MeOH) 1 (A¢) 270-310
(~0), 320-350 (~0) nm; 'H and '*C NMR data, see Table 4; UPLC-
HRAM-MS (positive) m/z 319.0814 [M+H]  (caled for Ci6H1507,
319.0818).

2.4. Cell cultures

The human monocytic leukemia cell line THP-1-XBlue™-MD2-CD14
was purchased from Invivogen (San Diego, CA, USA), and the THP-1
human monocytic leukemia cell line from the European Collection of
Authenticated Cell Cultures (Salisbury, UK). Both cell lines were

NMR spectroscopic data for paulodiplacone C (7), mimulone I (8), and tomentone C (9) (400 MHz, DMSO-dg).

Paulodiplacone C (7) Mimulone I (8

)

‘Tomentone C (9)

Position &, type &y (J in Hz) HMBC 8¢, type

2 79.0, CH 5.29, m 3,4, 142056 78.7, CH

3 42.8, CH, 2.59, m 4,10, 1 42.6, CH,
3.14, m 2,41

4 197.0,C 196.1, C

S 161.2,C 161.6, C

6 108.1,C 108.3, C

7 165.5, C 167.2, C

8 95.0, CH 591, s 4,6,7,9,10 95.6, CH

9 160.9, C 161.1, C

10 102.0,C 1034, C

¥ 130.1,C 129.7,C

2 114.9, CH 6.84, s 2,1%3,46 128.9, CH

3 146.1,C 115.6, CH

4 146.1,C 158.2,C

5 115.9, CH 6.70, s 1,3, 4 115.6, CH

6 118.5, CH 6.70, s 2,11, 24" 1289, CH

1 20.5, CHz 2.35, m 5,16, 7, 2,37, 850 20.6, CHy

bl 52.6, CH 2.09, t(7.4) 6;:1%,: 3% A5 6% 89" 52.4, CH

3 45.7,C 458, C

4 259,CH;  0.88, s 2, 3", 5", 6" 25.8, GH,

54 24.1, CHy 092, s 21, 8a46% 24.2, CHy
092, s

6" 85.5, CH 3.59, s 20, 3%,57,8¢ 85.3, CH
3.60, s

7 26.1, CHy 1.48, m 34,6487 26.0, CH,
1.80, m 3,.6",:8",9F

8" 39.5, CH, 1.24, m 29t 0V 39.5, CH,
1.39, m 2.6 7"

{4 86.3,C 86.8, C

10" 18.7, CH3 1.18,s 27,.8",.9" 18.9, CH3
1.19,s

OH-5 12.60, s 4,5,6,7,9,10
1261, s

MeO-3'

Sy (JinHz)  HMBC ¢, type Sy (JinHz)  HMBC
532, m 79.4, CH 5.28, m 3,41,2,6
2,55, m 42.8,CH, 259, m 4,10, 1’
312, m 2 3.19, m 2,4,
197.0,C
161.5,C
108.3,C
165.8, C
5.88, s 6,7,9,10 95.0, CH 5.90, s 4,6,7,9,10
160.8, C
101.9,C
c
7.26,d (8.4)  2,4,6 (ov) 102.8,CH  6.57,s 2,1,3,4,6
6.74,d(8.4) 1, 4,5 (ov) 148.7,C
134.8,C
6.74,d(8.4) 1,34 (ov) 146.1, C
7.26,d (84) 2,2, 4 (ov) 1083,CH  651,s SiteL Ay
231, m 56,7,2°,3",9" 205 CH; 234,m 86,7, 2", 37,8/, 9
21,t(74) 3", 47,8 52.6, CH 210,t(7.4)  6,1",3",4",8",9"
4558, C
0.88, s b Lo 258,CH;  0.88,s 253056
091, s 2940 6t 242,CH; 0925 24 Bl
0.92, s 0.92, s
3.58, s 85.5, CH 3.59, s 2 e sl gl
3.59, s 3.61, s
1.48, m 26.1,CH, 148, m 37,68
1.80, m 6" 1.81,m 3"
1.24, m 395, CH, 1.25m b iAo L T
1.39, m 1.40, m 27,657
86.5,C
1.18,s 2B 18.6,CH;  1.18,s 208,97
1.19,s 1.19,s
12.65, s 12.61,s
12.65, s 12,62, s
56.4, CH;  3.72,s 3

ov — signals overlapped; carbons were assigned based on the HSQC and HMBC data.
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Table 2
NMR spectroscopic data for paulodiplacone D (10), paulownione H (12), and paulodiplacol A (21) (400 MHz, DMSO-dg).
Paulodiplacone D (10) Paulownione H (12) Paulodiplacol A (21)
Position 4, type &y (J in Hz) HMBC B¢, type 8y (JinHz)  HMBC 8¢, type 8y (J in Hz) HMBC
2 78.9, CH 5.28,dd (2.8, 3,41,2,6 79.0, CH 5.26, m 4,1,2,6 83.5, CH 4.86,d (11.2) 3,412, 6
12.7)
3 42.8,CH, 259,dd (2.8, 4,10,1 42.8, CH, 2.55, m 4,10 72.0, CH 4.41,dd (4.6, 2,4,1
17.2) 11.2)
3.11 (ov) 2,41 3.18 (ov) 2:4,1"
4 196.8, C 194.8,C 198.0,C
5 161.4,C 161.4,C 161.7,C
6 1098, C 107.7,C 106.6, C
7 165.8, C 170.6,C 166.9, C
8 951,CH  591,s 6,7,9,10 96.3, CH 5.73,s 4,6,7,9,10 95.3, CH 5.82,s 4,6,7,9,10
9 160.9, C 161.1,C 160.8, C
10 101.9, C 100.5, C 100.3,C
1 130.2,C 129.8,C 128.8,C
2 114.9, 6.83, s 2,1,3,4,¢6 104.9, CH 6.73,s 2,1,3,4,6 115.9,CH  6.82,s 2,1,3,4,6
CH (ov)
8 146.2, C 148.4,C 146.4,C
4 146.2, C 136.1,C 146.0,C
5 115.9, 6.70, s 1, 3,4 (ov) 148.4,C 115.6, CH 6.69, s 1,3, 4" (ov)
CH
6 118.4, 6.70, s 2,1,2, 4 (ov) 1049,CH  6.73,s 2,162,045 119.9,CH  6.69,s 2,1, 2,4 (ov)
CH (ov)
14 22.0,CH; 256, m 5,6,7,2",3",8" 25.4, CHy 2.39, m 5,6,7,2,3" 29.5, CHz 2.55, m 5,6,7,2/%:3"
2.68, m 5,67, 253" 2.66, m 5,6, 72,53
i 47.1,CH  242,m 6,1",3",5",87,10"  76.4, CH 3.48 (ov) 6;1,3",4,5"" 73.7,CH 4.17,t (6.4) 6,17,3", 4"
3" 137.2,C 86.1,C 152.6,C
4" 22.9, CHy 1.49, br s . L 22.9, CHs 1.12,s 25:384,51 108.7, 4.62,brs 2,84, 5%
CH, 4.77,brs 20,35
5% 119.6, 5.14,brs 475,61, 7, 2% 34.2, CH, 1.50, m 4", 6" 31.2, CHy 2.05,brs 30,4 0,7
CH 2.00, m 2", 4", 6" (ov)
6 322,CH, 1.83,m BB P8 31.5, CHy 1.63, m 5",7" (ov) 26.5, CHy 2.05,brs g4, 51, 7.8l
2.00, m BB T 1.95, m 5" (ov)
7 73.4,CH 3.21,m B 681 9 82.7, CH 4.24,t 87, 940" 125.2, CH 5.09, brs 5697 10!
10" (7.4)
8" 38.6,C 146.9,C 131.1,C
9 25.6,CH; 0.89,s 2074, 89 109.9, 4.68,s 7,870/ 26.0, CH3 1.61,s 7", 8",10"
CHz 4.90,s 78107
10" 16.1,CHs  0.79,s 2770 8l Ao 18.2, CH3 1.62,s 7",8",9" (ov) 18.2, CHs 1.54,s 7819
OH-5 12.57,s 5, 6,10 12.54, s 12.23,s 5,6, 10
12.57,s
MeO-3' 56.6, CHy 373;8 3 (ov)
MeO-5' 56.6, CHy 373,s 5 (ov)
ov - signals overlapped; carbons were assigned based on the HSQC and HMBC data.
cultured as reported previously (Hosek et al., 2011; Brezani et al., 2018). 2.7. Differ into macrophages and evali of cytokine
secretion

2.5. Cell viability testing

THP-1 monocytes were differentiated into macrophages using

The effect of test compounds on the viability of THP-1-XBlue™-MD2-
CD14 cells was measured as described previously (Hanakova et al.,
2015; Lelakova et al., 2019) using the cell proliferation reagent WST-1
(Roche, Basel, Switzerland). The test compounds (4, 6-10, 12, 16, 17,
19-21, and 23-25) dissolved in DMSO (Sigma-Aldrich) were added at
increasing concentrations (0.37, 1.1, 3.3, 10, and 30 pM). Experiments
were run in three independent measurements performed in triplicates.
The cytotoxicity of compounds 1-3, 5, 11, 13-15, 18, and 26 has been
measured previously (Molcanova et al., 2021).

2.6. Detection of the activation of NF-xB/AP-1

The activity of transcriptional factors NF-x<B/AP-1 was evaluated on
the THP-1-XBlue™-MD2-CD14 cell line expressing an NF-xB/AP-1-
inducible SEAP reporter gene as reported previously (Hosek et al., 2011,
Lelakova et al., 2019). The test compounds (1-21 and 23-26) dissolved
in DMSO at a concentration of 1 pM were added. These concentrations
had no cytotoxic effects. Experiments were carried out in three inde-
pendent measurements performed in hexaplicates.

phorbol myristate acetate (PMA) and the cytokine production was
triggered by adding LPS according to the protocol described previously
(Brezani et al., 2018; Hosek et al., 2019). After 24 h, the supernatants
(for TNF-a) and cell lysates (for IL-153) were collected. The concentra-
tions of the cytokines (in the supernatants for TNF-a and cell lysates for
IL-1/) were measured using a Human TNF-a ELISA Kit (Life Technolo-
gies Co., Frederick, MD, USA) and a Human IL-14 ELISA Kit (Diaclone,
Besangon, France), according to the manufacturer’s manual (Brezani
et al., 2018; Hosek et al., 2019). The experiment was run in a triplicate.

2.8. Statistical analysis

Statistical analyses were carried out using IBM SPSS Statistics for
Windows software, version 26.0 (IBM, Armonk, NY, USA). The data
were graphed as the mean + SEM. Comparisons between groups were
made using a Kruskal Wallis test followed by a pairwise comparison with
a Bonferroni correction.

2.9. Computational details

Geometry optimization of compound 21 was performed with the
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Table 3
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NMR spectroscopic data for paulodiplacol B (22), tomentoflavone B (24), and tomentoflavone D (25) (400 MHz, DMSO-dg).

Paulodiplacol B (22) Tomentoflavone B (24) Tomentoflavone D (25)

Position 8¢, type 8y (J in Hz) HMBC B¢, type 8y (J in Hz) HMBC 8¢, type 8y (J in Hz) HMBC

2 83.7, CH 492, m 3,4,1,2,6 164.0,C 163.2,C

3 72.2, CH 4.47, m 2,4,1 103.6, CH 6.75,s 2,4,10,1 103.3, CH 6.61,s 2,41

4 198.7, C 182.3,C 181.1,C

5 162.5,C 158.6,C 159.1,C

6 1013, C 111.4,C 110.5,C

7 161.0, C 163.0, C 168.9, C

8 95.6, CH 5.80, s 6,7,9, 10 93.6, CH 6.49, s 6,7,9, 10 94.3, CH 6.21,s 6,7,9,10

9 161.0,C 155.7, C 156.7, C

10 101.3,C 103.9,C 102.4,C

17 1284,C 120.7,C 129.4,C

2 115.9, CH 6.82,s 2,714,346 102.8, CH 7.09,s 2,1,3,4,6 102.6, CH 7.05,s 2,3,1,8, 4,6

3! 146.6, C 149.2,C 1494, C

4 145.9,C 139.6,C 139.1,C

5 115.6, CH 6.69, s 1,3, 4 (ov) 146.7,C 149.4,C

6 119.9, CH 6.69, s 2,1,2,4 (ov) 107.9, CH 7.09, s 2,12, 4,5 107.6, CH 7.05,s 2,3,1,2,4,5

1 25.0, CHz 2.36, m 5,6;27,:3" 21.5, CHy 3.18,d (6.7) 5,:6,7;: 28" 30.2, CHa 2.69, m 56,2

2.68, m 5,6,2", 3"

2" 65.7, CH 3.69, t(n. d.) 6,4",5" 122.2, CH 5.14,1(6.7) 6,1",4",5" 74.4, CH 4.14,m

3y 81.2,C 134.8,C n. o.

4 19.2, CH, 1.14,s 21,3, 5 16.5, CH; 1.68,'s 21, 3%, 5t 108.3, CH, 4.60, s 2, 5"
4.81,s 2,5

o 37.8, CH, 1.55, m 259",6%, 7" 35.8, CHz 1.86, m 8467 31.5, CH, 2.05,s

6" 21.5, CHz 2,02, m gl7t.8" 33.8, CHa 1.41, m 38,78, 101 26.5, CHz 2.05,s 5"

b s 124.5, CH 5.04,t (6.8) S5 9, 10V 74.0, CH 3.76, t (6.6) 6", 8",9",10"7 125.2, CH 5.09, m

8" 1314,C 148.9,C 131.3,C

9’ 25.9, CH3 1.59,s 758", 10" 110.3, CH; 4.65, s 7%,8",:10% 26.0, CHy 1.60, s 74,.8%,10"

4.76, s 78 10"

10" 17.9, CHy 1.52,s 7", 8", 9" 18.2, CHy 1.56, s 7", 8", 9" 18.2, CHy 1.53,s 70,8191

OH-5 12.20, s 13.20, s 13.19, s

MeO-3' 56.8, CH3 3.82,s 3 56.8, CHz 3.81,s 3

MeO-5' 56.8, CHs 3.81,s 5

ov - signals overlapped, n. d. — not determined; carbons were assigned based on the HSQC and HMBC data.

Table 4
NMR spectroscopic data for 4',5,5',7-tetrahydroxy-3'-methoxy flavanone (27)
(400 MHz, DMSO-dg).

4',5,5',7-Tetrahydroxy-3'-methoxy flavanone (27)

Position A, type 8y (J in Hz) HMBC

2 79.2, CH 5.30, dd (2.7, 12.7) 4,1,2,6

3 42.8, CH, 2.61,dd (2.7,17.1) 4,10
3.16,dd (12.7, 17.1) 2,4,1

4 196.4, C

5 163.3,C

6 96.6, CH 5.80, s 4,5,7,8,10

7 168.4, C

8 95.6, CH 5.81,s 4,6,7,9,10

9 163.3,C

10 102.0,C

1 129.2,C

2 102.9, CH 6.56, s 2,1,3, 4,6

3 148.9,C

4 134.9,C

5 1463, C

6 108.3, CH 6.52,5 2,1,2,4,5

OH-5 1213,

MeO-3' 56.4, CHy 3.72,s 3

Carbons were assigned based on the HSQC and HMBC data.

Spartan’20 (ver. 1.0.0) software package (Spartan 20, Wavefunction
Inc., Irvine CA, USA, 2020) using the density functional theory (DFT)
with the B3LYP functional and def2-TZVP basis set. The calculation was
performed in a vacuum.

3. Results and discussion

3.1. Compound isolation and structure elucidation

Selected fractions obtained from the chloroform portion of ethanolic

extracts derived from P. tomentosa fruits (Smejkal et al, 2008;
Navratilova et al., 2013, Hanakova et al., 2015) were separated in
several steps using column chromatography on silica gel and
reversed-phase semi-preparative HPLC, leading to the isolation of
several lipophilic geranylated flavonoids and two other phenolic com-
pounds: flavanones with unmodified geranyl chains diplacone (1) and
3'-0-methyl-5'-hydroxydiplacone (2); flavanones with modified acyclic
geranyl chains mimulone B (3), tomentodiplacone (4), paulodiplacone A
(5), and (S,E)-5,7-dihydroxy-6-(7-hydroxy-3,7-dimethyloct-2-e-
n-1-yl)-2-(4-hydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-4-one  (6);
flavanones with cyclic geranyl chains paulodiplacone C (7), mimulone I
(8), tomentone C (9), paulodiplacone D (10), tomentodiplacone P (11),
and paulownione H (12); pyranoflavanones tomentone II (13) and
tomentone B (14); dihydroflavonols with unmodified geranyl chains
mimulol (15), diplacol (16), 3'-O-methyl-5"-hydroxydiplacol (17), and
3'-0-methyl-5"-methoxydiplacol (18); dihydroflavonols with modified
acyclic geranyl chains 3,3',4',5,7-pentahydroxy-6-[6-hydroxy-3,
7-dimethyl-2(E),7-octadienyl]flavanone (19), tomentodiplacol (20),
and paulodiplacol A (21); a dihydroflavonol with a cyclic geranyl chain
paulodiplacol B (22); a flavone with an unmodified geranyl chain pau-
catalinone C (23, syn. tomentoflavone C); flavones with modified acyclic
geranyl chains tomentoflavone B (24) and tomentoflavone D (25); a
pyranoflavone tomentoflavone A (26); a non-prenylated flavonoid 4',5,
5',7-tetrahydroxy-3'-methoxy flavanone (27); and the simple phenolic
compounds methyl ferulate and vanillic acid. The NMR and MS spec-
troscopic data for ten of the compounds (7-10, 12, 21, 22, 24, 25, and
27) did not match those of any compound previously isolated from
P. tomentosa, and these were determined to be new flavonoid derivatives
obtained from a natural source for the first time. Compounds 4, 6, 16,
17, 19, 20, 23, and methyl ferulate were identified by comparing their
spectroscopic data with those in the literature (Smejkal et al. 2007,
2008; Chen and Chi, 2014; Phillips et al., 1996; Jin et al., 2015; Asai
et al, 2008; Tang et al, 2017; Phuong et al, 2014).
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3'-0-Methyl-5'-hydroxydiplacol (17) had been isolated previously from
the flowers of P. coreana (Jin et al., 2015), and paucatalinone C (23) had
been obtained from the fruit of P. catalpifolia (Tang et al., 2017), but this
is the first report of their isolation (together with methyl ferulate) from
P. tomentosa. The data supporting the identification of isolated com-
pounds are gathered in Supplementary data (Figures A1-A148). The
isolation and characterization of compounds 1-3, 5, 11, 13-15, 18, and
26 have been described in previous work (Molcanova et al., 2021).

The UV spectra of flavanones and dihydroflavonols 4, 6-10, 12, 16,
17, 19-22, and 27 showed maximal values of absorption at ~295 nm,
which are mostly affected by the conjugation of ring A and its substi-
tution pattern, and weak absorption bands at ~335 nm, which are
probably caused by the absence of conjugation between ring B and the
rest of the molecule (Figures Al, A9, A19, A28, A36, A46, A56, A65,
A74, A83, A91, A100, A132, Supplementary data) (Vihakas, 2014,
Molcanova et al., 2021). Compounds 23-25 exhibited UV spectra with
maximum absorptions at ~275 nm (conjugation of ring A) and ~345
nm, which is detected in flavonoids wherein rings B and C are conju-
gated (via a double bond between carbons C-2 and C-3 in ring C)
(Figures A108, A116, A125, Supplementary data), and these were
assigned as absorption maxima typical for a flavone skeleton (Vihakas,
2014, Molcanova et al., 2021).

Infrared spectra were measured for selected compounds, all but one
newly isolated, which were obtained in sufficient amounts (7, 8, 10, 12,
21, 23, and 24; Figures A10, A20, A37, A47, A92, A109, A117, Sup-
plementary data). These IR spectra displayed broad absorption bands at
Umax 3500-3200 cm™! indicating the presence of hydroxy groups,
intensive bands at vz 3000-2850 em ! showing the presence of the
methyl and methylene groups of prenylated compounds, an intensive
band at vmay 1650-1580 cm™! indicating the presence of a carbonyl
group, and a series of absorption bands at may 1600-1450 em ! typical
for aromatic compounds. Similar absorption bands for C-geranylated
flavonoids had been observed previously (Navratilova et al., 2013,
Hanakova et al., 2015; Molcanova et al., 2021).

Analysis of the mass spectra in the positive mode (Figures A2, A11,
A21, A29, A38, A48, A57, A66, A75, A84, A93, A101, A110, A118,
Al126, A133, A142, Supplementary data) showed the molecular ion
[M+H]", adduct ions [M+Na]™ and [M+K]", and the main fragment
ion of the parent flavonoid structure with a methylene resulting from the
neutral loss of a C9 unit (—124.1252 u.m.a., when it was not modified)
from the C10 geranyl side chain (Cheng et al., 2019). In the negative
mode (Figures A12, A39, A49, A58, A67, A76, A119, A134, Al43,
Supplementary data) the molecular ion peak [M-H]~ was observed.

The compositions of all compounds were further elucidated by
evaluating the NMR data using the '"H NMR spectrum together with
HSQC, HMBC, COSY, and NOESY experiments. The NMR data of most of
the isolated compounds showed generally similar signals which were
assigned to the flavonoid skeleton and geranyl side chain. The 'H NMR
spectra of flavanones 4, 6-10, 12, and 27 showed the presence of three
doublets of doublets with approximate values of dy.2 5.3 ppm (J = 3.0,
13.0 Hz), 6.3 2.7 ppm (J = 3.0, 17.0 Hz), and 6p.35 3.1 ppm (J = 13.0,
17.0 Hz) (Hanakova et al., 2015). Dihydroflavonols 16, 17, and 19-22
displayed two doublets at about 5.2 4.9 ppm and Sy.3 4.5 ppm; their
coupling constants were in the range of 11-12 Hz indicating a trans
arrangement of H-2 and H-3 (Smejkal et al., 2007). A proton singlet at
about 6.3 6.7 ppm in 23-25 resulted from the presence of a flavone
skeleton (Molcanova et al., 2021). The singlet at about 8y 5.95 ppm was
assigned to H-8 because of its HMBC correlations to C-6, C-7, C-9, and
C-10, and a weaker correlation to C-4 (Fig. 1), as described previously
(Hanakova et al., 2015; Molcanova et al., 2021). Carbon C-6 was
assigned as the connection of the geranyl chain to the flavonoid skeleton
based on the HMBC correlations of H-1" with C-5 and C-7, and a NOESY
correlation mainly with OH-5 (Molcanova et al., 2021). Further analysis
of the NMR spectra revealed that the phenolic ring B of the flavonoid
skeleton was either 4'-hydroxy- (6 and 8), 3',4"-dihydroxy- (7, 10, 16,
19, 21, and 22), 3'-methoxy-4'-hydroxy- (4 and 20), 3'-methoxy-4',
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5'-dihydroxy- (9, 17, 23, 24, and 27), or 3',5-dimethoxy-4'-hydroxy
substituted (12 and 25).

The NMR data obtained for the isolated compounds showed the
presence of geranyl (Cjo) side chains in the compounds analyzed. An
unmodified geranyl chain was observed for compounds 16, 17, and 23.
Compounds 4, 6, 19-21, 24, and 25 showed acyclic geranyl chains
modified by hydroxylation, mostly with the formation of a terminal
double bond (except for compound 6). Several compounds showed a
geranyl chain modified by cyclization (7-10, 12, and 22). Only com-
pound 27 showed a singlet signal for proton H-6 instead of signals for a
geranyl chain.

Compound 7 was obtained as a yellowish amorphous substance. Its
molecular formula was determined by UPLC-HRAM-MS to be Ca5H2807
based on the presence of the molecular ion [M+H]" at m/z 441.1916
(caled for CysHp9O7, 441.1913). The UV spectrum and NMR data
(Table 1) revealed a flavanone skeleton. Two aromatic singlets, at 5y.5',6'
6.70 ppm and 8.2 6.84 ppm (integrating for two and one hydrogens,
respectively), and their HMBC correlations, showed the formation of a
3',4'-dihydroxyphenyl ring B (Molcanova et al., 2021). Further evalua-
tion of the NMR data revealed the signals of two oxygenated carbons, at
8¢ 85.5 and 86.3 ppm. No double bond signal indicated presence of a
geranyl chain. The carbon signal at §c.1» 20.5 ppm was assigned as the
connection with the flavanone moiety based on its HMBC correlations
with C-5, C-6, and C-7 (Fig. 2). Further correlations with the carbon at
Sc-27 52.6 ppm and the oxygenated quaternary carbon at 5c.9» 86.3 ppm
confirmed cyclization with OH-7. Another quaternary carbon at ¢.3"
45.7 ppm (bearing methyl groups at ¢4 25.9 ppm and at é¢c.57 24.1
ppm) was connected to C-2 and further to the carbon at §c.¢» 85.5 ppm
which bears hydrogen at y.¢v 3.59 and 3.60 ppm (the two signals
integrating for only one hydrogen indicated a mixture of stereoisomers
at this chiral center). Proton signals for H-7 and H-8 (6 1.48, 1.80, 1.24,
and 1.39 ppm, respectively) were further assigned using HMBC, COSY,
and NOESY correlations. Another ring was formed and terminated with
a methyl group at d¢.10 18.7 ppm that was connected to carbon C-9”.
This type of double-cyclized geranyl chain has never before been
described for any compound isolated from P. tomentosa. Based on the
data obtained, compound 7 was assigned the composition shown and
named paulodiplacone C, in keeping with the previous paulodiplacones
with 3',4'-dihydroxy flavanone structures (Molcanova et al., 2021).

Compound 8 was isolated as a yellowish amorphous substance.
UPLC-HRAM-MS analysis in the positive mode revealed the presence of
the molecular ion [M+H]" at m/z 425.1956 (caled for CasHaoOg,
425.1964), corresponding to the molecular formula CasH2g0¢. The NMR
signals (Table 1) were mostly consistent with those of compound 7, a
flavanone having an unusual double-cyclized geranyl chain. The only
difference was found in the substitution of ring B, where the presence of
two aromatic doublets at 6.5 ¢ 7.26 ppm and dp.3 5 6.74 ppm (J = 8.4
Hz), each integrating for two protons, showed a 4'-hydroxyphenyl
arrangement. This new compound was named mimulone I (8), because it
has the same substitution of ring B observed in other mimulones
(Navratilova et al., 2013, Hanakova et al., 2015).

Compound 9 was obtained as a red-orange amorphous substance. Its
molecular formula determined by UPLC-HRAM-MS was CzcHz30Os,
based on the presence of the molecular ion [M+H]" at m/z 471.2011
(caled for CagH3108, 471.2019). Flavanone and geranyl chain signals
similar to those for compounds 7 and 8 were again present (Table 1),
with the only difference being the substitution of ring B. Singlets were
observed at 6y.2' 6.57 ppm and y.¢' 6.51 ppm, integrating for one proton
each. The strong correlation of the methoxy protons (5y 3.72 ppm, 3H)
with H-2' in the NOESY spectrum (Fig. 3) was used with the HMBC
correlations to assign the position of the methoxy group and confirm the
3'-methoxy-4',5"-dihydroxy phenyl arrangement of ring B. According to
these analyses, the composition of compound 9 was assigned as shown
and it was named tomentone C, because the same substitution of ring B
has been described for tomentone B (Molcanova et al., 2021).

Compound 10 was obtained as a red-orange amorphous substance.
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On the basis of UPLC-HRAM-MS analysis supported by the presence of
the molecular ion [M+H]" at m/z 441.1910 (caled for CysHy907,
441.1913), the molecular formula was established as Co5H2g07. The UV
spectrum and NMR signals (Table 2) corresponded to previously isolated
compounds possessing a flavanone skeleton (Handkova et al., 2015;
Molcanova et al., 2021) with 3’,4'-dihydroxyphenyl arrangement of ring
B. The NMR data of the geranyl chain revealed the presence of methyl
groups at dy 0.79, 0.89, and 1.49 ppm, one olefinic proton of a double
bond at 6y 5.14 ppm, and a multiplet at 5y 3.21 ppm indicating the
presence of a hydroxy group. The carbon at 6¢c.; 22.0 ppm was estab-
lished as the connection with the flavanone due to its HMBC correlations
with carbons of ring A and it also showed HMBC correlations to ¢ 38.6,
47.1, and 137.2 ppm. The COSY spectrum showed a correlation of 5y
2.56 ppm and &y.p+ 2.42 ppm, and the carbon at 5¢c 47.1 ppm was
therefore assigned as C-2". It also provided correlations to ¢ 38.6,
119.6, and 137.2 ppm, which were assigned as C-8”, C-5”, and C-3",
respectively. These data indicated cyclization, but not with OH-7 as in
the case of compounds 7, 8, or 9, because the quaternary carbon C-8"
bears two methyl groups, at c.g 107 25.6 and 16.1 ppm, respectively.
The methyl group at d¢.4» 22.9 ppm showed HMBC correlations to C-2",
C-3", and C-5". An oxygenated carbon at 5¢ 73.4 ppm was assigned as
C-7" and the carbon at ¢ 32.2 ppm as C-6"" using HMBC, COSY, and
NOESY correlations. The composition proposed for compound 10
(paulodiplacone D) shows a novel type of geranyl chain modification
that has not been observed in compounds from P. tomentosa before.

Compound 12 was isolated as an orange amorphous substance. Its
molecular formula was determined to be Cy7H3,09 based on UPLC-
HRAM-MS analysis in the positive mode, which showed the presence
of the molecular ion [M+H]™ at m/z 501.2118 (caled for Cy;H3304,
501.2125). Analysis of the NMR spectra (Table 2) showed a flavanone
structure with a symmetric 3',5'-dimethoxy-4'-hydroxyphenyl ring B
with an aromatic singlet at 5.2 ¢' 6.73 ppm integrating for two hydro-
gens. Based on NOESY correlations (Fig. 4) with H-2' and H-6', two equal
singlets for methoxy groups at éy 3.73 ppm integrating for six hydrogens
were assigned to carbons C-3' and C-5', and the hydroxy group was
assigned to C-4'. Further analysis revealed oxygenated carbons at d¢
76.4, 82.7, and 86.1 ppm, methyl groups at §c 18.2 and 22.9 ppm, and
signals at 8¢ 109.9 and 146.9 ppm that indicated a terminal double bond
of the geranyl chain (Hanakova et al., 2015; Molcanova et al., 2021).
The carbon at §¢.;+ 25.4 ppm was assigned as the connection with the
flavanone skeleton. The carbon at d¢.2» 76.4 ppm (bearing a hydroxy
group) was further connected with the quaternary carbon at d¢.3 86.1
ppm, which indicated linkage with oxygen and the creation of a ring.
The methyl group at 5¢c 22.9 ppm was established as C-4'' due to its
HMBC correlations to C-2"”, C-3", and C-5" (6c 34.2 ppm). Another
methyl group at ¢ 18.2 ppm was assigned as C-10", because it showed
correlations to the carbons of the terminal double bond (5c.g'9+ 146.9
and 109.9 ppm, respectively) and to the carbon at ¢ 82.7 ppm (bearing
another hydroxy group) which was assigned as C-7". The connection
with the oxygenated ring through the carbon at éc.¢” 31.5 ppm was
confirmed, and a new type of cyclized and hydroxylated geranyl chain
modification was identified. Compound 12 with the proposed compo-
sition shown was named paulownione H in keeping with the previous
paulowniones A, B, and C with a 3',5'-dimethoxy-4'-hydroxyphenyl ring
B (Hanakova et al., 2015, Hanakova et al., 2017).

Compound 21 was obtained as a yellowish amorphous substance.
UPLC-HRAM-MS analysis in the positive mode revealed a molecular
formula of CasH2g0g based on the presence of the molecular ion
[M+H]" at m/z 457.1864 (caled for Co5Hg04, 457.1862). NMR anal-
ysis (T'able 2) showed signals for a dihydroflavonol with a doublet at 5p.2
4.86 ppm (J = 11.2 Hz), a doublet of doublets at 5.3 4.41 ppm (J = 4.6,
11.2 Hz), and a 3',4'-dihydroxy arrangement of ring B. The carbon signal
at 6¢c 73.7 ppm suggested the presence of a geranyl chain modified by
oxidization, and diagnostic HMBC correlations of the triplet at 6y 4.17
ppm with C-1", C-3"”, and C-4" showed this proton to be H-2"". The signal
at écqr 29.5 ppm was assigned as the connection with the
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dihydroflavonol moiety. The presence of a methylene group linked to C-
3 was suggested by the observation of broad singlets with chemical shifts
at 6p.47 4.62 and 4.77 ppm connected to the carbon at é¢c.4~ 108.7 ppm
and their HMBC correlations to the quaternary carbon at 5c.3+ 152.6
ppm. HMBC and COSY correlations of the overlapping singlets at 5y
2.05 ppm integrating for four hydrogens confirmed that they belong to
carbons C-5"” and C-6" despite the unusual shape of their signals (Fig. 5)
(Molcanova et al., 2021). Two methyl singlets, at dy.97,10+ 1.61 and 1.54
ppm, respectively, and the olefinic proton at sy.7» 5.09 ppm (broad
singlet) formed the other part of the geranyl chain. This compound was
isolated from a natural source for the first time. Because its composition
was similar to that of paulodiplacone A (Molcanova et al., 2021) and
considering its dihydroflavonol skeleton it was named paulodiplacol A
(21).

Compound 22 was obtained as a yellow-brown amorphous sub-
stance. Its molecular formula was established to be CasH250g based on
the presence of the molecular ion [M+H] " at m/z 457.1848 (calcd for
Ca5H290g, 457.1862). NMR data (Table 3) revealed signals for a dihy-
droflavonol having a 3',4'-dihydroxy substituted ring B similar to com-
pound 21. Analysis of the NMR data for the geranyl moiety showed two
oxidized carbons, at 5; 65.7 and 81.2 ppm, which were assigned as C-2"
and C-3", respectively, and formed a ring connected to OH-7. The
methyl group at dy.47 1.14 ppm provided correlation with C-2", C-3",
and C-5" (5¢ 37.8 ppm), and the geranyl chain was terminated with two
methyl groups, at y.97,107 1.59 and 1.52 ppm, respectively. Based on the
data obtained, the geranyl chain was found to be cyclized to form a 2H-
pyran ring as previously described for tomentodiplacone N (Hanakova
et al., 2015). Compound 22, isolated as a new compound, was named
paulodiplacol B, and assigned the composition shown.

Compound 24 was obtained as a yellow-brown amorphous sub-
stance. The molecular formula was demonstrated by UPLC-HRAM-MS to
be Cy6Hog0g, based on the presence of the molecular ion [M+H] " atm/z
469.1867 (caled for CagHag0g, 469.1862). The UV spectrum indicated a
flavone skeleton, which was confirmed by observation of a proton
singlet at 8.3 6.75 ppm and its HMBC correlations (Table 3). The NMR
signals of ring B were mostly consistent with those of compound 9, and it
was therefore assigned as 3'-methoxy-4',5'-dihydroxyphenyl. Part of the
side chain resembled an unmodified geranylated derivative (6n.17 274"
3.18, 5.14, and 1.68 ppm, respectively) (Ianakova et al., 2015;
Molcanova et al., 2021). The 'H NMR spectrum showed a triplet at 5y
3.76 ppm, indicating modification with an additional hydroxyl group.
The observation of a CH, unit with chemical shifts at 5¢ 110.3 ppm and
Sy 4.65 and 4.76 ppm, together with the quaternary carbon ¢ 148.9
ppm, suggested the presence of a methylene group (C-9") linked to C-8"'.
An oxygenated carbon at ¢ 74.0 ppm was connected to the first part of
the geranyl chain by two CH» groups (¢.576” 35.8 and 33.8 ppm,
respectively). This type of modification of the geranyl chain has been
described previously for several compounds, e.g, tomentodiplacol
(Smejkal et al., 2007), tomentomimulol (Schneiderova et al., 2013), or
mimulone B (Schneiderova et al., 2013). Analysis of all the spectroscopic
data for 24 led to the elucidation of its composition for the first time
here, and it was named tomentoflavone B. Similarly, C-geranylated
flavones and flavonols have previously been isolated from the fruit of
P. tomentosa (tomentoflavone A) (Molcanova et al., 2021) and from the
fruit peel of P. catalpifolia (paucatalinones C, D, E, and K) (Wang et al.
2017, 2019).

Compound 25 was obtained as a brown amorphous substance. UPLC-
HRAM-MS analysis in the positive mode revealed a molecular formula of
C27H300g based on the presence of the molecular ion [M+H]" at m/z
483.2011 (caled for Cp7H3,04, 483.2019). The UV spectrum showed a
flavone structural moiety, which was confirmed in the 'H NMR spec-
trum (Table 3) by observation of a singlet at .3 6.61 ppm. Geranyl
chain signals similar to those for compound 21 were again present (with
weaker intensity due to a smaller amount), and the signals of a 3',5'-
dimethoxy-4"-hydroxyphenyl ring B corresponded to those of compound
12. The obtained data resulted in the identification of a new geranylated
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flavone named tomentoflavone D (25), which was assigned with the
composition shown.

Compound 27 was isolated as an orange amorphous substance. Its
molecular formula was determined to be CjgH;407 based on UPLC-
HRAM-MS analysis in the positive mode, which showed the presence
of the molecular jon [M-+H]™ at m/z 319.0814 (caled for Ci6H1507,
319.0818). The UV spectrum together with the NMR signals (Table 4) of
the flavonoid nucleus corresponded to a flavanone pattern and the sig-
nals for ring B corresponded to those of compounds 9, 23, and 24. The
singlet at 6y 5.81 ppm was assigned to H-8, but unlike the other flavo-
noids, no signals for a geranyl chain were observed. Instead, the 'H NMR
spectrum showed another proton singlet at 6y 5.80 ppm for H-6, which
was assigned based on its HMBC correlations. 4',5,5',7-Tetrahydroxy-3'-
methoxy flavanone (27) was isolated from a natural source for the first
time here.

In addition, the absolute configurations of compounds 6-10, 12, 16,
17, 19-21, and 27 at the stereogenic centers C-2 and C-3 were deter-
mined by analyzing circular dichroism (CD) spectra. Compounds 6-8
and 10 showed a positive Cotton effect for the n — 7* electronic tran-
sition at 320-350 nm and a negative Cotton effect for the 7 — 7* elec-
tronic transition at 270-310 nm, which led to their assignment as 25-
flavanones (Fig. 6) (Slade et al., 2005, Hanakova et al., 2015). Com-
pounds 9, 12, and 27 displayed no discernible Cotton effects (using
different concentrations), and they were therefore considered to be
racemic mixtures of 2S and 2R enantiomers (Slade et al., 2005,
Hanakova et al., 2015). The dihydroflavonols (16, 17, and 19-21) with
trans relative configurations of their C-2 and C-3 substituents as shown
by the NMR data and a positive n — z* Cotton effect at wavelengths
320-350 nm were assigned a 2R,3R-configuration (Slade et al., 2005,
Hanakova et al., 2015). Modifications of the geranyl chain in com-
pounds 7-10, 12, 19-22, 24, and 25 formed other stereogenic centers,
but too little material was isolated for their configurations to be deter-
mined. In the case of compounds 7, 8, and 9 several stereoisomers are
likely present concurrently as suggested by the presence of two distin-
guishable singlets for H-5", H-6", H-10", and OH-5 in their 'H NMR
spectra. The absolute configuration for compound 22 could not be
determined because the isolated substance was unstable. Later HPLC
analysis showed the presence of two peaks in the chromatogram, and
because the compound has several chiral centers, it had likely become a
mixture of stereoisomers.

Based on the fact that we were not able to obtain suitable single-
crystals of any of the studied compounds for single-crystal X-ray anal-
ysis, we decided to determine the geometry of the selected compound 21
by mean of quantum chemical calculations at the B3LYP/def2-TZVP
level of theory using the Spartan’20 (ver. 1.0.0) software package. The
optimized geometry of 21 is shown in Fig. 7, while the atomic co-
ordinates of the molecule in the XYZ format are given in Supplementary
data (Table A4).

The calculated bond distances are quite typical for such organic
molecules. The molecule consists of three moieties, i.e. the group of ten
carbon atoms from the main chain (A) of the geranyl group, the carbon
and oxygen atoms forming the 10-membered ring B in the chromone
moiety, and the carbon atoms forming the 6-membered phenyl ring (C).
The least-squares planes were fitted through the atoms of the individual
fragments of 27, as defined above, to reveal a spatial arrangement of the
molecule (Macrae et al., 2020) and the results of this can be seen in
Figure A149, where the dihedral angles between the corresponding two
least-square planes are as follows: the angle between the chain A (green
color) and ring B (blue color) = 85.52°, the angle between the chain A
(green color) and ring C (red color) = 83.59°, and the angle between the
rings B and C = 39.62°.

3.2. Cell viability testing

Before evaluating the anti-inflammatory potential of the test com-
pounds, their cytotoxicity for cellular systems should be determined.
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The assay aimed to determine the safe concentration of each compound
which would not affect the cellular viability and could be used for
subsequent experiments. A lipophilic geranyl chain can confer on a
molecule a strong affinity for biological membranes and greater ability
to interact with the environment of the cells, which means a greater
potential for cytotoxic activity (Botta et al., 2005; Smejkal, 2014,
Molcanova et al., 2019). Compounds 8 and 25 showed ICsq values > 30
UM, compounds 4, 7, 9, 10, 12, and 20 showed ICsq values in the range
of 10-30 pM, and compounds 6, 17, 19, 21, 23, and 24 in the range of
3.3-10 pM. The most cytotoxic compound was determined to be diplacol
(16), which showed ICs in the range of 1.1-3.3 uM. At a concentration
of 1.1 pM the cell viability was around 100%, therefore 1 pM was
established as the non-toxic concentration. The antiproliferative and
cytotoxic potentials of compounds 1-3, 5, 11, 13-15, 18, and 26 have
been reported in previous work (Molcanova et al., 2021). Diplacone (1)
was the most potent antiproliferative and cytotoxic agent in this group
with ICsp = 9.31 + 0.72 pM and LCsp = 18.01 + 1.19 uM as tested on the
THP-1 cell line using WST-1 and LDH assays, respectively (Molcanova
et al, 2021). Based on the cytotoxicity assays, the following
anti-inflammatory tests were performed on each of the compounds 1-21
and 23-26 at non-toxic concentrations of 1 pM.

3.3. Anti-inflammatory potential in cell-based models

LPS stimulation of the TLR-4 in the cells induced signaling cascades
leading to the activation of NF-xB/AP-1 and subsequent production of
the reporter protein secreted embryonic alkaline phosphatase (SEAP),
the activity of which was measured spectrophotometrically using a
QUANTI-Blue™ assay (Brezani et al., 2018). All of the test compounds
(1-21 and 23-26) reduced the activation of NF-xB/AP-1 24 h after the
addition of LPS (Fig. 8). From this set of 25 geranylated flavonoids, we
found thirteen compounds that attenuated the activity of NF-xB/AP-1 in
a statistically significant manner (5, 14-18, 21, and 26 with ***p <
0.0001; 1 with ***p < 0.001; 6, 9, 25 with **p < 0.01; and 12 with *p <
0.05). Eight of these compounds (5, 14-18, 21, and 26) were found to be
more active than prednisone, a widely used anti-inflammatory drug.

The most active dihydroflavonols diplacol (16) and mimulol (15)
have an unmodified geranyl side chain, as do three other active com-
pounds (1, 17, and 18). On the other hand, several compounds with
modified geranyl chains also showed interesting activity, e.g., hydrox-
ylation and formation of a terminal double bond seemed to favor the
effect (5, 21, and 25), as did the formation of a pyran ring (14 and 26).
Most of the test compounds were flavanones and dihydroflavonols, but
two of the four flavones tested possessed interesting activity. Com-
pounds 14 and 26, each with a 3'-methoxy-4',5-dihydroxyphenyl
arrangement of ring B and a geranyl chain forming a pyran ring, were
both significantly active, even though one is a flavanone and the other a
flavone. This shows that both flavanones and flavones can have the
potential for anti-inflammatory activity. The substitution of ring B with
a methoxy group may also be important for this effect, as shown by the
case of flavanones 7-9. All three have the same unusual double-cyclized
geranyl chain, but only compound 9 has a methoxy group on ring B and
only it possesses significant activity. A similar observation was made for
the case of compounds 13 and 14. Both are pyranoflavanones, but they
differ in the substitution of ring B, with the methoxy group of compound
14 significantly increasing its activity. 3',4'-Dihydroxy (1, 5, 16, 21) or
3'-methoxy-4',5"-dihydroxy (9, 14, 17, and 26) substitution of ring B
was observed in most of the active compounds, but 3',5'-dimethoxy-4'-
hydroxy (12, 18, and 25) and 4'-hydroxy (6 and 15) substitutions were
also associated with the activity. Combinations of several structural
characteristics may be important for the anti-inflammatory effect.

Compounds 5, 15, 16, 21, and 26 were the most active in the assay of
NF-xB/AP-1 activity. Their effects on the LPS-stimulated secretion of
pro-inflammatory cytokines tumor necrosis factor @ (TNF-a) and inter-
leukin 14 (IL-1p) were therefore further evaluated. This assay was car-
ried out on PMA-differentiated THP-1 macrophages using ELISA. The
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results are shown in Figures A149 and A150 (Supplementary data).
Surprisingly, none of the test compounds reduced the production of
either TNF-a or IL-14. In the case of IL-14, the measurements were
performed in the cell lysates. We decided on this because the amount of
this cytokine released into the media after 24 h of incubation of the cells
with LPS was only in the range of pg/pg of total protein, whereas the
concentration of IL-14 in the cell lysate was eight times as much and
therefore easier to detect.

The discrepancy between the results shown in Fig. 2 and
Figures A149 and A150 (Supplementary data) can be explained by the
plurality of possible outcomes of the activation of the NF-xB pathway in
cells (Liu et al, 2017). Another explanation is that the
THP-1-XBlue™-MD2-CD14 cell line serves as a gene reporter for another
pathway, i.e., the AP-1 transcription factor. AP-1 regulates a broad range
of processes in cells, such as proliferation, apoptosis, differentiation,
survival, cell migration, and transformation (Ye et al., 2014). Therefore,
this possibility needs more clarification in further experiments.

The ability of 23 flavanones or dihydroflavonols isolated from the
fruit of P. tomentosa, together with the non-prenylated flavanones erio-
dictyol and naringenin, to reduce the production of the pro-
inflammatory cytokine TNF-a in THP-1 cells after LPS stimulation has
been evaluated (Hanakova et al., 2015). Several compounds affected the
production of TNF-a in a statistically significant manner, and the com-
pounds mimulone H, tomentodiplacone B, tomentodiplacol B, tomen-
todiplacone N, 3'-0-methyldiplacone, 3'-0-methyldiplacol,
3'-O-methyl-5'-methoxydiplacone, and 6-geranyl-5,7-dihydroxy-3',
4'-dimethoxyflavanone affected the secretion of TNF-a as much as or
more than the prednisone that was used as a positive control for the
assay. Non-prenylated compounds showed weaker activity. Selected
compounds, namely diplacone (1), mimulone H, tomentodiplacone N,
3'-O-methyldiplacone, and 3',4'-O-dimethyl-5'-hydroxydiplacone, were
chosen for further experiments, and it was reported that they reduced
both the secretion of TNF-a and the level of its corresponding mRNA and
inhibited the nuclear translocation of NF-xB, which controls the
expression of TNF-a, by blocking the degradation of IkB (Hanakova
et al., 2015). The results of the present study confirm the previously
published anti-inflammatory potential of P. tomentosa flavonoids.
Furthermore, nineteen prenylated or geranylated flavanones or dihy-
droflavonols and 6-geranylchromone obtained from fruit of P. tomentosa
were assayed for their ability to inhibit cyclooxygenases (COX-1 and
COX-2) and 5-lipoxygenase (5-LOX) ([Hanakova et al., 2017). The test
compounds showed varying degrees of activity, with several of them
showing activity comparable to or greater than the standards used in the
mentioned assays. However, only the compound tomentodiplacone O
showed greater selectivity against COX-2 versus COX-1 when compared
with ibuprofen. The ability of the test compounds to interact with the
above-mentioned enzymes was supported by molecular docking studies,
which revealed the possible incorporation of selected test substances
into the active sites of these enzymes. Furthermore, one of the COX/LOX
dual inhibitors, diplacone (1), was studied in vitro to evaluate its effect
on inflammation in LPS-treated THP-1 macrophages, supporting its
previously observed anti-inflammatory activity and revealing the
mechanism of action (Hanakova et al., 2017). Nineteen geranylated
flavanones or dihydroflavonols were isolated from the fruit of
P. tomentosa in another series and six of these compounds were tested for
inhibitory effects on the TNF-a-induced expression of IL-8, which is
related to respiratory inflammatory diseases such as chronic obstructive
pulmonary disease in human alveolar basal epithelial cells (Ryu et al.,
2017). Results showed that the compounds tomentins F, G, H, I, J, and K
inhibited the TNF-a-induced IL-8 level significantly. In human neutro-
phil elastase (HNE) enzyme assays, all of the compounds tested dis-
played significant HNE inhibition and were compared with the positive
controls quercetin, luteolin, and apigenin. The compounds iso-
paucatalinone B, tomentins A and J, prokinawan, 3'-O-methyldiplacone,
and 6-geranyl-5,7,3',5'-tetrahydroxy-4'-methoxyflavanone were the
most active. These results suggest that dihydroflavonols and flavanones
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from P. tomentosa fruits possess potent anti-inflammatory activities and
HNE inhibition and may be good lead compounds for certain
inflammation-related respiratory diseases (Ryu et al., 2017).

Diplacone (1) and mimulone, two geranylated flavanones obtained
from P. tomentosa, were previously tested in vivo on a model of colitis in
rats; they ameliorated the symptoms of colitis, delayed their onset, and
reduced the levels of antioxidant enzymes (Vochydnova et al., 2015).
These compounds may provide an option for the alternative or supple-
mentary treatment of patients, and their structures can provide leads or
inspiration for the synthesis of new anti-inflammatory agents for the
treatment of inflammatory bowel diseases, such as Crohn’s disease or
ulcerative colitis (Vochyanova et al., 2015).

Other experiments have confirmed the potential of geranylated fla-
vonoids of Paulownia spp. to interact with the biochemical pathways
involved in inflammation. Compounds from the flowers of P. coreana
inhibited the LPS-induced production of NO in RAW264.7 cells,
compared with aminoguanidine as a positive control (Jin et al., 2015).
Of these, flavanones with a geranyl group at C-6 exhibited significantly
greater inhibitory activity than the simple flavanones. These results
indicate that the presence of an unmodified geranyl group at the C-6
position of a flavanone derivative is an important factor for the inhibi-
tory activity of NO, and hydroxylation of the geranyl group might be
responsible for a loss of activity. NO plays an important role in the in-
flammatory process, and inhibitors of NO production may be potential
anti-inflammatory agents (Jin et al, 2015). Furthermore, the
anti-inflammatory effects of C-geranylated flavonoids (paulowniones D,
E, F, and G) from the flowers of P. fortunei were evaluated on H9¢2 cells
for LPS-induced inflammation using an MTT assay. Astragale injection®
was used as the positive control. The experimental results for all of these
four flavonoids showed strong activity and greatly increased cell vitality
compared to the positive control, suggesting they may potentially pro-
tect cardiomyocytes against LPS-induced inflammation. In addition, all
four compounds greatly reduced the levels of serum IL-6 and TNF-a in
the same cell model using the ELISA method, showing effects compa-
rable to those observed for the positive control (Zhang et al., 2020).
These findings suggest that flavonoid constituents obtained from
Paulownia spp. may have potential uses in the treatment of inflammation
or may be valuable sources of inspiration for the development of new
drug candidates.

4. Conclusions

Twenty-seven flavonoids (1-27), twenty-six of them geranylated
with different modifications, and one non-geranylated flavanone were
isolated from the fruit of P. tomentosa and studied for their anti-
inflammatory potential using THP-1-XBlue™-MD2-CD14 cells. Ten
new compounds (7-10, 12, 21, 22, 24, 25, and 27) were characterized
structurally using UV, IR, HRMS, NMR, and CD analyses. Most of the
novel compounds showed the presence of a geranyl moiety functional-
ized by cyclization and/or hydroxylation. The compounds were tested
for their anti-inflammatory potential to affect the activation of NF-xB/
AP-1 after LPS stimulation. All of the test compounds (1-21 and 23-26)
reduced the activation of NF-xB/AP-1 24 h after the addition of LPS.
From the set of 25 geranylated flavonoids, thirteen compounds attenu-
ated the activities of NF-xB/AP-1 in a statistically significant manner and
eight (5, 14-18, 21, and 26) were found to be more active than pred-
nisone, a widely used anti-inflammatory drug. The most active com-
pounds were dihydroflavonols with an unmodified geranyl side chain.
On the other hand, several compounds with geranyl chains modified by,
e.g., hydroxylation and the formation of a terminal double bond, or the
formation of a pyran ring, also possessed interesting activity. Flavanones
and flavones also showed a statistically significant effect, which shows
that the combination of several structural characteristics can be
important for the anti-inflammatory activity. The five most active
compounds (5, 15, 16, 21, and 26) were further studied for their effects
on the LPS-stimulated secretion of pro-inflammatory cytokines TNF-a
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and IL-1p using ELISA. None of the compounds showed significant ac-
tivity, which can be explained by the plurality of possible outcomes of
activation of the NF-xB pathway in cells. The isolated active compounds
have to be tested on the animal models to determine their effects on
living organisms for their potential usage in the future.
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Abstract Peroxisome proliferator-activated recep-
tor y (PPARY) is a transcriptional factor and key
regulatory element in glucose and lipid metabolism.
We have attempted to determine the structure—activity
relationship between flavonoids as PPARYy agonists
through a literature search. To compare results from
different studies and methods, we have recalculated
them to the percentage of positive control (%pc). We
have also described various methods used to deter-
mine PPARY agonists. The most promising PPARYy
agonists are isoflavones, namely 4’-fluoro-7-hydroxy-
isoflavone (4; %pc = 710.3%). The results presented
in this review could be used for further semisynthetic
modifications of flavonoids to enhance their PPARY
agonistic activity.
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Introduction

Peroxisome proliferator-activated receptors (PPAR)
are transcription factors that are induced by a plethora
of ligands. There are three isoforms of PPAR: PPARo,
PPARB/3, and PPARY. The PPAR are members of the
nuclear receptor superfamily and are located predom-
inantly in the nucleus, forming inactive heterodimers
with the retinoid X receptor (RXR). Upon ligand
binding, the complex undergoes a conformational
change. It switches to an active state, in which it binds
to specific DNA sequences called peroxisome prolif-
erator response elements (PPRE) and manages gene
transcription (Ahmadian et al. 2013).

The isoform PPARY is specifically involved in
adipogenesis, glucose homeostasis, inflammation, and
the uptake and storage of fatty acids. Its natural ligands
are unsaturated fatty acids and eicosanoids, with
thiazolidinediones (TZDs) serving as synthetic exam-
ples. Previous research has established that PPARY is
implicated in the pathogenesis of several serious
diseases, including type 2 diabetes mellitus, chronic
inflammation, cardiovascular and neurodegenerative
diseases, and cancer. Therefore, it is considered to be
an important therapeutic target (Hamblin et al. 2009;
Ahmadian et al. 2013; Grygiel-Gorniak 2014).

The TZDs are highly effective peroral antidiabet-
ics, but their prescription gradually declined because
of concerns about their adverse effects: fluid retention,
weight gain, cardiac hypertrophy, increased risk of
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heart attack, and bladder cancer. The agonistic effect
of TZDs on peroxisome proliferator-activated receptor
v (PPARY) leads to insulin sensitization, which is their
mechanism of action (Matin et al. 2009; Ahmadian
et al. 2013; Wang et al. 2014) Therefore, partial
PPARYy agonists retaining glucose-lowering benefits
are considered as promising strategy to reduce the risk
of adverse effects (Soccio et al. 2014).

Plant natural products have always been a promis-
ing pool of structures for drug discovery, and the field
of PPARY agonists is no exception (Wang et al. 2014).
Among them, the flavonoids play a very important
role. The name of these polyphenolic structures comes
from the Latin word “flavus,” meaning yellow, their
natural pigmentation. In nature, flavonoids can be
found in many plant parts: leaves, seeds, bark, and
flowers. They act as attractants for pollinators,
protectors against UV irradiation, and antimicrobials.
On the other hand, flavonoids are considered to be
indispensable components in a variety of nutraceuti-
cal, pharmaceutical, medicinal, and cosmetic applica-
tions. More than 10,000 different flavonoids have been
isolated and identified (Dixon and Pasinetti 2010;
Treml and §mejkal 2016; Panche et al. 2016).

Moreover, Matin et al. have hypothesized that the
7-hydroxy-benzopyran-4-one moiety shared by many
flavonoids resembles the core structure of TZDs and
also of fibrates, known agonists of PPARo. Since
fibrates are alleviate weight gain, they might reduce
certain side effects induced by PPARy activation.
Thus, flavonoids sharing the 7-hydroxy-benzopyran-
4-one moiety appear to be promising partial dual
PPARY/ao agonists (Matin et al. 2009).

Structurally, flavonoids can be divided into two
main groups, the 3-phenylchromans (the isoflavo-
noids, including isoflavones (Fig. 1), isoflavans and
isoflavanones (Fig. 2) and the 2-phenylchromans (the
flavonoids, including flavans (Fig. 3), flavones
(Fig. 4), flavanones (Fig. 5), flavonols (Fig. 6), antho-
cyanidins and anthocyanines (Fig. 7), and flavanonols
(including flavonolignans; Fig. 8)).

Structure-activity relationship study
A literature search for studies of the structure—activity
relationship (SAR) of flavonoids and their PPARY

agonistic effects was performed with databases
Google Scholar, Science Direct, and SciFinder® for

@ Springer

the years 2000-2024, using the keywords “flavo-
noids” (“flavanes”, etc.) and “PPARY” or “PPAR
gamma”. Fifty-three scientific studies fitting the
abovementioned criteria were found. The outline of
the article is presented in the Fig. 9.

The first part of this chapter deals with the methods
used to detect PPARy agonism—two groups of
methods involve incubation with a cell culture; the
other group is cell-free and deals with binding to an
isolated PPARY protein.

The second part presents scientific articles describ-
ing the PPARY agonistic activity of more than one
class of flavonoids. These studies allow us to directly
line up the flavonoid classes according to their effect
on PPARY agonism. The literature search found 20
such research articles. Because each scientific article
used a different methodology, we decided to recalcu-
late the resulting values (fold activation or ECsg)
relative to the value of a positive control with the
percentage of the positive control (%pc) as the mean of
comparison. When the recalculation was not possible
due to missing result of a positive control, we
summarized the results in a table.

The third part focuses on SARs within individual
flavonoid classes and uses the same kind of comparison,
using %pc or summarization in tables. All figures show-
ing the %pc values of various flavonoids are visualized
as scatter plots using IBM SPSS Statistics for Windows,
version 26.0 (Armonk, NY, USA).

Methods used to measure PPARY agonism

The first approach involved incubation of the test
compounds with cells followed by the preparation of
nuclear extracts (Fig. 10). The amount of PPARY
present in the extract correlated with the rate of
PPARY activation during the incubation and can be
detected using the ELISA method. In principle, the
wells are coated with PPRE dsDNA, to which the
PPARY binds and is later detected with specific
antibodies (Salam et al. 2008; Scazzocchio et al.
2011; Ghorbani et al. 2012). Another method uses
detection with the electrophoretic mobility shift assay
(EMSA). In this case, PPRE dsDNA is labeled with
biotin and incubated with nuclear extract. The samples
are then separated using nondenaturing polyacry-
lamide gel, transferred to a nylon membrane, and
visualized using streptavidin bound to horseradish
peroxidase and chemiluminescence (Ding et al. 2010).
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No. | Compound 5 6 7 8 3 4 s>
1 v-Baptigenin H H OH H methylenebis(oxy) H
2 | Biochanin A OH H OH H H OCH;3 H
3 Genistein OH H OH H H OH H
4 4’-Fluoro-7-hydroxyisoflavone H H OH H H F H
5 3',5’-Dimethoxy-7-hydroxyisoflavone H H OH H OCH3 H OCH3
6 3’-Methoxy-7-hydroxyisoflavone H H OH H OCH3z H H
7 3’4’ 5°-Trifluoro-7-hydroxyisoflavone H H OH H F F F
8 Formononetin H H OH H H OCH;3 H
9 3’4, 7-Trihydroxyisoflavone H H OH H OH OH H
10 | Daidzin H H 0-D-Glc* H H OH H
11 | Genistin OH H 0-D-Glc* H H OH H
12 | Prunetin OH H OCH3 H H OH H
13 | Puerarin H H OH C-D-Glc* H OH H
14 | Daidzein H H OH H H OH H
15 | Calycosin H H OH H OH OCH3 H
16 | 6-Hydroxydaidzein H OH OH H H OH H
17 | 3’-Hydroxygenistein OH H OH H OH OH H
18 | 3’-Chlorodaidzein H H OH H Cl OH H
19 | 3’4’ ,6-Trihydroxyisoflavone H OH H H OH OH H
20 | 4°.6,7-Trihydroxyisoflavone H OH OH H H OH H
21 | Corylifol A H H OH H Geranyl OH H
22 | 4,7-Dihydroxy-3’,5"-diprenylisoflavone H H OH H Prenyl OH Prenyl
23 | 8-Prenyldaidzein H H OH Prenyl H OH H
24 | Neobavaisoflavone H H OH H Prenyl OH H
#Gle = glucoside

Fig. 1 Structures of isoflavones 1-26. 25 = Corylin; 26 = neocorylin
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No. | Compound 2 4 7 2’ 4

27 | Equol (35) H H OH H OH

28 | (3RA4S5)-4,2’,4’-Trihydroxy-7-methoxy-4’-O- H OH | OCHs OH O-D-Glc®
B-D-glucopyranosylisoflavan

29 | (35,4R)-4,2’ 4’-Trihydroxy)-7- H OH | OCHs OH OH
methoxyisoflavan

30 | (25,3R,4R)-4,2° 4’ -Trihydroxy-2,7- OCHs | OH | OCH3s OH OH
dimethoxyisoflavan

No. | Compound

2 3 7 3 4

31 | 3.4’,7-Trihydroxy-2-methoxy-3’-geranyl-

isoflavanone

OCH; | OH OH Geranyl OH

® Gle = glucoside

Fig. 2 Structures of isoflavanes 27-30 and isoflavanone 31

The second approach is a cell-based transactivation
or reporter luciferase assay, in which a plasmid DNA
is transfected into a cell culture (Fig. 11). Usually,
three separate plasmids are transfected to the cells: an
expression plasmid containing the sequence of the
whole PPARY gene or just the ligand-binding domain
(LBD) connected to Gal4 transcription factor; a

@ Springer

reporter plasmid containing PPRE sequence or
upstream activation sequence (UAS), where Gal4
binds, this reporter plasmid also contains a gene for
luciferase, which is produced upon activation by
PPARY or Gal4; and the last plasmid is a control that
usually produces another type of luciferase from
Renilla reniformis, a species of soft sea coral (Mueller
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OH OH
OH OH
HO. (o) = 5 HO (0] 5
3
“OR OR
OH OH '
(-)-epicatechin (-)-catechin
(2R,3R) OH (2S33R) OH
OH OH
HO, o 5 HO O 5'
: A
OR OR
OH OH
(+)-epicatechin (+)-catechin
(25.39) (2R,3S)

No. Compound 3 5
32 | (-)-Epigallocatechin gallate Galloyl OH
33 | (-)-Gallocatechin gallate Galloyl OH
34 | (-)-Epicatechin gallate Galloyl H
35 | (-)-Catechin gallate Galloyl H
36 | (-)-Epigallocatechin H OH
37 | (-)-Epicatechin H H
38 | (-)-Catechin H H
39 | (+)-Catechin H H
40 | Procyanidin B2 Dimer of (-)-epicatechin

41 | Epigallocatechin Mixture of (+) and (-) enantiomers
42 | Gallocatechin (mixture of (+) and (-)) H OH
43 | Epigallocatechin gallate Mixture of (+) and (-) enantiomers
44 | Epicatechin gallate Mixture of (+) and (-) enantiomers

Fig. 3 Structures of flavans 32-50. 45 = Oncoglabrinol A, 46 = oncoglabrinol B; 47 = oncoglabrinol C; 48 = catechin-7-4’-0-
digallate; 49 = catechin-7-3’-O-digallate; 50 = (+)-catechin-7-O-gallate
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Fig. 3 continued
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Fig. 4 Structures of
flavones 51—107. 93 =
a-Naphtoflavone; 99 =
B-naphtoflavone;

104 = cyclomulberrin;
105 = nigrasin I

No. | Compound S 6 7 8 2 3% 4
51 Apigenin oH H on H H H on
52 | Chrysin OH H OH H H H H
53 | Luteolin OH H on H H [ OH on
54 Diosmetin OH H OH H H [ OH OCHs
55 5.4°-Dihydroxyflavone OH H H H H H OH

[ 4-(4" Nitrobenzoyloxy)-7-methoxy-6- |
56 H Prenyl OCH3 H H H 4""-Nitrobenzoyloxy
isopentenylflavone
[#-Acetyloxy-7-methoxy-6- T
57 H Prenyl | OCH; H H| H Acetyloxy
isopentenylflavone
4™-Hydroxy-7-methoxy-6-
58 H Prenyl OCH;3 H H H OoH
isopentenylflavone
| |
|4 Hydroxy-7-methoxy-6- Tsopent | H OH
59 H OCH; H H
isopentylflavone yi
60 Acerosin OH OCH» OH OCHs H OH OCHs
| |
61 Hispidulin OH OCH:x oH H H H oH
62 | Scutellarein OH OH OH H H H OH
63 | Homoplantaginin Ol OCH: | O-DGIE | H [T on
64 Apigenin-8-C-a-L-arabinopyranoside OH H OH C-L-Ara® H H OH
0-D- H H
65 | Baicalin OH OH H H
GleA®
66 | Oroxylin A OoH OCHx OH | H H H H
67 | Chrysin 5.7-diprenyl cther O-prenyl H | Opremyl | H H| H H
68 | Chrysin 5-prenyl-7-benzyl ether O-prenyl W | O-benzyl [0 TR T
69 | Chrysin 5-benzyl-7-prenyl ether O-benzyl H O-prenyl | A H| H H
| |
70 | Chrysin 5-benzyl-7-benzyl ether O-benzyl 0 Obenzyl ] H| il
71| Chrysin 5-benzyl ether O-benzyl H OH H H| H° H
72| Chrysin 5-methyl-7-benzyl cther OCI 0| Obenzyl i (TR il
| |
73 | Chrysin 7-benzyl ether OH H O-benzyl | H H H H
o-@- T
74 | Chrysin 5-(4"-fluoro)benzyl ether H OH H H| H H
fluoro)benzyl
- |
75 | Chrysin 5-allyl ether O-allyl H OH H H H "
0-@"-
76 Chrysin 5-(47-chloro)benzyl ether H OH H H H H
chloro)benzyl
| |
o-D- | H OH
77 | Apigenin-7-O-B-D-glucuronide oH H H H
GleA®
78 Chrysoeriol OH H OH H H | OCH; OH
| i
0-D-
79 Chrysoeriol-7-O-B-D-glucuronide OH H H H | OCH: OH
GleA®
Diosmetin-7-O--D-glucuronide methyl 0-D-
80 OH H H H OH OCH;
ester GleA®
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Fig. 4 continued
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methyl
ester
0-D-
Apigenin-7-O-p-D-glucuronide methyl GleA®
81 OH H H H H OH
ester methyl
ester
O-L-Rha-
82 Linarin OH H H H H OCH:
D-Gle®
83 Acacetin o H oH H H H OCHz
84 7-Methoxy flavone H H OCHs H H H H
85 7.8-Dihydroxyflavone H H OH OH H H H
86 Flavone H " H H H " H
87 7.4"-Dihydroxyflavone H H OH H H H OH
88 Wogonin OH H OH OCHs H H H
89 Baicalein OH OH OH H H H H
92 Tangeretin OCH; OCH: OCH3 OCH3 H H OCH:
91 4°.7.8-Trihydroxyflavone H H OH OH H H OH
92 3'.7,8-Trihydroxyflavone H H OH OH H OH H
94 Vitexin OH H OH 0-D-Gle* H H OoH
0- OH OCH:»
95 Neodiosmin OH H H H
Neohesp®
O-L-Rha-
96 Diosmin OH H H H OH OCH:
D-Gle®
97 5,6-Dihydroxyflavone OH OH H H H H H
98 34’ -Dihydroxyflavone H H H H H OH OH
100 | 2’3,6-Trihydroxyflavone H OH H H OH | OH H
101 | 3’ 4’ 6-Trihydroxyflavone H OH H H H OH OH
102 | 3°.5,6-Trihydroxyflavone OH OH H H H OH H
103 | 4’,6-Dihydroxyflavone H OH H H H H OH
-
8-(1"*-Hydroxyisoprenyl)-5,6-dihydroxy-
106 OH OH OCH;3 Hydroxyiso | H H OCH:
7,4"-dimethoxyflavone
prenyl
0-D-
107 | Oroxyloside OH OCH3 H H H H
GleA®
© Gle = glucoside; Ara = arabi GleA = Rha = Neohesp = neoh: (L-rha yl-(1—-2)-D-glucose)
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No. | Compound 5 6 7 8 2 3 4 5
O-L-Rha-D-
108 | Hesperidin OH H H H OH OCH3 H
Gle!
109 | Naringenin OH H OH H H H OH H
111 | Hesperetin OH H OH H H OH OCH; H
4’-Benzoyloxy-7-methoxy-6-
112 H Prenyl OCH3 H H H Benzyloxy H
isopentenylflavanone
3’-Fluoro-4’-hydroxy-7-methoxy-6-
113 H Prenyl OCHs H H E OH H
isopentenylflavanone
4’-Hydroxy-7-methoxy-6-
114 H Prenyl OCHs H H H OH H
isopentylflavanone
115 | Naringin OH H O-Neohesp* H H H OH H
116 | Eriodictyol OH H OH H H OH OH H
117 | Bavachinin H Prenyl OCH3 H H H OH H
118 | Bavachin H Prenyl OH H H H OH H
120 | Isobavachin H H OH Prenyl | H H OH H
121 | 3’-Hydroxyisobavachin H H OH Prenyl | H OH OH H
124 | Alpinetin OCHa H OH H H H H H
(2R .25)-4"’-Hydroxybavachinin 47-
125 H OCHs H H H OH H
enantionomers Hydroxyprenyl
QR2S)2R" 2527 3"- 2737-
126 H OCH:s H H H OH H
Dihydroxybavachinin epimers Dihydroxyprenyl
(2R25)-4"",5-Dihydroxybavachinin 4757
127 H OCH:3 H H H OH H
cnantionomers Dihydroxyprenyl

Fig. 5 Structures of flavanones 108—130. 110 = Norkurarinone; 119 = 2(R,S)-4’-hydroxy-6,7-[2-(1-methoxy-1-methylethyl)-

furano]-flavanone; 122 = 5-dehydroxyparatocarpin K; 123 = brosimacutin E
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(2R.2S)-Bavachin 7-O-p-D-
128 H Prenyl 0-D-Gle! H H H OH H
gluocopyranoside epimers
129 | (25)-4"’-Hydroxybavachin H OH H H H OH H
Hydroxyprenyl
130 | (25)-5""-Hydroxybavachin H OH H H H OH H
Hydroxyprenyl

4 Gle = glucoside; Rha = rthamnoside; Neohesp = neohesperidoside (L-rhamnosyl-(1—2)-D-glucose)

122

Fig. 5 continued

et al. 2008; Shin et al. 2009; Goldwasser et al. 2010;
Christensen et al. 2010; Iio et al. 2012; Puhl et al.
2012; Quang et al. 2013; Feng et al. 2014, 2016; Liu
etal. 2014; Ma et al. 2015, 2016; Sakamoto et al. 2016;
Pallauf et al. 2017; Du et al. 2017; Xu et al. 2018;
Nazreen et al. 2019; Zhou et al. 2021; Yang et al.
2024). The control plasmid can also contain a gene for
B-galactosidase (Liang et al. 2001; Dang et al. 2003;
Chacko et al. 2007; Liu et al. 2008; Matin et al. 2009;
Cho et al. 2010; Ramachandran et al. 2012), or green
fluorescent protein (GFP) (Pferschy-Wenzig et al.
2014; Mossine et al. 2022). On the other hand, several
studies did not use a control plasmid (Shen et al. 2006;
Fang et al. 2008; Lim et al. 2012; Jia et al. 2013;
Ahmed et al. 2017; Yue et al. 2018; Shams Eldin et al.
2018; Miao et al. 2022), and two studies used a stably
transfected PPARY2 CALUX reporter cell line (Gijs-
bers et al. 2013; Beekmann et al. 2015). Moreover,
Beekman et al. adapted this method to measure the
induction of the expression of a reporter gene in pGL4

@ Springer

plasmid DNA using a quantitative polymerase chain
reaction (QPCR) (Beekmann et al. 2015).

The third type of method presented in this review is
a cell-free competitive ligand-binding assay that has
many variants (Fig. 12). One variant is a PPARy
fluorescence polarization-based assay, in which
ligands (the test compounds) compete with a fluores-
cent probe in binding to the LBD of PPARY and
thereby reducing the signal (Mueller and Jungbauer
2008, 2009; Shin et al. 2009; Zoechling et al. 2011;
Hui et al. 2014). Another variant uses a time-resolved
fluorescence energy transfer (TR-FRET) approach
with a fluorescent probe ligand and terbium-labeled
LBD, where ligand binding induces energy transfer
from terbium to the fluorophore of the ligand to
increase fluorescence emission and the binding of the
test compound decreases the signal (Ko et al.
2022, 2023; Wang et al. 2022; An et al. 2023a, b).
Dang et al. used radioactive [SH]-rosiglitazone as a
competitor in their PPARY binding assay (Dang et al.
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No. | Compound 3 5 6 7 8 2 3 4 5
131 | Quercetin OH OH H OH H H OH OH H
132 | Syringetin OH OH H OH H H | OCH:z | OH | OCHs
133 | Kaempferol OH OH H OH H H H OH H
134 | Kaempferol-3-O-rutinoside O-L-Rha-D-Glc* | OH H OH H H H OH H
135 | Rutin O-L-Rha-D-Glc* | OH H OH H H OH OH H
136 | Myricetin OH OH H OH H H OH OH OH
0-(6"-0-p-
Dillenetin 3-0-(6""-O-p-coumaroyl)--D-
137 coumaroyl)-p- OH H OH H H | OCHs | OCHs H
glucopyranoside
D-Gle

138 | 4’-Methoxyflavonol OH H H H H H H OCH3 H
139 | Quercitrin O-L-Rha* OH H OH H H OH OH H
140 | Myrcitrin O-L-Rha* OH H OH H H OH OH OH
141 | 4°,7.8-Trihydroxyflavonol OH H H OH OH H H OH H
142 | Quercetin-3-O-glucuronide O-D-GlcA® OH H OH H H OH OH H
143 | Kaempferol-3-O-glucuronide 0-D-GlcA® OH H OH H H H OH H
144 | Galangin 3-benzyl-5-methyl ether O-benzyl OCHaz H OH H H H H H
145 | Galangin OH OH H OH H H H H H
146 | Morin OH OH H OH H OH H OH H
150 | Rhamnetin OH OH H OCH3 H H OH OH H
151 | 3-Hydroxyflavone OH H H H H H H H H
152 | Quercetin-3,7-0-o-L-dirhamnoside O-L-Rha® OH H O-L-Rha® H H OH OH H
153 | 6-Hydroxyflavonol OH H OH H H H H H H
154 | 5,6-Dihydroxy-7-methoxyflavonol OH OH OH OCHs H H H H H
155 | Fisetin OH H H OH H H OH OH H
156 | Quercetin-3-O-glucoside 0-D-Glc* OH H OH H H OH OH H

Fig. 6 Structures of flavonols 131—159. 147 = Nigragenon L; 148 = macakurzin C; 149 = macakurzin C 3,5-dimethyl ether
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157 | Isorhamnetin-3-O-rutinoside O-L-Rha-D-Glc* | OH H OH H H | OCH: | OH H
158 | Isorhamnetin-3-O-glucoside 0-D-Glc* OH H OH H H | OCH: | OH H
159 | Isorhamnetin OH OH H OH H H | OCHs| OH H

¢ Glec = glucoside; Rha = rhamnoside; GlcA = glucuronide

147

Fig. 6 continued

2003). Hu et al. used a cell-free assay based on the
ligand-dependent interaction between PPARYy and
transcriptional  mediators/intermediary  factor 2
(TIF2) fused to bacterial alkaline phosphatase, the
activity of which was detected with a specific substrate
and reading of absorbance (Hu et al. 2013). Similarly,
Lee et al. used an approach of ELISA 96-well plates
precoated with steroid receptor coactivator-1 (SRC-1).
The binding of PPARY and SRC-1 was augmented by
PPARYy agonists and the amount of bound PPARY
proteins was detected using primary and secondary
antibodies (Lee et al. 2020).

SAR between various classes of flavonoids
as PPARY agonists

Salam et al. performed a structure-based virtual
screening of the PPAR-y ligand-binding domain using
a natural product library of 29 potential agonists.
Among these, six flavonoids were found to be active
using a transcriptional factor assay. The ECs activity
of rosiglitazone was 0.8 uM, followed by \-bapti-
genin (1; isoflavone; %pc = 27.6%), hesperidin (108;
flavanone glycoside; %pc = 12.1%), apigenin (51;
flavone; %pc = 10.1%), biochanin A (2; isoflavone;
9Yopc = 8.7%), chrysin (52; flavone; %pc = 8.2%), and

@ Springer

genistein (3; isoflavone; %pc = 4.3%). The disparity
can be explained using the molecular docking data
because it had been predicted that compound 1 would
bind to the LBD of PPARY via the hydroxyl group on
C-7 of the A-ring and the 5,7-dihydroxyl arrangement
on the A-ring likely diminishes the agonist activity
(Salam et al. 2008).

In a study by Mueller et al., PPARY was activated

by oregano extract (e.g., Origanum vulgare L.) and its
components were tested. The oregano extract did not
transactivate PPARY, because the components act
differently. The isoflavone 2 showed a %pc of 0.65%
when compared with rosiglitazone (ECsy = 0.21 uM),
followed by naringenin (109; flavanone; %pc.
= 0.26%). Others, such as flavones (51, luteolin
(53), diosmetin (54)) and a flavonol (quercetin (131))
were inactive and thus can be described as PPARY
antagonists (Mueller et al. 2008).

Another study by Quang et al. concentrated on
flavonoids isolated from Sophora flavescens Aiton
roots. Among the test compounds, the isoflavone
formononetin (8) showed the greatest effect (%pc.
= 45.0%) compared to troglitazone (ECsy = 0.72 pM),
a drug from the thiazolidinedione class, similar to
rosiglitazone. Other active compounds were: the fla-
vanone norkurarinone (110; %pc = 10.9%) and the
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3
&
+
74 ?\ 5
=3
5
No. | Compound 1 3 5 7 3 4 5
160 | Delphinidin OH OH OH OH OH OH
161 | Cyanidin OH OH OH OH OH H
162 | Peonidin chloride cr OH OH OH OCH3 OH H
163 | Cyanin 0-D-Glc! 0-D-Gl¢'| OH OH OH H
164 | Keracyanin O-L-Rha-D-Glc' | OH OH OH OH H
165 | Oenin 0-D-Glc' OH OH OCH;3 OH OCHs
166 | Pelargonin 0-D-Glc' O-D-Glc'| OH H OH H
167 | Cyanidin-3-0-B-glucoside 0-D-Glc* OH OH OH OH H

f Glc = glucoside; Rha = rhamnoside

Fig. 7 Structures of anthocyanidins and anthocyanins 160—167

flavanonol (2R)-30.,7,4’-trihydroxy-5-methoxy-8-(y,y-
dimethylallyl)-flavanone (168; %pc = 6.9%) (Quang
etal. 2013).

Moreover, a study by Matin et al. has demonstrated
that the 7-hydroxy-benzopyran-4-one structure (pre-
sent in isoflavones and flavones) is crucial for the
PPARY agonist effect because it exhibits similarity to
the core structure of thiazolidinediones. Seventy-
seven compounds were assayed and several were
found to be more effective than rosiglitazone (PPARYy
fold activation = 2.9) at a concentration of 5 pM. The
four most active were: 4’-fluoro-7-hydroxyisoflavone
(4; Y%pc = 710.3%), compound 1 (%pc = 417.2%),
3’,5’-dimethoxy-7-hydroxyisoflavone (5; %opc = 410.3%),
and 3’-methoxy-7-hydroxyisoflavone (6; %pc = 313.8%).
Although the isoflavone class was the most effective, this
was not universally the case, for example, another
isoflavone 3 had much less effect (%pc = 69.0%).
Flavones were the second most effective class, with
compounds 54 and 5.4’-dihydroxyflavone (55; both
9opc = 86.2%), followed by the flavonol syringetin (132;

Jopc = 65.5%), and the flavanone hesperetin (111; %pc_
= 51.7%). The lack of PPARY activity among flavanones

points to the conclusion that the planar structure of flavones

and isoflavones is a vital requirement (Matin et al. 2009).

Gijsbers et al. tested the PPARy agonism of
compounds present in tomato (Solanum lycopersicum
L.) extracts. Among the test compounds two were
active at a concentration of 1 pM, the flavonol
kaempferol (133) and the flavanone 109 (both %pc
=~ 1.0%). Other flavonols (such as kaempferol-3-O-
rutinoside (134), 131, and rutin (135)) and antho-
cyanidins (delphinidin (160) and cyanidin (161)) were
inactive (Gijsbers et al. 2013).

Du et al. designed, synthesized and evaluated 30
bavachinin (117; flavanone; %pc = 0.4%) analogs as
PPARY agonists. Among them, seven compounds
were more active than the parent compound. The most
active were the flavones: 4’-(4”-nitrobenzoyloxy)-7-
methoxy-6-isopentenylflavone (56; %pc = 18.6%),
4’-acetyloxy-7-methoxy-6-isopentenylflavone (57,
9opc = 10.3%), 4’-hydroxy-7-methoxy-6-isopenteny-
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Fig. 8 Structures of
flavanonols 168—185.
170 = Silybin A;
171 = silybin B;

172 = isosilybin A;
173 = isosilybin B;
174 = silychristin;
175 = silydianin;
178 = nigragenon B;
179 = sanggenol F;
180 = nigragenon D;
181 = nigrasin K;
183 = nigragenon E;
184 = sanggenon A;
185 = sanggenol H

@ Springer

3 3
2 4' 2 4'
8
7 (o) o
6 0y
S OH
[o]
160
182
No. | Compound 5 6 1 8 big 32 L
(2R)-30.7.4’-Trihydroxy-5-mcthoxy-8-
168 OCH;3 H on Prenyl H H on
(y.y-dimethylallyl)-flavanone

OH | Prenyl

169 [ Silibinin mixture of two diastereomers, silybin A (170) and silybin B (171)
176 | (+)-Taxifolin (2R.3R) OH | H OH ‘ H | H OH | OH
177 | Taxifolin Mixture of (+) and (-) enantiomers
182 | Nigragenon A

OH‘HIOH|H|OH
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Fig. 8 continued

Iflavone (58; %pc = 7.1%), and 4’-hydroxy-7-meth-
oxy-6-isopentylflavone (59; %pc = 2.3%), followed
by the flavanones: 4’-benzoyloxy-7-methoxy-6-
isopentenylflavanone (112; %pc = 3.2%), 3’-fluoro-
4’-hydroxy-7-methoxy-6-isopentenylflavanone (113;
9opc = 2.4%), and 4’-hydroxy-7-methoxy-6-isopentylfla-
vanone (114; %pc = 0.6%) (Du et al. 2017).
Zoechling et al. researched the PPARY agonism of
flavonoids detected in red wine. The most active class
of flavonoids were the flavanols: (-)-epigallocatechin
gallate (32; %pc = 100.0%), (-)-gallocatechin gallate
(33; %pc = 84.0%), (-)-epicatechin gallate (34; %pc.
=35.6%), and (-)-catechin gallate (35; %pc.
= 23.1%). On the other hand, (-)-epigallocatechin
(36), (-)-epicatechin (37), and ( +)-catechin (39) were
not active. The second most active class were the
anthocyanidins with compound 161 (%pc = 15.0%),
followed by the flavonols: myricetin (136; %pc.
= 10.5%), compound 131 (%pc = 3.7%), and 133
(%pc = 0.7%). Flavones were represented only by
compound 51 (%pc = 1.3%) and flavanones by com-
pound 109 (%pc = 0.6%) (Zoechling et al. 2011).
Liu et al. studied the PPARY agonistic activity of
diterpenoids and flavonoids from the aerial parts of
Scoparia dulcis L. The most active compound was the
flavone 53 (%pc = 10%), when compared to

rosiglitazone (ECsy = 0.03 pM). Other flavones, such
as acerosin (60; %pc = 0.7%), hispidulin (61; %pc.
= 0.4%), scutellarein (62; %pc = 0.2%), and com-
pound 51 (%pc = 0.1%), showed only minor activity.
No activity was detected for flavones homoplantaginin
(63) and apigenin-8-C-o-L-arabinopyranoside (64) or
the flavonol dillenetin 3-O-(6"-0O-p-coumaroyl)-B-D-
glucopyranoside (137) (Liu et al. 2014).

Mueller and Jungbauer screened extracts from
culinary plants, herbs, and spices to find a rich source
of PPARY ligands. Most active among the flavonoids
were the flavonols 136 (%pc = 4.8%) and 131 (%pc.

=4.3%), followed by flavone 53 (%pc = 3.0%).

Other compounds, such as flavonol 133 (%pc-
=0.3%), flavone 51 (%pc = 0.2%), and flavanol (-)-
catechin (38; %pc = 0.1%), showed very low activity.
Moreover, other compounds such as an anthocyanidin
peonidin chloride (162), flavanol 37, and the proan-
thocyanidin (procyanidin B2; 40) showed no activity
(Mueller and Jungbauer 2009).

Yang et al. researched several natural products
from Clerodendrum trichotomum Thunb. and their o-
glucosidase inhibitory and PPAR-y agonist activities.
The most active flavone 53 (%pc = 1.3%) was com-
pared to rosiglitazone (ECs, = 0.03 uM), followed by
flavonol 131 (%pc = 0.62%), and two flavones:
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apigenin 7-O-f-D-glucuronide (77; %pc = 0.35%)
and 51 (%pc = 0.62%). Other flavones were inactive,
such as chrysoeriol (78), chrysoeriol 7-O-f-D-glu-
curonide (79), diosmetin 7-O-f-D-glucuronide methyl
ester (80), apigenin 7-O--D-glucuronide methyl ester
(81), and linarin (82) (Yang et al. 2024).

Mossine et al. studied response of sixty-four
flavonoids to PPARY transcriptional factor in relation
to neuroinflammation in astrocytes. Rosiglitazone
showed 1.743-fold activation at a concentration of
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50 uM. Among the flavonoids, the most active were
flavones: 52 (%epc = 245.38%), acacetin (83; %pc.
=212.11%), and 7-methoxyflavone (84; %pc.
= 169.48%). Followed by galangin (145; flavonol;
Yopc = 166.48%), 7.4’ -dihydroxyflavone (87; %pc.
= 151.64%), daidzein (14; %pc = 135.51%), flavone
51 (%pc = 135.34%), flavonol 133 (%pc = 132.93%),
flavone 86 (%pc = 131.38%), flavanone 111
(Y%pc = 125.13%), isoflavone 8 (%pc = 113.08%),
isoflavone 2 (Yopc = 112.51%), 347-
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Fig. 12 The methods to measure PPARY agonism using cell-
free ligand binding assays

trihydroxyisoflavone (9; %pc = 98.74%), flavone 55
(%pc = 98.05%), wogonin (88; flavone; %pc.
= 97.30%), flavone 53 (%pc = 93.23%), isoflavone
3 (%pc = 90.94%), flavanone 109 (%pc = 88.18%),
4’-methoxyflavonol (138; %pc = 98.74%), 2’,3’,6-
trihydroxyflavone 100 (%pc = 74.81%), baicalein
(89; flavone; %pc = 71.72%), tangeretin (90; flavone;
9Yopc = 65.69%), 4°,7,8-trihydroxyflavone (91; %pc.
= 65.40%), flavanone 108 (%pc = 63.51%), 3°,7,8-
trihydroxyflavone (92; %pc = 62.36%), daidzin (10;
isoflavone; %pc = 62.36%), genistin (11; isoflavone;
Yopc = 61.50%), baicalin (65; flavone; %opc.
= 60.41%), a-naphthoflavone (93; %pc = 71.72%),
taxifolin (177; flavanonol; %pc = 57.77%), morin
(146; flavonol; %pc = 56,80%), cyanin (163; antho-
cyanin; %pc = 55.82%), keracyanin (164; antho-
cyanin; %pc = 55.25%), fisetin (155; flavonol;
Yopc = 54.79%), quercitrin (139; flavonol; Y%pc.
= 54.10%), vitexin (94; flavone; %pc = 53.13%),
naringin (115; flavanone; %pc = 50.95%), flavanol 37

(%opc = 50.37%), flavonol 135 (%pc = 50.32%), neo-
diosmin (95; flavone; %pc = 50.09%), oenin (165;
anthocyanin; %pc = 50.09%), flavanol 39 (%pc.
=48.82%), prunetin (12; isoflavone; %pc.
= 48.36%), pelargonin (166; anthocyanin;
9Yopc = 47.68%), puerarin (13; isoflavone; %pc.
= 47.22%), flavonol 136 (%pc = 46.76%), myricitrin
(140; flavonol; %pc = 48.36%), eriodictyol (116;
flavanone; %pc = 44.06%), diosmin (96; flavone;
Yopc = 42.97%), 7,8-dihydroxyflavone 85 (%pc.
=42.74%), anthocyanidin 161 (%pc = 41.37%),
flavonol 131 (%pc = 40.85%), epigallocatechin (41;
flavanol; %pc = 40.68%), quercetin-3-O-glucoside
(156; flavonol; %pc = 36.55%), gallocatechin (42;
flavanol; %pc = 34.88%), epigallocatechin gallate
(43; flavanol; %pc = 34.65%), 4°,78-trihydrox-
yflavonol (141; %pc = 33.91%), anthocyanidin 160
(%opc = 40.68%), silibinin (169; a mixture of two
diastereomers, silybin A (170) and silybin B (171);
9Yopc = 28.34%), 5,6-dihydroxyflavone (97; %pc.
= 26.28%), epicatechin gallate (44; flavanol; %pc.
= 24.50%), 3’4’ -dihydroxyflavone (98;
Yopc = 20.65%), rhamnetin (150; flavonol; Y%pc.
= 14.52%), 3-hydroxyflavone (151; flavonol; %pc.
= 9.87%), and B-naphthoflavone (99; %pc = 3.84%)
(Mossine et al. 2022).

Based on the results by Liang et al., the most potent
PPARY agonist was flavone 51 (8.1-fold activation),
followed by flavonol 133 (7.7-fold), and flavone 52
(5.6-fold). The positive control in this experiment was
indomethacin (13.34-fold), but the value of %pc
cannot be calculated, because indomethacin was tested
at a concentration of 100 uM, whereas the flavonoids
were at 10 pM. Other compounds demonstrated some
level of PPARYy agonism, but without statistical
significance: flavones 85, 86, and 53, flavonols 145
and 151, and isoflavones 2 and 3 (Liang et al. 2001).

An et al. measured the binding activity of various
flavonoids, but not that of the positive control
(rosiglitazone), which makes it impossible to compare
their study with others. The most effective was
flavanol 38 (97% bind. act.), followed by flavonol
133 (83%), flavone 52 (71%), flavanone 109 (68%),
and isoflavone 3 (41%) (An et al. 2023a).

Shams Eldin et al. performed bioactivity-guided
isolation of potential antidiabetic and antihyperlipi-
demic compounds from Trigonella stellata Forssk.
and reported PPARY agonistic activity for (3R,4S5)-
4,2’ 4 -trihydroxy-7-methoxy-4’-O-B-d-
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glucopyranosylisoflavan (28) at a concentration of
12.5 pg/mL; this compound led to 1.22-fold activa-
tion. Rosiglitazone was much more active, with 3.5-
fold activation at a concentration of 1.79 pg/mL. Other
isolated compounds, such as (35,4R)-4,2’ 4’-trihy-
droxy)-7-methoxyisoflavan (29), (2S,3R,4R)-4,2’.4’-
trihydroxy-2,7-dimethoxyisoflavan (30), flavone 87,
or quercetin-3,7-0-o-L-dirhamnoside (152), did not
show any activity (Shams Eldin et al. 2018).

Lee et al. studied the cytotoxic effects of flavonoids
on human cervical and prostate cancer cells and linked
this effect to PPARy agonism. The only active com-
pound among those tested compounds was 6-hydrox-
yflavonol (153), with approximately twofold activation
at a concentration of 20 uM, while the positive control,
indomethacin had a similar effect at a much higher
concentration (320 pM). Other test compounds were
not active; among them a flavonol 5,6-dihydroxy-7-
methoxyflavonol (154), flavones 100, 3’,4’,6-trihy-
droxyflavone (101), 3’.5,6-trihydroxyflavone (102),
and 4’,6-dihydroxyflavone (103), and two isoflavones
3’4 6-trihydroxyisoflavone (19) and 4°,6,7-trihydrox-
yisoflavone (20) (Lee et al. 2010).

Pallauf et al. screened flavonoids as putative
inducers of various transcriptional factors, with
PPARy among them. The most active were flavones
51 (approx. 14-fold activation), and 53 (ninefold). The
second most active class were the isoflavones (9 and 3,
approx. 4 and 3.5-fold, respectively), followed by
flavonols: 133, 155 (threefold), and 131 (2.5-fold).
The least active were flavanones 111 and 109 (2 and
1.5-fold, resp.) (Pallauf et al. 2017).

Ma et al. determined the PPARY agonist activity of
prenylflavone derivatives isolated from the seeds of
Psoralea corylifolia L. The most active class of
flavonoids were flavanones: 117 (13.12-fold) and
bavachin 118 (7.94-fold), followed by the isoflavone
corylifol A (21; 6.34-fold). All of these compounds
were tested at a concentration of 25 pM, whereas
rosiglitazone was tested at 5 uM (68.65-fold). Other
isolated compounds, such as the flavanones (2(R,5)-4’-
hydroxy-6,7-[2-(1-methoxy-1-methylethyl)-furano]-
flavanone (119), isobavachin (120), 3'-hydroxy-
isobavachin (121), 5-dehydroxyparatocarpin K (122),
and brosimacutin E (123)) and the isoflavones and
isoflavanones (4’,7-dihydroxy-3’,5’-diprenylisoflavone
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(22), 3.4°,7-trihydroxy-2-methoxy-3’-geranylisofla-
vanone (31), 8-prenyldaidzein (23), neobavaisoflavone
(24), corylin (25), and neocorylin (26)) were inactive
(Ma et al. 2016).

Christensen et al. identified several bioactive com-
pounds obtained from the flowers of black elder
(Sambucus nigraL.). Among these, flavanone 109 was
able to activate PPARYy (twofold at a concentration of
40 uM). Rosiglitazone (1 pM) was much more active
(100-fold), whereas other flavanols, such as 135, 156,
134, isorhamnetin-3-O-rutinoside (157), isorham-
netin-3-O-glucoside (158), 131, and 133 were unable
to activate PPARY (Christensen et al. 2010).

Pferschy-Wenzig et al. investigated compounds
isolated from milk thistle seeds for their PPARY
agonistic effect. The only active compound was
flavonolignan isosilybin A (172; 2.1-fold at 30 pM),
and it was less active than pioglitazone (sevenfold at 5
puM). Other silymarin constituents were inactive
(flavonolignans: 170, 171, isosilybin B (173), sily-
christin (174), and silydianin (175) and the flavanonol
(+)-taxifolin (176)) (Pferschy-Wenzig et al. 2014).

Xu et al. investigated the PPARY agonistic activity
of several isoprenylated flavanonols and flavones
isolated from twigs of Morus nigra L. Their study
showed a similar effect for the flavanonols nigragenon
B (178) and sanggenol F (179; both approx. twofold at
a concentration of 3 pM). Other flavanonols, such as
nigragenon D (180) and nigrasin K (181), were active,
but only at the higher concentration of 30 pM, and the
rest were inactive (flavanonols: nigragenon A (182)
and E (183), sanggenon A (184), sanggenol H (185);
and flavones: cyclomulberrin (104), and nigrasin I
(105)). Rosiglitazone showed a greater eftect: 12-fold
at a concentration of 1 uM. Based on this result, Xu
et al. summarized the following SAR of PPARY
agonistic effects: (a) The presence of a prenyl group at
position C-6 or C-8 was crucial. (b) The prenyl group
at C-6 (178 and 179) was preferable to the one at C-8
(181). (c) Cyclization of the prenyl group (184) greatly
diminished the effect. (Xu et al. 2018).

Of the 20 research articles, eleven allowed the
calculation of %pc. For direct comparison, all of the
values for compounds in the flavonoid classes were
put together and displayed in Fig. 13. We can deduce
from Fig. 13 that isoflavones show the highest values
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of %pc, which makes them the most promising
flavonoid class in terms of PPARy agonism. The
second highest values were for flavones, followed by
flavonols, flavanones, flavanols, flavanonols, and
anthocyanidins and anthocyanins.

The SARs arising from the other nine studies are
presented in Table 1. The results from Liang et al.
agree with the results presented in the Fig. 13 (Liang
et al. 2001). On the other hand, other studies, such as
An et al., Pallauf et al., and Ma et al., propose that
isoflavones are not the most effective among the
flavonoids (Ma et al. 2016; Pallauf et al. 2017; Anet al.
2023a).

SAR within the classes of flavonoids as PPARy
agonists

Isoflavones, isoflavans, and isoflavanones

As a conclusion from the five studies (Salam et al.
2008; Matin et al. 2009; Pallauf et al. 2017; Shams
Eldin et al. 2018; Mossine et al. 2022) showing results
of more than one isoflavone or isoflavan already
presented in the previous part, we can formulate
several outlines for SAR:

1. The 7-hydroxyisoflavone arrangement on the
A-ring is generally more effective than the 5,7-
dihydroxyl arrangement (e.g. compound 1 (%pc.
= 27.6%) vs. 2 (Ypc = 8.7%) (Salam et al.
2008)).

2. The mosteffective structure was 4 (%pc = 710.3%)
(Matin et al. 2009).

3. Hydrogen bond acceptors at positions C-3" and
C-4’ of the B-ring are important for the effect.

4. On the other hand, increased steric bulk of the
isoflavone B-ring leads to decreased PPARY activ-
ity (e.g. 3’4’5 -trifluoro-7-hydroxyisoflavone (7;
Yopc = 51.7%) (Matin et al. 2009)).

5. The crucial function of free hydroxyl group at
position C-7 of the A-ring can be seen when we
compare activity of compound 14 with its 7-O-
glucoside derivative 10 (Mossine et al. 2022).

6. Among the isoflavans, the only active compound
possessed a B-D-glucopyranosyl moiety at position
C-4’ of the B-ring (Shams Eldin et al. 2018).

Shen et al. analyzed the antidiabetic effect associ-

ated with the PPARY activation of isoflavones isolated
from herbal extracts: 8 and calycosin (15) from
Astragalus membranaceus Moench, 9 from Pueraria
thomsonii Benth., and two other common isoflavones,
3 and 2. The study showed that only 8 (%pc.
= 138.5%) was more effective than the positive
control, pioglitazone (ECsy = 3.6 pM). The second
most effective was 2 (%pc = 97.3%), followed by 3
(Yopc = 15.7%), 15 (%pc = 8.0%), and 14 (%opc.
= 4.9%). These results underscore the importance of
the methoxy group attached to C-4” and the absence of
a hydroxy group at C-3’ of the B-ring (Shen et al.
2006).

Mueller et al. showed that metabolites from red
clover can exert higher binding affinities than their
precursor molecules. One of the natural products from
red clover 6-hydroxydaidzein (16; Y%pc = 3.6%)
showed the most potent PPARY binding effect when
compared with its precursor 14 (%pc = 0.03%) and
both were compared with rosiglitazone (ICso = 0.12
uM). The second most active compound was 3'-
hydroxygenistein (17; %pc = 1.0%). Other isofia-
vones, such as 2 (%pc = 0.6%) and 3 (%opc = 0.5%),
were less active. Compound 8 was found to be inactive
(Mueller and Jungbauer 2008).

Chacko et al. reported the activation of PPARY in
endothelial cells (HUVECs) exposed to isoflavones.
Rosiglitazone led to a roughly threefold activation at a
concentration of 2 pM. All the test isoflavones and
isoflavans were used at a concentration of 1 pM, which
makes it impossible to calculate %pc. Compound 2
caused approximately fourfold activation and thus was
more active than rosiglitazone. This compound was
followed by 3 with almost 3.8-fold activation, 9
(approx. twofold), and the isoflavan equol (27; approx.
1.7-fold). This study also tested various chlorine
derivatives and proved the positive effect of 3’-
chlorination of the B-ring on the PPARY agonism: 3’-
chlorodaidzein (18) brought about approx. sixfold
activation. On the other hand, the addition of chlorine
at C-6 or C-8 of the A-ring diminished the activity of 9.
In conclusion, this study proved the necessity of
having a 7-hydroxy group on the A-ring for PPARY
agonism, chlorination at position C-3°, but not at C-6
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or C-8, and the greater effect of isoflavones over
isoflavanes (Chacko et al. 2007).

Dang et al. tested the activation of the PPARY
receptor by compound 3. Incubation of the test
compound at a concentration of 5 pM for 48 h led to
aroughly 60-fold induction. This effect was compared
to rosiglitazone in a binding assay, and it was shown
that compound 3 interacts directly with the same LBD
as rosiglitazone, although with a lower binding
affinity. Unfortunately, the results presented do not
allow for direct comparison with a calculation of %pc
(Dang et al. 2003).

Cho et al. concentrated on the PPARY transcrip-
tional activity of dietary soy isoflavones. Compound
14 and its derivative 27 showed 3.8-fold and 4.1-fold
activation, respectively, of the PPARYy receptor at a
concentration of 10 uM. The difference between these
effects is not statistically significant and there was no
positive control (Cho et al. 2010).

Finally, Sakamoto et al. tested the PPARYy agonist
activity of 9 and reported its twofold activation at a
concentration of 6.25 uM, but without any reference to
the activity of a positive control (Sakamoto et al.
2016).

The overall results of %pc calculations for isofla-
vones, isoflavans, and isoflavanones are presented in
Fig. 14. The three most effective isoflavones were: 4, 1,
and 5. The Table 2 then presents four other studies.
According to the results by Chacko et al., isoflavone 14
was more active than isoflavan 27, but Cho et al.
showed opposite result (Chacko et al. 2007; Cho et al.
2010).

Fig. 13 Distribution of
9opc values among different
classes of flavonoids
visualized as scatter plot.
Asterisks represent
individual compounds
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Flavanols

The four studies (Mueller and Jungbauer 2009;
Zoechling et al. 2011; Mossine et al. 2022; An et al.
2023a) presented in the previous chapter all report
flavanols as the most active among other classes of
flavonoids (with the exception of Mossine et al.), but
the effects of particular compounds contradict each
other. Zoechling et al. described the sequence of
decreasing activity as follows: 32 > 33 > 34 > 35.
Other compounds, such as 36, 37, and 39, were
inactive. According to their study, the most crucial
structural features for the PPARY agonist activity are
(Zoechling et al. 2011):

1. Esterification with gallic acid acting on the
hydroxyl group at C-3 is essential.

2. A 345 -trihydroxy (i.e. = gallo-) arrangement
on the B-ring increases the activity.

3. (2R,3R) stereoisomers on the C-ring (i.e. = epi-)
are more active.

Mueller and Jungbauer found very low activity for
38 (%pc = 0.1%). Moreover, another flavanol 37 and a
proanthocyanidin (40; a dimer of two flavanols: (—)-
epicatechin-(4f3 — 8)-(—)-epicatechin) showed no
activity (Mueller and Jungbauer 2009).

An et al. on the other hand, were able to detect
binding activity of 38 to PPARY (An et al. 2023a).

Moreover, Mossine et al. reported compound 37 as
the most effective, followed by compounds 39, 41, 42,
43, and 44. The configuration on C-2 and C-3 of the
C-ring is not clear and compounds 41-44 are thus
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Table 1 Overall SAR
results for studies that did

Reference

SAR of various classes of flavonoids

not allow the calculation of Liang et al. (2001)
An et al. (2023a)

Shams Eldin et al. (2018)
Lee et al. (2010)

Pallauf et al. (2017)

Ma et al. (2016)

Christensen et al. (2010)
Pferschy-Wenzig et al. (2014)
Xu et al. (2018)

Jopc

Flavones > flavonols

Flavanols > flavonols > flavone > flavanone > isoflavone
Isoflavans

Flavonols

Flavones > isoflavones > flavanols > flavanones
Flavanones > isoflavones

Flavanones

Flavonolignan

Flavanonols

considered as mixtures of both (+) and (-) enan-
tiomers. Based on the overall results presented in the
Fig. 15, the (-)-enantiomer 32 was more active when
compared with its corresponding mixture of (4) and (-
), 43 (Mossine et al. 2022).

Shin et al. studied adipocyte differentiation in
human bone marrow mesenchymal stem cells. They
found that 38 (%pc = 90.5%) promotes this effect via
PPARY agonism when compared to troglitazone (4.2-
fold) at a concentration of 10 pM, whereas, its
stereoisomer 39 (%pc = 47.6%) showed only half as
much activity. Shin et al. also determined that 38
bound directly to the active site of PPARY when it was
used as a competitor for troglitazone in a ligand
binding assay (Shin et al. 2009).

Ahmed et al. studied chemical constituents from
Oncocalyx glabratus (Engl.) M. G. Gilbert and their
effect on PPARy. Rosiglitazone was tested at a
concentration of 10 pM and showed 2.8-fold induc-
tion. Among the test compounds (at a concentration of
50 pg/mL), only oncoglabrinol A (45; 2.7-fold) and a
substance (4.3-fold) that, based on NMR data, was
described as a mixture of the compounds catechin-
7-4’-O-digallate (48) and catechin-7-3’-O-digallate
(49), were found to be active. Others, such as
oncoglabrinol B (46), oncoglabrinol C (47), 39, and
(+)-catechin-7-O-gallate (50), were inactive. We
cannot be sure, but, based on the available data, it
seems that the 7-4’-O-digallate arrangement is nec-
essary for the effect (Ahmed et al. 2017).

The overall results in the Fig. 15 show that the three
most active flavanols are 32, 38, and 33. The results by
Ahmed et al. are summarized in the Table 3 (Ahmed
et al. 2017).

Flavones

Using the results of the eight studies (Liang et al. 2001;
Salam et al. 2008; Mueller and Jungbauer 2009; Liu
etal. 2014; Pallauf et al. 2017; Du et al. 2017; Mossine
et al. 2022; Yang et al. 2024) already presented, we
can formulate several outlines of SAR for flavones:

1. The most important features are esterification at
position C-4’ (B-ring) and an isopentenyl group at
position C-6 (A-ring) (Du et al. 2017).

2. The PPARY agonistic effect generally increases

with the number of hydroxyl groups on the B-ring
(53 > 51 > 52), except for the study by Pallauf
et al., where 51 was the most effective (Pallauf
etal. 2017), and Mossine et al. where the sequence
was: 52 > 51 > 53 (Mossine et al. 2022).

Lim et al. found that compound 65 suppresses NF-
kB-mediated inflammation in aged rat kidneys
through PPARY activation. At a concentration of 10
UM, the activity of thiazolidinedione reached 1.5-fold
of the control, and 65 (%pc = 86.7%) performed
similarly (Lim et al. 2012).

Hui et al. researched the therapeutic potential of
oroxylin A (66) in acute myelogenous leukemia by
dual effects targeting PPARy and RXRa. The positive
control rosiglitazone showed very high binding activ-
ity (ICso = 2.4 uM) towards PPARy. Compound 66
(%pc = 3.4%) showed much less activity (Hui et al.
2014).

Feng et al. studied how compound 51 reduces
obesity-related inflammation using PPARY activation
and regulation of the macrophage polarization.
Rosiglitazone was detected as a PPARY agonist at a
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concentration of 10 pM with approx. 12-fold activa-
tion, whereas compound 51 (%pc = 75%) showed a
lesser effect (Feng et al. 2016).

Puhl et al. concentrated on the PPARy agonist
activity of compound 53. Based on their results, 53 is a
partial agonist (%pc = 16.7%) when compared to
rosiglitazone (12-fold activation at a concentration of
1uM) (Puhl et al. 2012).

An et al. screened prenylated derivatives of chrysin
as potential partial PPARY agonists with the ability to
induce secretion of adiponectin. In their study, the
most active compound was chrysin 5,7-diprenyl ether
(67; %pc = 93.4%) based on its binding activity
towards PPARy at a concentration of 10 pM and
compared with GW 1929 (N-(2-benzoylphenyl)-O-[2-
(methyl-2-pyridinylamino)ethyl]-L-tyrosine hydrate).
The activity of other compounds was as follows:
chrysin 5-prenyl-7-benzyl ether (68; %pc = 85.2%),
chrysin 5-benzyl-7-prenyl ether (69; %pc = 75.6%),
chrysin 5-benzyl-7-benzyl ether (70; %pc = 71.5%),
chrysin 5-benzyl ether (71; %pc = 65.3%), chrysin
S-methyl-7-benzyl ether (72; %pc = 60.1%), chrysin
7-benzyl ether (73; %pc = 58.4%), chrysin 5-(4”-
fluoro)benzyl ether (74; %pc = 45.7%), 52 (Yopc.
= 35.9%), chrysin 5-allyl ether (75; %pc = 33.7%),
and chrysin 5-(4”-chloro)benzyl ether (76; %pc.
= 32.2%) (An et al. 2023b).

Nazreen et al. investigated PPARY agonism of three
new constituents isolated from Callistemon lanceolatus
(Sm.) Sweet and among them 8-(1”-hydroxyisoprenyl)-
5,6-dihydroxy-7,4’-dimethoxyflavone (106) showed a
potent transactivation effect (%pc = 60.3%) at a con-
centration of 10 pM in comparison with rosiglitazone
(80.47% transactivation activity) (Nazreen et al. 2019).

Feng et al. (2014) showed that compound 52
suppresses inflammation by regulating the M1/M2 status
in macrophages by activating PPARy with a 1.4-fold
effect at a concentration of 10 uM (Feng et al. 2014).

Ding et al. performed experiments on insulin
sensitivity in adipocytes and found that compound
53 enhances it via the activation of PPARY transcrip-
tional activity at a concentration of 20 uM after 12 h
of incubation (Ding et al. 2010).

Zhou et al. researched effect of oroxyloside (107)
on PPARYy agonism and suppression of cell cycle
progression by glycolipid metabolism switch-medi-
ated increase of reactive oxygen species levels.
Compound 107 showed 1.8-fold activation of PPARYy
at a concentration of 200 pM. A similar effect was
achieved by incubation with rosiglitazone, but at a
concentration of 50 pM (Zhou et al. 2021).

The overall results in the Fig. 16 show that the three
most active flavones are 52, 83, and 84. The other
results are summarized in the Table 4.
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Fig. 14 Distribution of %pc values among different isofla-
vones, isoflavans, and isoflavanones visualized as scatter plot.
Asterisks represent individual compounds: 1 = \-baptigenin;
2 = biochanin A; 3 = genistein; 4 = 4’-fluoro-7-hydroxy-
isoflavone; 5 = 37,5’-dimethoxy-7-hydroxyisoflavone; 6 = 3’-
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methoxy-7-hydroxyisoflavone; 7 = 3°,4°,5 -trifluoro-7-hydrox-
yisoflavone; 8 = formononetin; 9 = 3’4’ 7-trihydroxyflavone;
10 = daidzin; 11 = genistin; 12 = prunetin; 13 = puerarin;
14 = daidzein; 15 = calycosin; 16 = 6-hydroxydaidzein;
17 = 3’-hydroxygenistein
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Table 2 Overall SAR
results for isoflavones and

Reference

SAR of isoflavones, isoflavans, and isoflavanones

isoflavans that did not allow
the calculation of %pc

Chacko et al. (2007)

17 > 2 > 3 > 14 > 27 (isoflavan)

Dang et al. (2003) 3
Cho et al. (2010) 27 (isoflavan) = 14 (n.s.)
Sakamoto et al. (2016) 14
100 o

o *

5

= *

§ 80

€

o

o

o

2 60

‘@

4 * ¥

s *

o

g 40 . - y

c

& 20

0 i i

32 38 33 37 39 41
Fig. 15 Distribution of %pc values among different flavanols
visualized as scatter plot. Asterisks represent individual
compounds: 32 = (-)-epigallocatechin gallate; 33 = (-)-gallo-
catechin gallate; 34 = (-)-epicatechin gallate; 35 = (-)-catechin

Flavanones

As a conclusion from the three studies (Ma et al. 2016;
Du et al. 2017; Mossine et al. 2022) that showed
results for more than one flavanone already presented
in the previous chapter, we can formulate several
outlines of SAR:

1. The effect of compound 117 was greatly reduced
by replacing the methoxy group at position C-7
with a hydroxyl or moving the prenyl group from
position C-6 to C-8 of the A-ring or cyclizing it
(Ma et al. 2016).

2. A key factor for the effect was also the replace-
ment of the hydroxyl group at position C-4’ with a
benzoyloxy group (Du et al. 2017).

3. Other key factor for the effect is a free hydroxyl
group at C-7 of the A-ring: 111 versus 108 and 109
versus 115 (Mossine et al. 2022).

[io et al. studied the effect of compound 111 on the
up-regulation of the expression of ATP-binding

34 42 43 4 35 40 36

gallate; 36 = (-)-epigallocatechin; 37 = (-)-epicatechin; 38 = (-
)-catechin; 39 = (+)-catechin; 40 = procyanidin B2; 41 = epi-
gallocatechin; 42 = gallocatechin; 43 = epigallocatechin gal-
late; 44 = epicatechin gallate

cassette transporter A1 (ABCA1) and the promotion
of cholesterol efflux from THP-1 macrophages. Com-
pound 111 caused a significant threefold increase in
PPARYy activation at a concentration of 15 pM,
whereas rosiglitazone was much more active (11-fold
activation at 2 uM) (lio et al. 2012).

Liu et al. screened two flavonoids derived from
Citrus aurantium L. for their ability to up-regulate the
transcription of adiponectin via PPARYy. Both 109 and
111 showed dose-dependent effects and approx.
fourfold activation at a concentration of 40 uM. On
the other hand, rosiglitazone performed much better,
with eightfold activation at 10 uM (Liu et al. 2008).

Ghorbani et al. showed that citrus flavonoid 108
activates PPARY and consequently induces p53 and
inhibits NF-xB to trigger apoptosis. The compound
108 activated PPARY at a concentration of 25 uM. No
positive control was used (Ghorbani et al. 2012).

Hu et al. found that alpinetin (124) has an anti-
inflammatory effect on LPS-induced inflammation in
macrophages by activating PPARy. Compound 124
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Table 3 Overall SAR results for flavanols that did not allow
the calculation of %pc

Reference SAR of flavanols

Ahmed et al. (2017) 45 > mixture of 48 and 49

was less active (1.3-fold at a concentration of 50 pg/
mL) than rosiglitazone (1 uM; 1.8-fold) (Hu et al.
2013).

Goldwasser et al. concentrated on grapefruit
flavonoid 109 and its effect on the PPARY transcrip-
tional activity. The activity of compound 109 reached
17% at a concentration of 150 pM. On the other hand,
ciglitazone reached 24% at 10 uM (Goldwasser et al.
2010).

Ma et al. investigated microbial transformation of
prenylflavanones 117 and 118 from Psoralea coryli-
folia L. by using two fungal species, Cunninghamella
blakesleeana and C. elegans, and their PPARYy ago-
nistic effect. Rosiglitazone showed 20.56-fold activa-
tion at a concentration of 20 puM, whereas other
compounds were tested at 25 pM. The prenylfia-
vanone 117 (11.65-fold) was transformed to (2R,2S)-
4”-hydroxybavachinin enantionomers (125; 3.85-
fold) and (2R,25)-4”,5”-dihydroxybavachinin enan-
tionomers (126; 3.52-fold). The other compounds
were inactive, such as the other product of 117:
(2R.25)-(2R”,287)-2",3”-dihydroxybavachinin epi-
mers (127). And the products of 118: (2R,25)-
bavachin-7-O0-B-D-gluocopyranoside epimers (128),
(25)-4”-hydroxybavachin (129), and (25)-5"-hydrox-
ybavachin (130). The hydroxylation of the prenyl
moiety thus led to decrease of activity (Maet al. 2015).

The overall results in the Fig. 17 show that the three
most active flavones are 111, 109, and 108. The other
results are summarized in the Table 5.

Flavonols

We can formulate several outlines of SAR from the
seven studies (Liang et al. 2001; Mueller and Jung-
bauer 2009; Lee et al. 2010; Zoechling et al. 2011;
Gijsbers et al. 2013; Pallauf et al. 2017; Mossine et al.
2022) showing results of more than one flavanones
already presented in the previous chapter:

(1) Generally, there is a direct correlation between
PPARY agonist activity and the number of

@ Springer

hydroxyl groups on the B-ring of the flavonol
(136 > 131 > 133 > 145), except for the
results from Pallauf et al. and Gijsbers et al.
where compound 133 was more active than 131
(Gijsbers et al. 2013; Pallauf et al. 2017) and the
results from Mossine et al. where the most
compound was 145 (Mossine et al. 2022).

(2) On the other hand, in the study by Lee et al., the
only important hydroxyl group was the one at
position C-6 of the A-ring (Lee et al. 2010).

Fang et al. investigated a possible mechanism for
the antidiabetic activity of compounds 133 and 131
isolated from Euonymus alatus (Thunb.) Sieb., includ-
ing their ability to activate the PPARY receptor. Both
compounds were less active: 131 (%pc & 16.5%) and
133 (%pc ~ 9%) than rosiglitazone (100% activation
at 20 pM) (Fang et al. 2008).

Beekman et al. studied the effects of flavonol
aglycones and glucuronides on the activation of
PPARY. Compound 133 was the most active (%pc.

= 5.2%) followed by 131 (%pc = 4.4%); both were

compared to rosiglitazone (ECoy = 0.69 uM). Both
corresponding plasma conjugates, quercetin-3-O-glu-
curonide (142) and kaempferol-3-O-glucuronide
(143), were inactive (Beekmann et al. 2015).

Ko et al. performed a study with derivatives of 145
and tested their ability to promote the production of
adiponectin via PPARY partial agonism. The most
active compound was galangin 3-benzyl-5-methyl
ether (144; %pc = 11.8%), whereas 145 was less
active (%pc = 3.6%). Both were compared to trogli-
tazone (Ki = 0.2 pM) (Ko et al. 2022).

Yue et al. concentrated on the connection between
the activation of PPARYy and consequent anti-arthritic
effects by the attenuation of synovial angiogenesis.
They found a potent effect for compound 146 (%pc.

= 84.2%) in comparison to rosiglitazone (380-fold at
10 uM) (Yue et al. 2018).

Wang et al. studied prenylated flavonoids isolated
from Morus nigra L. and their insulin-sensitizing
activity. Among them, nigragenon L (147) showed the
most potent effect and was confirmed to be the ligand
of PPARY (%pc = 3.6%) when compared to rosigli-
tazone (ICsp = 0.1 uM) (Wang et al. 2022).

Ko et al. researched macakurzin C (148) and its
derivatives as potential novel pharmacophores for the
modulation of PPARY and other isoforms. Compound
148 (%pc = 18.8%) was only slightly active in
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Percentage of positive control (%PC)

Fig. 16 Distribution of %pc values among different flavones
visualized as scatter plot. Asterisks represent individual
compounds: 51 = apigenin; 52 = chrysin; 53 = luteolin;
54 = diosmetin; 55 = 54’-dihydroxyflavone; 56 = 4°-(4”
-nitrobenzoyloxy)-7-methoxy-6-isopentenylflavone; 57 = 4'-
acetyloxy-7-methoxy-6-isopentenylflavone; 58 = 4’-hydroxy-
7-methoxy-6-isopentenylflavone; 59 = 4’-hydroxy-7-methoxy-
6-isopentylflavone; 60 = acerosin; 61 = hispidulin; 62 =
scutellarein; 63 = homoplantaginin; 64 = apigenin-8-C-a-L-
arabinopyranoside; 65 = baicalin; 66 = oroxylin A; 67 = chry-
sin 5,7-diprenyl ether; 68 = chrysin 5-prenyl-7-benzyl ether;
69 = chrysin 5-benzyl-7-prenyl ether; 70 = chrysin 5-benzyl-7-
benzyl ether; 71 = chrysin 5-benzyl ether; 72 = chrysin
5-methyl-7-benzyl ether; 73 = chrysin 7-benzyl ether;

Table 4 Overall SAR results for flavones that did not allow
the calculation of %pc

Reference SAR of flavones
Feng et al. (2014) 51

Ding et al. (2010) 53

Zhou et al. (2021) 107

comparison with its 3,5-dimethyl ether derivative
(149; %pc = 66.7%), both compared to pioglitazone
(Ki = 0.6 uM) (Ko et al. 2023).

Miao et al. studied inhibitory effect of compound
146 on the transformation of fibroblasts towards
myofibroblasts through regulating PPARy. Compound
146 showed similar effect (%pc = 100%) in compar-
ison with rosiglitazone (threefold activation at 10 uM,
both) (Miao et al. 2022).

- i -
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74 = chrysin 5-(4”-fluoro)benzyl ether; 75 = chrysin 5-allyl
ether; 76 = chrysin 5-(4”-chloro)benzyl ether; 77 = apigenin-
7-0-B-D-glucuronide; 78 = chrysoeriol; 79 = chrysoeriol-7-O-
B-D-glucuronide; 80 = diosmetin-7-O-f-D-glucuronide ~methyl
ester; 81 = apigenin-7-O-B-D-glucuronide methyl ester; 82 = li-
narin; 83 = acacetin; 84 = 7-methoxyflavone; 86 = flavone;
87 = 7.4’-dihydroflavone; 88 = wogonin; 89 = baicalein;
90 = tangeretin; 91 = 4,7 8-trihydroxyflavone; 92 = 3°,7.8-
trihydroxyflavone; 93 = o-naphtoflavone: 94 = vitexin; 95
= neodiosmin; 96 = diosmin; 97 = 5,6-dihydroxyflavone;
98 = 3’.4’-dihydroxyflavone; 99 = B-naphtoflavone; 100 =
2’3",6-trihydroxyflavone; 106 = 8-(1”-hydroxyisoprenyl)-5,6-
dihydroxy-7,4’-dimethoxyflavone

Ramachandran et al. found that isorhamnetin (159)
modulates PPARY activation and thus inhibits prolif-
eration and invasion and induces apoptosis in gastric
cancer. At a concentration of 25 pM, compound 159
induced 3.5-fold activation (Ramachandran et al.
2012).

The overall results in the Fig. 18 show that the three
most active flavonols are 145, 133, and 146. The other
results are summarized in the Table 6.

Anthocyanidins and anthocyanins

The summary of the results of the four studies
(Mueller and Jungbauer 2009; Zoechling et al. 2011;
Gijsbers et al. 2013; Mossine et al. 2022) in the
previous chapter shows rather conflicting outcomes
about SAR of anthocyanidins:

1. Based on the results of Zoechling et al., antho-
cyanidins, namely compound 161, are the second
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Fig. 17 Distribution of %p¢ values among different flavanones
visualized as scatter plot. Asterisks represent individual
compounds: 108 = hesperidin; 109 = naringenin; 110 = norku-
rarinone; 111 = hesperetin; 112 = 4’-benzoyloxy-7-methoxy-

Table 5 Overall SAR results for flavanones that did not allow
the calculation of %p¢

Reference SAR of flavanones
lio et al. (2012) 111

Liu et al. (2008) 109 ~ 111
Ghorbani et al. (2012) 108

Hu et al. (2013) 112

Goldwasser et al. (2010) 109

Ma et al. (2015) 117 > 125 > 126

most active class of flavonoids (Zoechling et al.
2011).

2. But Gijsbers et al. and Mueller and Jungbauer
showed that compounds 160, 161, or 162 have no
effect (Mueller and Jungbauer 2009; Gijsbers et al.
2013).

3. Moreover, Mossine et al. demonstrated that
anthocyanins (163) are more effective than the
corresponding anthocyanidines (161) (Mossine
et al. 2022).

@ Springer

116 110 112 113 114
6-isopentenylflavanone; 113 = 3’-fluoro-4’-hydroxy-7-meth-

oxy-6-isopentenylflavanone; 114 = 4’-hydroxy-7-methoxy-6-
isopentylflavanone; 115 = naringin; 116 = eriodictyol

Jia et al. demonstrated that compound 161 is an
agonistic ligand for PPARa, B/, and v, reducing the
amounts of lipids in the liver. In comparison with
troglitazone (threefold activation at 10 pM), 161
(%pc = 83.3%) showed high activity (Jia et al. 2013).

Scazzocchio et al. studied the insulin-like effects of
cyanidin-3-0O-B-glucoside (167; eightfold at 10 pM)
via the up-regulation of PPARYy activity in human
omental adipocytes.

The overall results in the Fig. 19 show that the three
most active anthocyanidines and anthocyanins are
161, 163, and 164. The other results are summarized in
the Table 7.

Flavanonols

It is true also for flavanonols that the summary of the
results of the four studies (Quang et al. 2013; Pferschy-
Wenzig et al. 2014; Xu et al. 2018; Mossine et al.
2022) in the previous chapter brings conflicting
outcomes about SAR:
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Fig. 18 Distribution of %pc values among different flavonols
visualized as scatter plot. Asterisks represent individual com-
pounds: 131 = quercetin; 132 = syringetin; 133 = kaempferol;
134 = kaempferol-3-O-rutinoside: 135 = rutin; 136 = myricetin;
137 = dillenetin 3-0-(6"-O-p-coumaroyl)-B-D-glucopyranoside;
138 = 4’-methoxyflavonol; 139 = quercitrin; 140 = myrcitrin;

Table 6 Overall SAR results for flavonols that did not allow
the calculation of %pc

Reference SAR of flavonols

Ramachandran et al. (2012) 159

1. The most effective was compound 177 showing
the importance of two hydroxyl groups at C-3’ and
C-4’ of the B-ring (Mossine et al. 2022)

2. Among the flavonolignans, the most effective was
compound 169 (Mossine et al. 2022). On the other
hand, Pferschy-Wenzig et al. proved effect for
compound 172 (Pferschy-Wenzig et al. 2014).

3. The results presented by Xu et al. suggest that
combination of two prenyl groups at C-2 of the
C-ring and C-6 of the A-ring are crucial for
effectivity (compounds 178 and 179) (Xu et al.
2018).

The overall results in the Fig. 20 show that the three
most active flavanonols are 177, 169, and 168. The
other results are summarized in the Table 7.

141 = 4°,7 8-trihydroxyflavonol; 142 = quercetin-3-0-glu-
curonide; 143 = kaempferol-3-O-glucuronide; 144 = galangin
3-benzyl-5-methyl ether; 145 = galangin; 146 = morin;
147 = nigragenon L; 148 = macakurzin C; 149 = macakurzin
C 3.,5-dimethyl ether

Conclusion

In conclusion, we have demonstrated the highly
variable, but also promising effects of different
flavonoids on PPARY agonism. As far as we are
aware, this is the first attempt to recalculate results
from different studies, and our results can therefore
serve to guide further research in the semisynthetic
modification of flavonoids to gain better activity for
PPARY agonism. Further, the compounds that are
active should be tested with other in vitro and in vivo
methods.

The most promising results were found for
isoflavones, in particular  4’-fluoro-7-hydroxy-
isoflavone (4; %pc = 710.3%). Among flavones, the
most active was chrysin (52; %pc = 245.38%), for
flavonols it was (-)-epigallocatechin gallate (32;
9Yopc = 100.0%), for flavanones hesperetin (111; %pc.
=125.13%), for flavonols galangin (145; %pc.
= 166.48%), for anthocyanidins and anthocyanins
cyanidin (161; %pc = 83.3%) and for flavanonols
taxifolin (177; Yopc = 57.77%).
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Fig. 19 Distribution of
9opc values among different
anthocyanidins and
anthocyanins visualized as
scatter plot. Asterisks
represent individual
compounds:

160 = delphinidin;

161 = cyanidin;

162 = peonidin chloride;
163 = cyanin;

164 = keracyanin;

165 = oenin;

166 = pelargonin
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Percentage of positive control (%PC)

20

161

Table 7 Overall SAR results for anthocyanidins and antho-
cyanins that did not allow the calculation of %pc

Reference SAR of flavonols

Scazzocchio et al. (2011) 167

Fig. 20 Distribution of
9opc values among different 80
flavanonols visualized as *
scatter plot. Asterisks
represent individual
compounds: 168 = (2R)-
39,7,4’-trihydroxy-5-
methoxy-8-(y,y-
dimethylallyl)-flavanone;
169 = silibinin;

177 = taxifolin

50

40

30

20

Percentage of positive control (%PC)

flavonoids possessed a hydroxyl group at C-7 of the
A-ring, which interacted with the residues Ser289,
His323, and Tyr479 of PPARY via hydrogen bond
interactions. Also, the other side of the molecule, the
B-ring, is involved in m-m stacking hydrophobic
interaction with residues Phe282, Phe363, and
Phe360 (Matin et al. 2009).

177

Therefore, the most promising flavonoid structure
for PPARYy agonist is the 7-hydroxyisoflavone. Matin
et al. have performed virtual screening of the active
compounds on the active site of PPARY. All the active
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ABSTRACT: The aim of our study was to determine the PPARy agonism and hypoglycemic activity of natural phenolics isolated
from Paulownia tomentosa and Morus alba. We started with a molecular docking preselection, followed by in vitro cell culture assays,
such as PPARy luciferase reporter gene assay and PPARy protein expression by Western blot analysis. The ability of the selected
compounds to induce GLUT4 translocation in cell culture and lower blood glucose levels in chicken embryos was also determined.
Among the thirty-six plant phenolic compounds, moracin M showed the highest hypoglycemic effect in an in ovo experiment (7.33 +
2.37%), followed by mulberrofuran Y (3.84 + 1.34%) and diplacone (3.69 + 1.37%). Neither moracin M nor mulberrofuran Y
showed a clear effect on the enhancement of GLUT4 translocation or agonism on PPARy, while diplacone succeeded in both (3.62
+ 0.16% and 2.4-fold + 0.2, respectively). Thus, we believe that the compounds moracin M, mulberrofuran Y, and diplacone are
suitable for further experiments to elucidate their mechanisms of action.

KEYWORDS: diabetes mellitus, hypoglycemic, natural products, plant phenolics, PPARy

Bl INTRODUCTION production of adiponectin, which also increases glucose uptake
in muscle cells.” Today, partial PPARy agonists that retain
glucose-lowering benefits are considered as promising strategy
to reduce the risk of adverse effects.’ Natural products from
traditionally used medicinal plants have always been a
promising pool of structures for drug discovery, and the field
of PPARy agonists and hypoglycemics is no exception.”
Paulownia tomentosa (Thunb.) Steud. (Paulowniaceae) is a
deciduous tree and known in China as “Pao tong".7 Its parts
are widely used in Traditional Chinese Medicine (TCM) for
the treatment of inflammation, which is a known condition
associated with the development of T2DM.*’ For example,
tablets made from Paulownia leaves, fruit, and wood extracts
are used to relieve cough and reduce mucus production in
bronchitis.'’ Morus alba L. (Moraceae) is also a deciduous tree
known in TCM as “Sang”.'" Traditionally, an aqueous extract
of M. alba leaves has been prescribed for the treatment of
diabetes mellitus.'” In addition, mulberry fruit is commonly
eaten fresh, dried, or processed as wine or juice. Its extracts
have been associated with significant hypoglycemic activity.I3
Both plants contain large amounts of plant phenolics, which
are natural products containing aromatic rings substituted with
one or more hydroxyl groups.'”'® Foods containing such

Diabetes mellitus (DM) is a group of endocrine disorders
characterized by hyperglycemia. According to the International
Diabetes Federation, 537 million adults had DM in 2021, and
the number is expected to increase by 46% by 2045." There are
two major types of DM — type 1, associated with insulin
deficiency, and type 2 (T2DM), associated with insulin
resistance manifesting as relative insulin insufficiency despite
adequate insulin production. Uncontrolled hyperglycemia
(usually in undiagnosed or uncooperative patients) leads to
long-term complications such as diabetic nephropathy,
retinopathy, and neuropathy.” Treatment of T2DM, therefore,
includes glucose-lowering medications along with general
lifestyle changes to reduce body weight.’

Among oral antidiabetic agents, thiazolidinediones (TZDs)
are highly effective and were first approved for treatment by
the Food and Drug Administration (FDA) in the 1990s. A
major boom in their prescription followed until 2005, but later
their prescription gradually declined due to concerns about
adverse effects, mainly the increased risk of heart attack and
bladder cancer.”” The mechanism of action of TZDs is an
agonistic effect on peroxisome proliferator-activated receptor y
(PPARy), which leads to insulin sensitization.””

PPARy is a member of the nuclear receptor family. Upon
ligand binding, PPARy transactivates specific target genes, Received: November 19, 2024
thereby contributing to the regulation of glucose and lipid Revised: ~ May §, 2025
metabolism. The effects of PPARy agonists are tissue-specific; Accepted:  May 15, 2025
in adipose tissue, they enhance adipogenesis, lipid metabolism, Published: May 20, 2025
and the expression of the glucose transporter type 4 (GLUT4).

The overall beneficial effect on T2DM is complemented by the
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Figure 1. Compounds used for molecular docking: eriodictyol (1), naringenin (2), mimulone (3), mimulone F (4), mimulone G (S), mimulone H
(6), bonannione B (7), diplacone (8), 3'-O-methyl-5'-hydroxydiplacone (9), 3'-O-methyl-5’-O-methyldiplacone (10), tomentone II (11),
tomentodiplacone G (12), tomentodiplacone L (13), tomentodiplacone M (14), tomentodiplacone N (15), tomentodiplacone O (16),
paulownione C (17), 6-isopentenyl-3'-O-methyltaxifolin (18), acteoside (19), isoacteoside (20), 5,7-dihydroxy-6-geranylchromone (21), kuwanon
E (22), kuwanon U (23), sanggenon H (24), morusin (25), morusinol (26), kuwanon C (27), sanggenon E (28), kuwanon K (29), kuwanon L
(30), kuwanon H (31), moracin M (32), moracin C (33), moracin O (34), mulberrofuran Y (35), mulberrofuran H (36).
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compounds have health-protective functions that are relevant
to the control of diet- and lifestyle-related chronic diseases,
including T2DM. In addition to their beneficial antioxidant
activity, many have been shown to have hypoglycemic
effects.'™*

The aim of this study was to screen and determine the
PPARy agonism and hypoglycemic activity of thirty-six plant
phenolic compounds. First, a preselection was performed by
molecular docking to PPARy, and second, the selected
compounds were evaluated by in wvitro cell culture-based
PPARy luciferase reporter gene assay and Western blot
experiments to detect PPARy protein expression. The ability
of the selected compounds to induce GLUT# translocation in
cell culture and to lower blood glucose levels in chicken
embryos was then determined.

B MATERIALS AND METHODS

Test Compounds. Eriodictyol (1) and naringenin (2) were used
as nonprenylated flavanones for computational docking analysis
together with compounds previously isolated from Paulownia
tamzntosa 15 geranylated flavanones, mlmulone (3),"” mimulone F
4),° numulone G (5),”° mimulone H (6),” bonanmone B (7),°
diplacone (8),'? 3'-O-methyl-5'-hydroxydiplacone (9) *' 3'-O-meth-
y]-S'-O-methyldlplacone (10),”" tomentone l] (11),” tomentodipla-
cone (J (12),” tomentodxplacone L (13),” tomentodlplacone M
(14),° tomentodlplacone N (15),” tomentodiplacone O (16),”* and
paulownione C (17), prenylated flavanonol 6-isopentenyl-3'-O-
meth: ltaxlfolm (18);" caﬁeoyl phenylethanoid glycosides acteoside
(19),” isoacteoside (20 * and the chromone $,7-dihydroxy-6-
geranylchromone (21)*° (Figure 1). Moreover, computational
docking analysis was also performed with the _geranylated flavanones
kuwanon E (22),” and kuwanon U (23); prenylated ﬂavanone
sanggenon H (24) three prenylated flavones, morusin (25),*
morusinol (26),”* and kuwanon C (27);** four Diels—Alder adducts,
sanggenon E (28) ** kuwanon K (29)," kuwanon L (30) % and
kuwanon H (31);* and five benzofurans, moracin M (32),* moracin
C (33),”" moracin O (34) % mulberrofuran Y (35),”* and
mulberrofuran H (36),”° all previously isolated from Morus sp.
(Figurc 1),

Isolation of Compounds for Bioactivity Assays. Compounds
diplacone (8) and tomentone II (11) were obtained by the isolation
procedures described in previous works. Briefly, the fruit of Paulownia
tomentosa (Thunb.) Steud. (Paulowniaceae) was extracted with
ethanol and further fractionated by liquid—liquid extraction into
several portions. The methanol-soluble portion was subsequently
separated by column chromatography using silica gel.”' Selected
fraction PT1la was chosen for further separation using column
chromatography and semipreparative RP-HPLC, leading to the
isolation of compounds 8 and 11.*>

New plant material, 14.46 kg of the immature fruit of P. tomentosa,
was collected in October 2021 and identified by Prof. PharmDr. Karel
Sme]kal Ph.D. The fruit was extracted with ethanol and the dried
ethanolic extract (373.25 g) was further fractionated by liquid—liquid
extraction into several portions. The chloroform portion (80.93 g)
was subsequently separated by column chromatography using silica
gel. Selected fraction PT21/CH/A35—39+B31—39 was separated
using semipreparative RP-HPLC, leading to the isolation of mimulone

Kuwanon U (23) was obtained as described previously. Briefly, the
dried root bark from Morus alba L. (Moraceae) was extracted with
ethanol. Liquid—liquid extraction of the ethanol extract was carried
out with chloroform and ethyl acetate. The chloroform soluble
fraction was then separated using silica gel column chromatography
and by sermpreparatwe RP-HPLC, leading to the isolation of
kuwanon U (23).*" Similarly, moracin C (35) and mulberrofuran Y
(33) had been isolated previously from the chloroform-soluble
fraction.”® The ethyl acetate-soluble matenal led to the isolation of
moracin M (32) and moracin O (34).*

The test compounds used for the subsequent biological experi-
ments were dissolved in dimethyl sulfoxide (DMSO); the final
concentration of DMSO in the cellular assays was 0.1% (v/v). The
purity of test compounds 3, 8, 11, 23, and 32 - 35 was confirmed by
HPLC analysis to exceed 95% in all cases (for the methodology and
results, see Supporting Information: Figures S1—S8).

Molecular Docking. Molecular docking was done as reported
previously.”” The crystal structure of the PPARy receptor bound to
rosiglitazone (Protein Data Bank (PDB) ID: 1EM6) was downloaded
from the Collaboratory for Structural Bioinformatics PDB.*

PyRX was used in conjunction with AutoDock Vina. As a binding
site, we used the position of rosiglitazone determined by crystallo-
graphic experiment. For the graphical evaluation of the results,
PyMOL was used, and the best solution, ranked by binding affinity,
was chosen.

Chemicals, Cell Culture Reagents, and Plasmids. Fetal bovine
serum (FBS), phosphate saline buffer (PBS), and Dulbecco’s
modified Eagle’s medium (DMEM) were obtained from Lonza
(Basel, Switzerland). All other chemicals were from Sigma-Aldrich
(Vienna, Austria).

The PPAR luciferase reporter plasmid (tk-PPREx3-luc), pCMX-
Gal4-hPPARy, and tk(MH1000)-4xLuc were a gift from Prof. Ronald
M. Evans (Howard Hughes Medical Institute, La Jolla, CA), > the
plasmid encoding enhanced green fluorescent protein (pEGFP-N1)
was from Clontech (Mountain View, CA), and the plasmid encoding
human PPARy (pSGS-PL-hPPAR-y1) was a gift from Prof. Walter
Wahli and Prof. Beatrice Desvergne (Center for Integrative
Genomics, University of Lausanne, Switzerland). ¥

PPARy Luciferase Reporter Gene Transactivation. The
PPARy luciferase reporter gene transactivation experiments were
done as reported previously.” Briefly, human embryonic kidney
HEK-293 cells (American Type Culture Collection (ATCC),
Manassas, VA) were grown in DMEM supplemented with 2 mM 1-
glutamine, 100 U/mL benzylpenicillin, 100 ug/mL streptomycin, and
10% EBS. Cells were seeded in 10 cm dishes at a density of 6 X 10°
cells/dish for 18 h, and then transfected by the calcium phosphate
precipitation method with 4 yg of PPARy expression plasmid, 4 ug of
reporter plasmid (tk-PPREx3-luc), and 2 ug of pEGFP-N1 used as
internal control. Six hours later, cells were reseeded in 96-well plates
(5 % 10* cells/well) in DMEM without phenol red with $% charcoal-
stripped FBS, i-glutamine, and antibiotics. Cells were treated as
indicated and incubated for 18 h. After cell lysis, the luminescence of
the firefly luciferase and the fluorescence of EGFP were quantified on
a GeniosPro plate reader (Tecan, Grodig, Austria). The luminescence
signals were normalized to the EGFP-derived fluorescence to account
for differences in cell number or transfection efficiency.

One-hybrid luciferase reporter system experiments on the PPARy
ligand binding domain (PPARy-LBD) were done as reported
previously.” HEK-293 cells were transfected using the calcium
phosphate method with the following plasmids: 6 ug of pCMX-Gal4-
hPPARy and 6 ug of tk(MH1000)-4xLuc. Additionally, all cells were
cotransfected with 3 ug of pEGFP-N1 to control transfection
efficiency.

Protein Expression. The effect of selected test compounds on
PPARy protein expression was measured on the HepG2 human
hepatoma cell line, which was purchased from the European
Collection of Cell Cultures (Salisbury, UK) and was cultured as
reported previously.”” The HePGZ cells were incubated for 24 h with
the selected test compounds.™ After the incubation, the cells were
lysed and the lysates were processed using sodium dodecyl sulfate—
polyacrylamide gel e]ectrophoreq: (SDS—PAGE) and Western blot as
reported previously.””*" Specific primary antibodies used for PPARy:
rabbit anti-PPARy 1:1000 (Sigma-Aldrich; product No.
SAB4502262).

Total Internal Reflection Fluorescence (TIRF) Microscopy.
HeLa cells stably expressing GLUT4-myc-GFP were maintained in
RPMI 1640 cell culture medium supplemented with 100 ug/mL
penicillin, 100 #g/mL streptomycin, 1% G418, and 10% fetal bovine
serum (FBS) (M&B Stricker, Bernried, Germany) at 37 °C in a

humidified atmosphere with 5% CO,. As previously reported,*' ~*
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40,000 HeLa GLUT4-myc-GFP cells/well were seeded into 96-well
imaging plates (MoBiTec, Goettingen, Germany), grown overnight,
washed twice with Hanks’ Balanced Salt solution (HBSS, Sigma-
Aldrich, Schnelldorf, Germany), and starved for 3 h with HBSS. The
cells were imaged using TIRF-Microscopy and stimulated with
compounds 3, 8, 32, and 35 (10 #M) and human insulin (100 nM)
dissolved in KRPH buffer (pH = 7.4). Images were recorded at 10
min time intervals, before and after stimulation. TIRF-Microscopy
was performed on an epi-fluorescence microscope (Nikon Eclipse
Ti2, Tokyo, Japan) using a 60X CFI Plan-Apochromat objective.
Scanning of multiple stage positions was supported by a motorized x-y
stage (CMR-STG-MHIX2, Mirzhiuser, Germany). Emission diode
lasers (Toptica Photonics, Munich, Germany) were used for
excitation of GFP at 488 nm and the fluorescence signal was
recorded by an sSCMOS camera (Zyla 4.2, Andor, Northern Ireland).

Hen’s Egg Test-Chorioallantoic Membrane (HET-CAM). The
HET-CAM was used as reported previously."*** Briefly, eggs were
incubated at 38 °C, 40—50% humidity for 11 days in an egg incubator
(HEKA Brutgerite, Rietberg, Germany). They were automatically and
constantly turned. On the experimental day, the eggs were checked for
fertilization via candling, and the air bladder area was marked. The
eggshell was lightly pecked with a pointed pair of tweezers in this area
and 300 yL of the Insulin Analog NovoRapid (3U/mL), which served
as positive control and the compounds 3, 8, 32, and 35 were applied
with a syringe into the air compartment of the egg and incubated for
an additional 1 to 2 h in the egg incubator. The compounds were
dissolved in DMSO (Sigma-Aldrich) before being diluted in water
and tested at a concentration of 40 uM. DMSO at 0.4% was applied to
some eggs as an additional control besides water. After the incubation,
the eggshell above the air bladder was carefully removed and the
eggshell membrane was equilibrated with PBS (PAN-Biotech,
Aidenbach, Germany). Following this, the eggshell membrane was
removed and the chorioallantoic membrane was cut with a
microscissor. A suitable blood vessel was placed on a plastic pH
strip and patted dry using filter paper before being cut, and leaking
blood was collected. The blood glucose levels were determined via a
blood glucose meter (Accu-Check Performa, Roche Diabetes Care
GmbH, Mannheim, Germany). For each time point, at least 10
fertilized eggs were used. The experiment was repeated three times.

Statistical Evaluation. Statistical analyses were carried out using
IBM SPSS Statistics for Windows software, version 26.0 (IBM,
Armonk, NY). The data were graphed as the mean + SEM.
Comparisons between groups were made using a Kruskal—Wallis test,
followed by a pairwise comparison with a Bonferroni correction or
using a Mann—Whitney U test in the case of results of HET-CAM.
Moreover, the data were compared using the calculation of Cohen'’s d
effect size.

B RESULTS
PPARy Receptor Molecular Docking Study. The thirty-

six test compounds were subjected to a PPARy receptor
molecular docking study. The known PPARy agonist,
rosiglitazone, was docked into the active site of the ligand
binding domain (LBD) of the receptor to calculate the binding
affinities of the test compounds in comparison to this positive
control. The results are shown in Table 1. Rosiglitazone had a
binding affinity of —8.8 keal'mol ™. The test compounds had
binding affinities ranging from —8.1 to —10.5 kcal'mol™". The
docking program identified three compounds from P.
tomentosa (3, 8, 11) and five from M. alba (23, 32-35) for
further testing. The main criterion for the selection of the
compounds from P. fomentosa was the binding energy (<—9.5
kcal'mol™"), since several other Paulownia compounds were
able to fit into the active site of the ligand-binding domain
(LBD). However, compounds 15 and 16 could not be isolated
in sufficient quantities for in vitro biological assays. Only the
five selected compounds from M. alba fit into the active site,

Table 1. Binding Energy and Binding Location of the Test
Compounds”

test compound  binding energy [kcal'mol™']  ligand-binding domain

1 -8.3 yes
2 —83 yes
3 -9.5 yes
4 -9.2 yes
5 -85 yes
6 —8.4 yes
7 =93 yes
8 —9.6 yes
9 -9.3 yes
10 -9.3 yes
11 -10.1 yes
12 -8.7 yes
13 -9.8 no
14 —8.5 no
15 =9.9 yes
16 =97 yes
17 =93 no
18 —-8.4 yes
19 ~8.1 no
20 -89 no
21 =85 yes
22 =93 no
23 -9.6 yes
24 —-9.1 no
25 —9.6 no
26 -9.2 no
27 -85 no
28 =01 no
29 =9.7 no
30 O, no
31 —8.8 no
32 —8.1 yes
33 -8.3 yes
34 -9.0 yes
35 -9.2 yes
36 -10.5 no
rosiglitazone —8.8 yes

“Compounds selected for subsequent in vitro experiments are shown

in bold.

and therefore, these were further analyzed regardless of the
value of the binding energy.

PPARy Luciferase Reporter Gene Transactivation. In
silico hits were isolated from the respective natural sources and
subjected to PPARy-driven luciferase reporter gene assays.
First, they were tested in HEK293 cells transiently transfected
with the full-length receptor at a concentration of 1 M. As
shown in Figure 2, the most promising test compounds were
compounds 3 and 8 isolated from P. tomentosa. In addition,
test compounds 32 and 35 were selected for further
experiments due to low (although not significant) activity
among compounds isolated from M. alba and their different
structural skeletons (i.e., benzofurans). All selected compounds
were less active than rosiglitazone, which was chosen as a
positive control.

Concentration—response curves were then performed with
the selected compounds (3, 8, 32, and 35). The test
compounds were incubated with the same cell line at
concentrations of $, 3, 1, 0.3, and 0.1 M. The most active
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Figure 2. PPARy agonistic activity of the test compounds from P.
tomentosa (3, 8, 11) and M. alba (23, 32-35) and rosiglitazone (PC)
at a concentration of 1 #M after a 16 h incubation with the transiently
transfected HEK293 cell line. The results are expressed as the mean +
SEM for three independent experiments measured in quadruplicate
and are statistically compared to NC using a Kruskal-Wallis test
followed by a pairwise comparison with a Bonferroni correction
(¥ p < 0.0001).

compound was compound 3, as shown in Figure 3. Compound
3 showed a statistically significant 3.4-fold activation of PPARy
at a concentration of 3 uM (p < 0.0001; d = 7.431 (large)),
whereas the positive control, rosiglitazone, activated PPARy 7-
fold (d = 6.612 (large)). Therefore, we hypothesized that
compound 3 might be a partial agonist of PPARy. Compound
8 showed a similar activity, although slightly lower, with 2.4-
fold activation of the PPARy receptor at a concentration of 3
uM (p < 0.0001; d = 3.110 (large)). Compounds 32 and 35
activated PPARy approximately 2-fold at concentrations of 3
and 5 uM.

To further confirm PPARy agonism, we employed a one-
hybrid luciferase reporter system, in which the PPARy ligand
binding domain (PPARy-LBD) is coupled to the DNA-binding

domain of the yeast transcription factor Gal4, which then binds
to its response element in the promoter of a luciferase reporter
gene. The results for the same test compounds and
concentrations are shown in Figure 4. Again, the highest
activity was shown by compound 3 at a concentration of 5 uM
(3:2-fold; p < 0.0001; d = 8345 (large)), followed by
compound 8 (29-fold; p < 0.0001; d = 2.820 (large)).
Compound 35 also showed a small but significant activation of
PPARy at concentrations of 3 and 5 uM.

Figures 5 and 6 visualize the docking of the two most
promising compounds (3 and 8, respectively) into the active
site of the LBD. Both compounds are shown in red and
compared to rosiglitazone (blue). The results show that
compound 3 fits into the pocket of the active site slightly better
than compound 8, which is consistent with the results shown
in Figures 3 and 4.

PPARy Protein Expression. The next step in our
experiments was to determine whether the selected com-
pounds (3, 8, 32, and 35) were able to increase the level of
PPARy protein expression. The selected compounds were
incubated with HepG2 cells at a concentration of 1 M for 24
h and Western blot analyses were performed. None of the
compounds showed a positive effect on PPARy expression
(data not shown) except compound 32. As shown in Figure 7,
compound 32 showed a tendency to increase the expression of
PPARy protein level, but without statistical significance.

Quantification of GLUT4 Translocation. The selected
compounds 3, 8, 32, and 35 at a concentration of 10 uM were
then tested for their ability to enhance GLUT4 translocation in
HeLa GLUT4-myc-GFP cells using TIRF microscopy (Figure
8)."® The most active compound was compound 8. After 10
min of incubation, the GFP signal in the cells increased by
3.62% in a statistically significant manner (p < 0.0001; d =
4.545 (large)), which is approximately one-third of the
activation of the positive control insulin at a concentration
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Figure 3. PPARy agonistic activity of the test compounds 3 (A), 8 (B), 32 (C), 35 (D), and rosiglitazone (E). The test compounds were incubated
with the transiently transfected HEK293 cell line at concentrations of 5, 3, 1, 0.3, and 0.1 M. The results are expressed as the mean + SEM for two
independent experiments measured in quadruplicate and are statistically compared to NC using a Kruskal-Wallis test followed by a pairwise
comparison with a Bonferroni correction (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).
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SEM for three independent experiments measured in quadruplicate and are statistically compared to NC using a Kruskal—Wallis test followed by a
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Figure S. Visualization of molecular docking of compound 3 (red)
into the active site of LBD compared to rosiglitazone (blue).

Figure 6. Visualization of molecular docking of compound 8 (red)
into the active site of LBD compared to rosiglitazone (blue).

of 100 nM. Compound 3 was less active; in this case, the signal
increased by 3.00% (p < 0.0001). On the other hand, the
remaining compounds 32 and 35 slightly increased the signal
after 10 min (p < 0.0001), but their GLUT4-GFP signal
change values were below the 3% threshold for positive
results.* 4>

Hen’s Egg Test-Chorioallantoic Membrane (HET-
CAM). Finally, the selected compounds (3, 8, 32, and 35)
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Figure 7. PPARy protein expression after a 24-h incubation with
compound 32 at a concentration of 1 M, compared to DMSO used
as solvent (NC). The results are expressed as the mean + SEM for
one experiment measured in triplicate.

were evaluated for their efficacy in lowering blood glucose
levels in chicken embryos using the HET-CAM assay. The
selected compounds (at a concentration of 40 uM) were
incubated for 60 and 120 min to observe possible glucose-
lowering effects. An insulin analog (3 U/mL) was used as a
positive control. The data for the change in blood glucose
levels normalized to the solvent (0.4% DMSO) are shown in
Figure 9. Compound 32 proved to be the most potent with a
statistically significant 7.33% reduction in blood glucose after
120 min (p < 0.01; d = 0.931 (large)). Two other compounds,
8 and 35, were able to statistically significantly reduce blood
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Figure 8. Quantification of GLUT# translocation in HeLa GLUT4-
myc-GFP cells after incubation with the test compounds 3, 8, 32, and
35 at a concentration of 10 xM. Insulin (100 nM) was used as a
positive control (PC). KRPH was used as a negative control (NC).
The GLUT4-myc-GFP signal change was analyzed, and a threshold of
3% was defined for positive hits (dashed line).*"***” Data are shown
as the mean + SEM (n > 42) and are statistically compared to NC
using a Kruskal—Wallis test followed by a pairwise comparison with a
Bonferroni correction (** p < 0.01, and *#** p < 0.0001).

glucose levels by 3.69 and 3.84% after 120 min (p < 0.01;d =
0.741 (medium/large) and p < 0.001; d = 0.836 (large)),
respectively, while compound 3 showed a negligible effect.

M DISCUSSION

Based on the data obtained from our experiments, mimulone
(3) can be described as a partial PPARy agonist. It did not
influence PPARy expression, slightly affected the translocation
of GLUT# transporters and insignificantly decreased glucose
levels during in ovo experiments. Diplacone (8) showed a
similar profile of activity, with the exception of a greater effect
on GLUT4 translocation and a significant decrease in glycemia
in ovo. Both compounds are geranylated flavanones with
proven antioxidant and anti-inflammatory activity.***’

Consistent with our observations, Zhang et al. described
how compound 1 (structurally similar to diplacone (8), but
without the geranyl moiety) increased insulin-stimulated
glucose uptake in both HepG2 and differentiated 3T3-L1
adipocytes under high-glucose conditions. This compound was
also able to upregulate PPARy2 expression at both the mRNA
and protein levels. Furthermore, compound 1 was able to
reactivate an important kinase, protein kinase B (Akt), in the
insulin signaling pathway in HepG2 cells with high-glucose-
induced insulin resistance.>”

Another step in reinforcing the insulin pathway may be the
inhibition of protein tyrosine phosphatase 1B (PTP1P). Song
et al. demonstrated on isolated enzyme that mimulone (3) was
the most active with ICy, 1.9 uM.”" Diplacone (8) was not
among the compounds tested in their experiment, but from the
results, we can deduce that the most preferred arrangement of
ring B of the flavonoid is with the hydroxyl at C-4'. Other
hydroxy or methoxy groups at C-3’ or C-5' decreased the
activity.

Zima et al. performed in vivo experiments on alloxan-
induced diabetes in mice to demonstrate the antidiabetic
activity of compounds 3 and 8.°* Their results do not fully
agree with the results of our experiments. Compounds 3 and 8
were not able to reduce blood glucose levels in their model,
with the only exception that compound 8 showed a significant
reduction on day 1 (p < 0.05). On the other hand, Zima et al.
found a cytoprotective effect of compound 8 on pancreatic
cells, which may be explained by its antioxidant activity, since
alloxan induces diabetes via oxidative damage to the
pancreas.””

Moracin M (32) and mulberrofuran Y (35) showed very low
agonism to PPARy compared to the two previous compounds.
In GLUT4 translocation experiments, both compounds
significantly induced translocation, but their GLUT4-GFP
signal change values are below the 3% threshold for positive
results. Both 32 and 35 were active in the in ovo blood glucose
assays, with 32 being the most active among the compounds
tested, significantly lowering blood glucose levels, especially
after 60 min of incubation. The efficacy obtained was

Nc1 Mpc 7cs C35
Bnc2 Nc3  fcs2

NC1 response [%]

akwx

Change in blood glucose level normalized to

60 min.

whAh
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time [min.]

Figure 9. Quantification of lowering blood glucose efficacy in chicken embryos using HET-CAM assay. The test compounds (3, 8, 32, and 35) ata
concentration of 40 M were incubated for 60 and 120 min to observe possible glucose-lowering effects. The insulin analog NovoRapid (3U/ml)
was used as a positive control (PC). The data for the change in blood glucose levels were normalized to the solvent (0.4% DMSO; NC2), are
shown as the mean + SEM (n = 23—28), and are statistically compared to ultrapure water using a Mann—Whitney U test (NC1; * p < 0.0S, ** p <

0.01, *** p < 0.001, and *** p < 0.0001).
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comparable to that of various plant extracts tested in several
previous studies.”**>

Moracin M (32) is not described as a PPARy agonist in the
scientific literature, but a similar compound, moracin D, is.
Compared to compound 32, the structure of moracin D
contains an additional prenyl moiety that is condensed with
the hydroxyl group on the aryl segment of the structure.
Moracin D was able to activate PPARy/PKC-6 and inhibit
PKC-q, thereby inducing apoptosis in prostate cancer DU145
cells.™

Kwon et al. reported PTPIB inhibitory activity for
compound 32, but this activity was very low, with an ICy, of
333.1 & 20.53 uM.> Consistent with our results, Zhang et al.
reported a decreasing trend in fasting blood glucose levels in
alloxan-diabetic mice after administration of compound 32.
The effect was dose-dependent, and the fasting blood glucose
level was 18.52 + 6.61 mmol/L at the dose of 100 mg/kg,
which was not significantly different from that of the model
group (23.58 + 5.61 mmol/L).”” The possible mechanism of
the hypoglycemic effect of moracin M (32) was described by
Kwak et al.** Moracin M (32) incubated with C2C12 cells (at
concentrations of $ and 25 #M) induced phosphorylation of
phosphatidylinositol 3-kinase (PI3K) and Akt, two key
regulators in the insulin transduction pathway.ss

Also, mulberrofuran Y (35) has not been previously
reported as a PPARy agonist or as a hypoglycemic agent.
However, another compound from the group of 2-
arylbenzofurans, mulberrofuran G, has been reported as an
inhibitor of PTP1B, with an ICy, of 0.57 + 0.04 uM.*” Ha et
al. also reported the same compound as an inhibitor of PTP1B,
but with a different IC, value of 4.56 + 0.88 yM. In the same
work, other compounds of our study (27, 32, 34, and 36) were
screened for PTPIB inhibition, but their effect was
negligible.”’

The bioavailability and intestinal absorption of the tested
compounds are not known. However, Erlund et al. studied the
plasma kinetics of the flavanones naringenin (2) and
hesperetin (both similar to compound 8) in humans. After
ingestion of orange or grapefruit juice (8 mL/kg), the peak
plasma concentration reached 6.0 + 5.4 M for naringenin (2)
and 2.2 + 1.6 uM for hesperetin.(" In addition, You et al.
administered moracin C (similar to compounds 32 and 35)
orally to mice (100 mg/kg) and the peak plasma concentration
was 5.8 + 4.0 uM.”> These results are quite variable, but the
concentrations we used in our experiments are achievable.

The three main tissues in the human body involved in the
regulation of glycemia are adipose tissue, liver, and skeletal
muscle. The HeLa cell line used in our GLUT4 translocation
experiment is derived from human cervical carcinoma cells but
is also insulin responsive (Figure 8). The HET-CAM
experiments take advantage of the use of chicken embryos at
day 11 of development. This avoids the need for animal
experiments, which require approval, and the model has the
advantage of mimicking in vivo conditions.*

In summary, the selected compounds showed a diverse
profile of action as hypoglycemic agents. Our hypothesis of
selecting compounds based on PPARy agonism and sub-
sequent investigation of their effect on GLUT4 translocation
and glycemia in ovo appeared not to be generally useful.
Moracin M (32) and mulberrofuran Y (35) reduced glycemia
in ovo without convincing agonism on PPARy, whereas
mimulone (3) was shown to be a partial PPARy agonist

without affecting glycemia in ovo. Only diplacone (8) showed
activity in all these aspects.
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Glucan particles (GPs) from Saccharomyces cerevisiae consist
mainly of f#-1,3-p-glucan. Curcumin is a phenolic compound of
plant origin. A 24 h incubation with a mixture of GPs and curcumin
increased the expression of the Nrf2 protein and increased the
activation of the Nrf2—ARE system significantly.

1. Introduction

Oxidative stress is a common pathophysiological predisposi-
tion of many illnesses, including cancer, diabetes mellitus and
various inflammatory and neurodegenerative diseases. The
stress can be explained as an imbalance between reactive
oxygen species (ROS) production and the antioxidant defence
system of cells.’

Compounds of natural origin play an important role in the
discovery of new drugs, as well as new lead structures for drug
design.” An example of these compounds is curcumin, which
was isolated from the rhizomes of Curcuma longa L.
(Zingiberaceae). Curcumin exhibits a direct antioxidant effect,
by free radical scavenging, as well as an indirect modulation of
the cellular antioxidant defence system via the nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) pathway.” Taken together
with the observation of anti-inflammatory and antibacterial
activities, it makes curcumin a promising molecule. However,
curcumin has one downside, which is its poor bioavailability.”

One of the strategies to improve this disadvantage is the
utilization of a drug carrier, such as yeast purified glucan par-
ticles (GPs). GPs are homopolymers of p-(1,3)-p-glucose with or
without B-(1,6)-p-glucose in side chains with a diameter of

“Department of Molecular Pharmacy, Faculty of Pharmacy, Masaryk University,
Palackého 1946/1, 612 00 Brno, Czech Republic. E-mail: tremlj@ph muni.cz;
Tel: +420 541 562 850

b Department of Chemical Engineering, University of Chemistry and Technology,
Prague, Technickd 5, 166 28 Prague, Czech Republic

“Department of Pharmacology and Toxicology, Veterinary Research Institute,
Hudcova 296/70, 621 00 Brno, Czech Republic

1954 | Food Funct., 2021,12,1954-1957

Jakub Treml, (3 *2 Petra Salamunova,” Jaroslav Hanus® and Jan Hosek (&

2-5 pm. After ingestion, GPs are phagocytosed by M cells in
the small intestine and transported via the lymphatic system
to various parts of the body.® Because glucan is not digested in
the human gastrointestinal tract (GIT) due to the absence of
p-amylase,” the loaded cargo is protected during the passage
through the GIT. Its biodegradation takes place only by oxi-
dative cleavage in polymorphonuclear leukocytes and mono-
cytes/macrophages after uptake in the gut®, and the cargo
could be released there. f-Glucans on the surface of GPs are
recognized mainly by the dectin-1 receptor and complement
receptor 3 and thus possess immunomodulatory and anti-
inflammatory effects.”'® This ability enables GPs to serve as
drug vehicles targeting macrophages."'

In our previous study’ we have studied the direct anti-
oxidant activities of pure curcumin, empty GPs, their mixture
and composite suspensions in pyocyanin-stimulated THP-1-
XBlue™-MD2-CD14 cells. This study is a continuation of the
previous experiments. The aim is to elucidate whether the
loading of curcumin into GPs achieves stronger indirect anti-
oxidant activity compared to GPs or curcumin independently.
To study the indirect antioxidant activity, we screened the
expression of several antioxidant enzymes, such as catalase
(CAT), glutathione peroxidase (GPx), heme oxygenase 1 (HO-1),
superoxide dismutase 1 (SOD-1) and superoxide dismutase 2
(SOD-2), and the Nrf2 protein in a cell-based in vitro model.
Furthermore, the activation of the antioxidant responsive
element (ARE) by Nrf2 was studied.

2. Materials and methods

2.1 Preparation of glucan particles and composites with
curcumin

GPs were prepared from baker’s yeast Saccharomyces cerevisiae
Meyen ex E.C. Hansen (Saccharomycetaceae) (Pakmaya,
Ankara, Turkey). The preparation involved a washing process
to principally remove the internal content using a method as
described previously.'*

This journal is © The Royal Society of Chemistry 2021
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The incorporation of curcumin into GPs was performed by
the slurry evaporation method as reported previously.” From
all the composites prepared in the previous study, we have
chosen GP composites (at a final concentration of 670 pg
mL™") with 0.55% (w/w) content of curcumin (corresponding
to a concentration of 10 uM). Apart from the composites, GPs
and curcumin as a mixture, GPs alone and crude curcumin
were tested (in the corresponding concentrations). All the sus-
pensions were prepared freshly and properly mixed with Ultra-
Turrax T10 (IKA).

2.2 Cell culture

THP-1 and HepG2 cell lines (European Collection of Cell
Cultures, Salisbury, UK) were cultured in RPMI 1640 and
DMEM low glucose media (Biosera, France), respectively, as
reported previously."” The cells were kept in an incubator at
37 °C under a water-saturated atmosphere of air containing
5% CO,. The stabilized cells (12-35" passage) were split into
microtitration plates and used for further experiments. Each
experiment was performed three times in independent
triplicate.

2.3 Protein expression of antioxidant proteins

The effect on the protein expression of antioxidant enzymes
and Nrf2 was observed in the THP-1 cell line as reported pre-
viously."”® The cells were incubated in the form of floating
monocytes (1 x 10° cells per mL). After 24 h of incubation with
the composites, mixture, GPs alone and crude curcumin, the
cells were collected, and protein lysates were prepared. Then
the lysates were separated using SDS-PAGE and the proteins
were transferred to polyvinylidene fluoride membranes using
western blotting and a chemiluminescent kit (Bio-Rad).
Specific primary antibodies were applied: mouse anti-CAT
1:1000 (Sigma-Aldrich; product no. C0979), rabbit anti-SOD-1
1:1000 (Sigma-Aldrich; product no. HPA001401), rabbit anti-
SOD-2 1:1000 (Abcam, Cambridge, UK; product no. ab16956),
rabbit anti-Nrf2 1:1000 (Abcam; product no. ab137550), rabbit
anti-GPx1 (Abcam; product no. ab22604), mouse anti-HO-1
(Abcam; product no. ab13248) and mouse anti-f-actin 1: 5000
(Abcam; product no. ab8226). After washing, the secondary
antibodies were applied: anti-mouse IgG (Sigma-Aldrich;
product no. A0168) or anti-rabbit IgG (Sigma-Aldrich; product
no. A0545) at a dilution of 1:2000.

2.4 Activation of the Nrf2-antioxidant response element
system

The influence on the activity of Nrf2 was estimated using an
antioxidant response element (ARE) reporter kit (BPS
Bioscience, San Diego, CA, USA) on HepG2 cells as reported
previously." After transient transfection with the ARE reporter
kit and serum recovery, the cells were treated for 24 h with the
composites, mixture, GPs alone and curcumin alone. As a posi-
tive control for this experiment, we have used pi-sulforaphane
(Sigma-Aldrich) at a concentration of 10 pM dissolved in
DMSO.

This journal is © The Royal Society of Chemistry 2021
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2.5 Statistical analysis

Statistical analyses were carried out using the GraphPad Prism
6.01 software (San Diego, CA, USA). The data were graphed as
means + SEM (standard error of mean). The outlying values
were identified using the ROUT algorithm (Q = 5%) and
removed from the analysis. Comparisons between groups were
made using the Kruskal-Wallis test followed by Dunn’s mul-
tiple comparison test.

3. Results and discussion

After 24 h of incubation with the composites, mixture, GPs
alone and crude curcumin, the expression of selected proteins
was measured and normalized to the expression of p-actin and
expressed as a ratio of the negative control (NC). The results
are shown in Fig. 1. The data for the expression of GPx and
SOD-2 are not shown, since there was no observable change
compared to the NC.

The expression of the Nrf2 protein was increased signifi-
cantly (p < 0.05) after incubation of cells with the mixture of
GPs (670 pg mL™") and curcumin (10 pM). Apart from the
mixture, curcumin alone and GPs alone were also able to
increase the expression, whereas the composites had no obser-
vable effect.

Moreover, the differences in the expression of other pro-
teins were not statistically significant. But there was an obser-
vable trend; specifically, the mixture of GPs with curcumin
increased the expression of SOD-1, crude curcumin increased
the expression of CAT and the composites increased the
expression of HO-1.

HO-1
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Fig. 1 Change in the protein expression normalized to p-actin (ratio of
the NC). C 670/10 denotes the GP composites (670 pg mL™Y) with
encapsulated curcumin (10 pM), Mix represents the mixture of the two
components, Cur is crude curcumin, GP means glucan particles alone
and NC means the negative control; * denotes p < 0.05 compared to the
NC.
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The results on the activation of the Nrf2-ARE cellular
system are shown in Fig. 2 as a ratio of the luminescence
signal for reporter and control luciferase (firefly/Renilla).
There is a significant increase in the case of 24 h incubation
with pr-sulforaphane serving as the positive control (PC;
p <0.0001).

Additionally, incubation with the mixture of GPs (670 pg
mL™!) and curcumin (10 pM) increased the activation of the
Nrf2-ARE system significantly (p < 0.01). Other experimental
settings had less effect on Nrf2-ARE activation. We can specu-
late that the different effects of the physical mixture and com-
posites of GPs and curcumin on the expression and activity of
Nrf2 could be caused by different dissolution kinetics of curcu-
min. Curcumin is slightly soluble in water'* and its incorpor-
ation into GPs could affect its solubility. The changed dis-
solution kinetics then could influence the expression and
activity of Nrf2, which is time dependent."”

The results presented in this short communication follow
up on previous studies, mainly on the results of Plavcova
et al.,’ where the composites of GPs and curcumin (670 pg
mL™" and 10 pM) exhibited direct antioxidant and ROS
scavenging activities in a cell-based model with pyocyanin
stimulation (5 pg mL™'). The composites significantly
decreased ROS production after 1 h of incubation. After 24 h,
significant results were observable for both the composites
and mixture.

These results are in accordance with ours, where the
mixture of GPs and curcumin was able to increase the
expression of the Nrf2 protein and activate the Nrf2-ARE
system. Unfortunately, no significant effect was observed on
the level of antioxidant enzymes responsible for antioxidant
defence. Maybe with different incubation times, the increase
of SOD-1 expression would be significant. Or, maybe different
antioxidant enzymes are involved.

20+ Hkkk
184

16

144
6

-

Firefly/Renilla luminescence ratio

C 670/10 Mix Cur GP NC PC

Fig. 2 Change in the firefly/Renilla luminescence expressing Nrf2—ARE
activation. C 670/10 denotes the GP composites (670 pg mL™*) with
encapsulated curcumin (10 pM), Mix represents the mixture of the two
components, Cur is crude curcumin, GP means glucan particles alone,
NC means the negative control and PC means the positive control, pL-
sulforaphane; ** denotes p < 0.01, **** denotes p < 0.0001 compared to
the NC.
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On the other hand, the results of Ishida et al.** have shown
different results for p-glucans from Candida albicans.
f-Glucans were applied to oral keratinocytes and they induced
HO-1 upregulation via ROS/p38 MAPK/Nrf2 pathway activation,
which may have important roles in host defence against the
stress caused by Candida infection in the oral epithelium.

In our results we have observed only slightly increased
expression of HO-1 and only after incubation with composites.
For GPs alone, there was no change from the NC. This may be
explained by the different cell lines used in our experiments
and the different compositions of p-glucans used; it is also
problematic to compare the dosage, since Ishida et al. used
heat-killed Candida albicans in the amount of 10° cells per
mL."® Furthermore, Youn et al. showed the effect of curcumin
alone on the expression of HO-1 via Nrf2 activation after incu-
bation with the HaCaT cell line.'®

4. Conclusions

Although the presented results did not show the effect of com-
posites to be superior to that of the mixture or GPs alone or
crude curcumin, we have proven the positive effect of the
mixture on Nrf2/ARE activation. Also, there was an observable
increase of the expression of superoxide dismutase 1 (by the
mixture of GPs and curcumin), catalase (by crude curcumin)
and heme oxygenase 1 (by the composites).

Eventually, the mixture of GPs and curcumin showed posi-
tive results and should be further examined.
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how incorporating artemisinin, ellagic acid, (-)-epigallocatechin gallate, morusin, or trans-resveratrol into GPs af-
fects their anti-inflammatory and antioxidant potential in vitro. Two different methods - slurry evaporation and
spray drying - were used to prepare composites (GPs + bioactive compound) and the anti-inflammatory and an-
tioxidative properties of the resultant products were compared. Several of the natural compounds showed the

:gm;is}mcmpmc,es beneficial effects of being combined with GPs. The materials prepared by spray drying showed greater activity
Drug carrier than those made using a rotary evaporator. Natural compounds incorporated into yeast GPs showed greater
Inflammation anti-inflammatory potential in vitro than simple suspensions of these compounds as demonstrated by their inhi-
Monocytes bition of the activity of transcription factors NF+B/AP-1 and the secretion of the pro-inflammatory cytokine TNF-
Natural compounds .

Pharmaceutical composite © 2020 Elsevier B.V. All rights reserved.

1. Introduction

Nature is a rich source of bioactive compounds that have served to
inspire many drugs currently in use [1]. Many natural compounds pos-
sess significant antioxidant, anti-inflammatory, anticancer, antimicro-
bial, and other activities as shown by in vitro, in vivo, or clinical trials.
The use of herbal remedies to treat different inflammatory diseases in
traditional medicines has been well described [2]. However, although

Abbreviations: AC, active compound; AP-1, activator protein 1; DMSO, dimethyl
Ifoxide; EGCG, (-)-epigallocatechin gallate; GPs, yeast glucan particles; H2DCF-DA,
2',7'-dichlorodihydrofluorescein  diacetate; HPLC, high performance liquid
chromatography; HRMS, high-resolution mass spectrometry; LPS, lipopolysaccharide;
NF-#B, nuclear factor kB; PMA, phorbol myristate acetate; RE, rotary evaporation; ROS, re-
active oxygen species; SD, spray drying; SE, standard error of the mean; SFM, serum-free
medium; THF, tetrahydrofuran; TNF-c, tumor necrosis factor o; XRD, X-ray diffraction..
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many natural compounds have shown promising effects in different
studies, their clinical use has been limited by their often low bioavail-
ability, rapid metabolization, or both [3,4].

Different delivery systems have been developed to modify the phar-
macokinetic profiles of natural compounds. Micro- or nanoemulsions,
liposomes and their modified forms, and micro- or nanoparticles have
been studied the most [5]. Glucan particles (GPs) prepared from yeasts
(Saccharomyces cerevisiae) are an interesting group of natural micropar-
ticles. They are spheroidal or ellipsoidal particles with a central cavity
and porous walls. The walls consist mainly of 3-(1-3)-p-glucan with
or without >-(1-6)-p-glucose in side chains (> 85%), chitin (~2%), pro-
teins, and lipids [6,7]. As natural materials, they are ideally suited to be-
come biocompatible drug carriers that can be recognized and actively
captured from the gut lumen by microfold cells (M-cells) [8-10]. Im-
mune cells associated with these M-cells can then use the lymphatic
system to distribute the cargo of the GPs to various organs of the
reticulo-endothelial system, such as the liver, the lung, the spleen, and
the kidney [9-11], or into inflamed sites and tumors [8,12,13]. These
features make GPs suitable candidates for the oral delivery of diagnostic
or therapeutic compounds.

In addition to their ability to serve as drug carriers, GPs possess their
own immunomodulatory activities, which can affect immune cells and
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thereby contribute to the general anti-inflammatory, antioxidant, and
anti-tumor arsenals of organisms [ 14-16]. Their immunostimulating ef-
fect can also be used to develop carriers for vaccines [17,18]. We hy-
pothesize that loading GPs with bioactive compounds could produce
composites with synergic effects of these two components.

In this research, we have focused on five chemically different natural
compounds - the sesquiterpene lactone artemisinin (1), the
ellagitannin ellagic acid (2), the catechin (-)-epigallocatechin gallate
(EGCG; 3), the prenylated flavonoid morusin (4), and the stilbene
trans-resveratrol (5) (Fig. 1). All of these compounds possess significant
anti-inflammatory effects as demonstrated using different in vitro or
in vivo models; some have also been tested in clinical trials [19-23].
They can serve as study compounds for proof-of-concept and were se-
lected because, as they represent different chemical groups, incorporat-
ing them into GPs could result in composites with significantly different
characteristics.

This study aimed to determine how incorporating compounds 1-5
into GPs affects their anti-inflammatory and antioxidant potentials
in vitro. The prepared composites were compared with physical mix-
tures of the corresponding pure GPs and test compounds. Two different
methods, slurry evaporation (using rotary evaporator) and spray drying
method, were used to prepare composites (GPs + test compound) and
the anti-inflammatory potential and antioxidant effect of the resultant
products were compared. According to our best knowledge, this is the
first reported comparison of the biological effects resulting from two
different ways of preparing glucan composites.

2. Materials and methods
2.1. Preparation of glucan particles

The glucan particles were prepared from instant yeast
(Saccharomyces cerevisiae) (Pakmaya, Ankara, Turkey) using a protocol

based on the procedure of Salon et al. [6]. Briefly, 150 g of dried yeast
was dispersed in 600 mL of 1 M NaOH solution and heated to 90 °C for

OH

Artemisinin (1) OH

Ellagic acid (2)

OH

Morusin (4)
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60 min. The suspension was centrifuged (6000 xg) for 3 min and the
supernatant was discarded. This alkali extraction was repeated twice
(3-times in total). The mixture was adjusted to pH & 4.5 with concen-
trated HCl and heated at 75 °C for 2 h. The suspension was centrifuged
(3 min, 6000 xg) and the supernatant was removed. The resultant
sludge was washed with deionized water (3x), isopropanol (4x) and
acetone (2x), with each and every wash followed by centrifuging for
3 min at 6000 xg and all of the supernatant liquid was discarded. The
final sludge was lyophilized for 48 h, protected against moisture and
stored in a refrigerator. Approximately 15 g of GPs were obtained
from starting 150 g of yeasts. The pure GPs used to prepare physical
mixtures with the active compounds for comparison with spray-dried
composites were then resuspended in 96% ethanol and spray dried in
the same way as the composites.

Hydrochloric acid, acetone, and isopropanol were purchased from
Lach-Ner, Czech Republic. Sodium hydroxide, methanol, and ethanol
were purchased from Penta, Czech Republic.

2.2. Preparation of composites

Composites of glucan particles with artemisinin (1), ellagic acid (2),
(-)-epigallocatechin gallate (EGCG; 3), morusin (4), and trans-
resveratrol (5) were prepared by two different methods: slurry evapo-
ration and spray drying (Table 2). Artemisinin (1) and EGCG (3) were
purchased from SantaCruz Biotechnology (USA), ellagic acid (2) and
trans-resveratrol (5) from Sigma-Aldrich, Germany. Morusin (4) was
kindly provided by Assoc. Prof. PharmDr. Karel Smejkal of the Depart-
ment of Natural Drugs, Masaryk University.

2.2.1. Slurry rotary evaporation (RE)

A stock solution of each of the five test compounds was prepared by
dissolving a weighed amount of the compound in ethanol (the amounts
used for each compound are shown in Table 1). A defined volume of the
stock solution of the tested compound (see Table 1), together with ad-
ditional 50 mL of ethanol, was added to 500 mg of glucan particles in

OH

OH

HO O
OH
0 0
OH _ OH
o

OH

OH
(-)-Epigallocatechin gallate (3)

Trans-resveratrol (5)

OH

Fig. 1. Structures of the test compounds.
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Table 1

International Journal of Biological Macromolecules 169 (2021) 443-451

The amounts of active compounds (AC) and the masses of glucan particles used for the preparation of the composites by the slurry evaporation method (RE) and the spray-drying method
(SD). The final suspension of each composite used for the in vitro experiments contained an amount of the active compound corresponding to a concentration of 1 puM.

Concentration of AC in stock

Volume of stock solution used for

Mass of GPs [mg] used for Mass fraction of AC in GPs

solution RE/SD RE/SD [w/w]
Artemisinin (1) composites 0.5 mg/mL 422 ul/843 pl 500/1000 0.042%
Ellagic acid (2) composites 0.14 mg/mL 1611 pL/3222 pL 500/1000 0.045%
EGCG (3) composites 0.5 mg/mL 684 uL/1368 uL 500/1000 0.068%
Morusin (4) composites 0.5 mg/mL 628 uL/1255 L 500/1000 0.063%
Trans-resveratrol (5) composites 0.5 mg/mL 341 pL/681 L 500/1000 0.034%

around bottom flask. The resulting suspension was homogenized using
a T10 basic Ultra-Turrax (IKA, Germany). The suspension was then
placed into a rotary evaporator to slowly eliminate the solvent, accord-
ing to the method described by Plavcova et al. [24]. Concisely, the rotary
evaporator was set to 175 RPM, the water bath was heated to 60 °C, and
the pressure was slowly reduced from atmospheric to 300 mbar. The
ethanol was evaporated at 300 mbar and the composites were then
dried fully at 80 mbar. The product, a dry powder, was lyophilized for
48 h to remove any remaining moisture. Composites prepared by this
way are called “RE composites” in this study. The loaded glucan particles
were protected against light and moisture and stored in a refrigerator.

2.2.2. Spray drying (SD)

Suspensions of each test compound were prepared by adding
1000 mg of glucan particles to a mixture containing 50 mL of ethanol
and the volume of stock solution of that particular active compound
specified in Table 1. Before spray drying, the suspension was homoge-
nized for 5 min using a T10 basic Ultra-Turrax (IKA).

The samples were spray dried using a Mini Spray Dryer B-290
(Biichi) equipped with an ultrasonic nozzle and operated in inert loop
with an atmosphere of nitrogen. The following conditions were applied:
inlet temperature 120 °C, feed rate 5.0 mL/min, nitrogen flow rate 246 L/
h, flow meter 20 mm, and power output at the nozzle 2.4 W. The outlet
temperature ranged between 70 and 75 °C. Composites prepared by this
way are called “SD composites” in this study.

2.3. Characterization of the prepared composites

The amount of each active compound contained in its composite was
determined by high-resolution mass spectrometry (HRMS) LTQ
Orbitrap Velos - hybrid ion-trap-orbitrap instrument (Thermo Scien-
tific), high performance liquid chromatography (HPLC) Agilent 1100,
employing an Ascentis Express RP-Amide 100 x 2.1 mm, 2.7 pm column,
or UV-Vis spectrophotometry on a Specord 205 BU UV-Vis spectropho-
tometer, using a Hellma QX semi-micro cuvette. Artemisinin (1) and
ellagic acid (2) were extracted into methanol. Two milliliters of metha-
nol was added to 10-13 mg of composites and this mixture was placed
in an ultrasonic bath for 10 min to extract the compounds from the GPs
matrix. The supernatant liquid was separated from the solid particles by
centrifugation (3 min, 6000 xg), the supernatant was filtered through a
0.2 pm filter, and the content of the active compound was then
measured using HRMS., Flow injection analysis combined with high-
resolution mass spectral detection was used. Extracts were further di-
luted with methanol and injected using a 5 pL loop (Rheodyne). The
standard addition method was used for quantification, because a
screening effect of the glucan matrix had been observed. EGCG (3)
was extracted from the composites using an ethanol-water mixture
(20% v/v). Two milliliters of the solvent was added to 10-11 mg of
EGCG (3) composites. The procedure of sonication, centrifugation, and
filtration was the same as that used to extract 1 and 2. The UV-Vis ab-
sorbance was then measured using methanolic extract of untreated
GPs as a blank and the content of EGCG was determined from the absor-
bance at 273 nm. A standard calibration curve was prepared beforehand
(R? = 0.9994). HPLC was used to determine the contents of morusin (4)
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and trans-resveratrol (5) in the prepared composites. For each, ten
milligrams of composites was weighed into a glass vial and 1 mL of
methanol was added. The vial was placed in an ultrasonic bath for
15 min. The suspension was then centrifuged (6000 xg, 3 min) and
the supernatant was carefully collected. The extract of morusin (4) com-
posite was injected (1 uL) into a mobile phase of acetonitrile and 0.2%
(v/v) HCOOH. The gradient was started with a composition of 40:60
(v/v) and increased linearly to 80:20 (v/v) over the 20 min run. The col-
umn was an Ascentis Express RP-Amide (100 x 2.1 mm, 2.7 pm;
Supelco, USA), the flow rate 0.3 mL/min, and the column block temper-
ature was 40 °C. The content of morusin (4) was calculated using a stan-
dard calibration curve (R* = 0.9388). The detection wavelength was
290 nm and the retention time 17.5 min.

The methanolic extract of trans-resveratrol (5) obtained from the
composites (1 pL) was injected into a mobile phase composed of aceto-
nitrile and 0.2% (v/v) HCOOH. The composition changed linearly from
10:90 (v/v) at time zero to 50:50 (v/v) after 15 min. An Ascentis Express
RP-Amide (100 x 2.1 mm, 2.7 pm) column was used with a flow rate of
0.3 mL/min and a column block temperature of 40 °C. Trans-resveratrol
(5) was detected at 280 nm, with a retention time of 12.5 min. The
trans-resveratrol (5) content was calculated using a standard calibration
curve (R? = 0.9775) constructed by making serial injections of 5
(Sigma-Aldrich). All of the samples were measured in triplicate.

The prepared composites were visualized using optical and fluores-
cence microscopy (Olympus IX81, WU fluorescence cube with excita-
tion in the 330-385 nm range and detection at wavelengths greater
than 420 nm). An Olympus UPLSAPO Objective 40x was employed.
The crystallinity of the samples was checked by X-ray powder diffrac-
tion analysis (PANalytical X'Pert Pro with High Score Plus diffractome-
ter; 5° to 50° 26 angle). FTIR spectra of pure SD and RE GPs were
measured using FTIR spectrometer Nicolet 6700 (Thermo-Nicolet,
USA) with GladiATR crystal (PIKE, USA), DTGS KBr detector, and
Happ-Genzel apodization.

2.4. Preparation and maintenance of monocytes and macrophages

The THP-1-XBlue™-MD2-CD14 cell line was purchased from
Invivogen (San Diego, CA, USA). The cell line was cultured in RPMI
1640 medium containing stabilized 2 mM L-glutamine (Biosera, Nuaille,
France) containing antibiotics [100 U/mL penicillin and 100 mg/mL
streptomycin (Biosera)] and 10% fetal bovine serum (HyClone, Logan,
UT, USA), hereinafter referred to as the complete medium. The cell cul-
ture was passaged once a week and fresh complete medium was added
twice a week. Cells were maintained in an incubator at 37 °Cunder a hu-
midified atmosphere, containing 5% CO,.

THP-1-XBlue™-MD2-CD14 monocytes were differentiated to mac-
rophages using phorbol myristate acetate (PMA) at a final concentration
of 50 ng/mL, as described previously [25]. Briefly, monocytes were
seeded into 96-well plates at a concentration of 50,000 cells/well and
stimulated with PMA. After 24 h of differentiation, the medium was re-
placed, and the cells were incubated for 24 h in complete medium with-
out PMA. Then the cells were washed with phosphate buffered saline
and serum-free medium (SFM) was added 2 h before treatment.
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The viability of the cell lines used (5 - 18" passage) was greater
than 95% for each experiment. At the concentrations tested, the samples
did not show cytotoxic effects on the viability of the cells.

2.5. Determination of the relative cell viability

The non-differentiated floating THP-1-XBlue™-MD2-CD14 mono-
cytes (555,555 cells/mL for the suspensions of composites and GPs
and 500,000 cells/mL for solutions or suspension of the pure com-
pounds 1-5) were transferred into SFM and seeded into 96-well plates,
90 pL/well for the composites and 100 pL/well for the crude active com-
pounds, i.e., 50,000 cells per well, in triplicate. In order to compensate
for subsequent dilutions, test suspensions and solutions were prepared
as a concentrated stock suspensions and solutions - a factor of ten for
the composites and a thousand for the concentrated stock solution of
each active compounds. Each prepared suspension was homogenized
for 1 min using a T10 basic Ultra-Turrax (IKA) at approximately
20,000 RPM. After 2 h, 10 L of the stock suspension of one of the test
composites with encapsulated active compounds 1-5, or 2 pL of the
stock suspension or solution of one of the pure active compounds 1-5
suspended in SFM or dimethyl sulfoxide (DMSO; Sigma-Aldrich) was
added to the cells. The final concentrations of compounds 1-5 in SFM
or DMSO were 20, 10, 5, 2.5, and 1.25 pM. Measurements were taken
after 24 h of incubation with the test substances. The relative viability
of the cells was measured using a Cell Proliferation Reagent kit WST-1
(Roche Diagnostics, Basel, Switzerland) according to the manufacturer's
manual. The control cells, which were treated with SFM or DMSO only,
were assigned as 100%. ICsq values were calculated from the resultant
viability curves by four-parameter logistic (4PL) analysis.

The viability of THP-1-XBlue™-MD2-CD14 monocytes incubated for
24 h with pure glucan particles was calculated manually using a hemo-
cytometer. Trypan blue (Sigma-Aldrich, Germany) dye was used to dis-
tinguish the dead from the vital cells. The viability of cells was calculated
as the number of living cells divided by the total number of live and
dead cells and was performed three times. The cell viability was relativ-
ized to the control cells, which were treated with SFM only and assigned
as 100%.

2.6. Determination of NF-kB/AP-1 activity

The activity of NF-kB/AP-1 was evaluated as described previously
[24]. Briefly, the THP-1-XBlue™-MD2-CD14 cell line was used in SFM.
All samples were suspended in SFM and added to the cell culture 2 h
after the cell seeding and the start of incubation. Lipopolysaccharide
(LPS) isolated from E. coli O111:B4 (Sigma-Aldrich) at a final concentra-
tion of 1 pg/mL was then added 1 h later to trigger an inflammation-like
response. After 24 h of incubation, the activity of the NF-xB/AP-1 tran-
scription factors was determined as the activity of secreted embryonic
alkaline phosphatase (SEAP), the expression of which is controlled by
an artificial NF-kB/AP-1 promoter, using Quanti-Blue™ reagent
(Invivogen) according to the manufacturer's instructions.

2.7. Determination of TNF-cx secretion

The differentiated macrophages THP-1-XBlue™-MD2-CD14 were
used to determine the secretion of TNF-« as described previously [25].
Cells were treated with samples and after 1 h LPS was added to activate
the inflammatory response. After 24 h, the supernatant liquid was col-
lected and the concentration of TNF-« was measured using a Human
TNF-a ELISA Kit (Diaclone, Besangon, France) according to the manufac-
turer's manual.

International Journal of Biological Macromolecules 169 (2021) 443-451

2.8. Detection of the intracellular production of reactive oxygen
species (ROS)

A method based on 2',7'-dichlorodihydrofluorescein diacetate
(H,DCF-DA) was used to determine evaluation of antioxidant and pro-
oxidant action of the test materials as described previously [24]. Briefly,
THP-1-XBlue™-MD2-CD14 cells in SFM were used. The cells were
seeded and incubated 2 h. After they were treated with the test mate-
rials. After a further hour, pyocyanin (Sigma-Aldrich) at a concentration
of 100 uM was added to the cells used for antioxidant assays and con-
trols. After continued periods of 1, 4, or 24 h, 5 ug/mL of H,DCF-DA
was added to determine the formation of ROS. The intracellular fluores-
cence of the dichlorofluorescein created was measured by FLUOstar
Omega Microplate Reader (BMG Labtech) using 480 nm as the excita-
tion wavelength and 530 nm to measure the emission.

2.9. Statistical evaluation

Statistical analyses were carried out using GraphPad Prism 8.01 soft-
ware (San Diego, CA, USA). The data were graphed as the mean + the
standard error of the mean (SE). Outlying values were identified by
ROUT algorithms (parameter Q = 5%) and removed from the analysis.
Comparisons between groups were made using a one-way ANOVA
test followed by an uncorrected Fisher's LSD post-hoc test for multiple
comparison.

3. Results and discussion
3.1. Characterization of glucan particles and composites

The glucan microparticles were prepared from dried yeast (S.
cerevisiae) as described previously [24]. Two different methods of load-
ing were used for the encapsulation: slurry rotary evaporation (RE) and
a spray-drying (SD) method. In total, 10 samples were prepared, 5 by
each method.

Representative micrographs obtained by optical microscopy for each
prepared composite and for the pure GPs are presented in the Supple-
mentary material (Figs. S1-S12). In contrast to the fluorescence micro-
graphs of curcumin composites presented in Plavcova et al. [24] and
Ruphuy et al. [26], the composites prepared in this study showed only
slightly increased fluorescence when compared with pure GPs. This is
because the test compounds used in this study do not fluoresce as
strongly as curcumin and the amounts of the substances that were
used correspond to only the lowest concentration used in the previous
study [24]. Micrographs of the RE and SD composites show no signs of
the active compound existing outside the GPs, as was the case for
some of the preparations in Ruphuy et al. [26]. This suggests that the en-
capsulation was fully successful. XRD spectra (see the Supplementary
material Fig. S13) of all the composites do not differ from the spectra
of the pure GPs. This can be interpreted as a sign that the composites
do not contain much of the crystalline form of the active compound,
however, the total amount in all forms was relatively small.

3.2. Determination of the content of active compounds encapsulated in GPs

The content of the active compounds morusin (4) trans-resveratrol
(5) and in their composites was determined by HPLC, but for
artemisinin (1), ellagic acid (2), and EGCG (3), HPLC was not sufficiently
sensitive (Table 2). Artemisinin (1) possesses a weak chromophore (ab-
sorbing only at 205-215 nm) and HPLC-UV-Vis analysis could not reli-
ably determine low concentrations, such as those used in the study of
Lapkin et al. [27]. Ellagic acid (2) and EGCG (3) were difficult to deter-
mine probably because they have great affinity for GPs when methanol
is used as the extraction solvent. Therefore, an ethanol-water 20:80 (v/
v) mixture was eventually used to extract EGCG (3) from composites,
with simple UV-Vis spectrophotometry (characteristic detection
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Table 2

Summary of the planned contents of active compounds (AC) in GPs and the actual AC contents measured using HPLC-UV, UV-Vis spectrophotometry, or HRMS; the planned content of

each AC was assigned as 100% loading effectiveness.
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Planned content of AC in GPs (w/w)

Composites - RE (w/w)

Composites - SD (w/w) Method of determination

Artemisinin (1) composites 0.042% 0.043 + 0.005% 0.041 + 0.004% HRMS
(102.4%) (97.6%)
Ellagic acid (2) composites 0.045% 0.020 + 0.002% 0.028 + 0.003% HRMS
(44.4%) (62.2%)
EGCG (3) composites 0.068% 0.035 + 0.003% 0.042 + 0.005% UV-Vis spectropho-tometry
(51.5%) (61.8%)
Morusin (4) composites 0.063% 0.036 + 0.002% 0.040 + 0.001% HPLC-UV
(57.1%) (63.5%)
Trans-resveratrol (5) composites 0.034% 0.039 + 0.001% 0.047 + 0.001% HPLC-UV
(114.7%) (138.2%)

wavelength at approx. 280 nm [28]) then used to determine the EGCG
(3) contents of both the RE and SD composites. Artemisinin (1) and
ellagic acid (2) were determined using high-resolution mass spectrom-
etry (HRMS).

3.3. Evaluation of the cytotoxicity of the test materials

The cytotoxic effects of compounds 1-5 dissolved in SFM or DMSO
were tested on THP-1-XBlue™-MD2-CD14 cells (Table 3). We first
tested the effects of the test compounds dissolved in DMSO. Artemisinin
(1) did not show any cytotoxic effect on THP-1-XBlue™-MD2-CD14
cells at any of the concentrations tested and the relative viability of
the cells was approx. 100% in every case. Ellagic acid (2) affected the vi-
ability of the cells only slightly, with the relative viability decreasing
only for 20 pM, the highest concentration tested. EGCG (3) affected
the cells at 5, 10, and 20 pM, which reduced the relative viability of
the cells to approx. 80%. At lower concentrations (1.25 and 2.5 uM),
EGCG (3) did not affect the relative viability of the cells significantly (re-
duced to 95%). In contrast, trans-resveratrol (5) affected the cells at 10
and 20 pM, which reduced the relative viability of the cells to 50-60%.
Concentration of 5 in DMSO lower than 5 pM reduced the relative cell
viability to 80%. Morusin (4) showed the greatest cytotoxic effect with
1C50 at 10 uM. Morusin (4) tested at concentrations of 1.25 and 2.5 uM
reduced the relative cell viability to 80-85%.

Artemisinin (1), ellagic acid (2), EGCG (3), morusin (4), and trans-
resveratrol (5) were further tested as the suspension in SFM. As it had
in DMSO, artemisinin (1) showed almost no cytotoxic activity at the
concentrations tested, with relative cell viability around 90%. With the
exception of 4, all of the compounds tested showed cytotoxic effects
that were comparable for both solvents DMSO and SFM (Table 3).
Morusin (4) significantly reduced the cell viability when it was dis-
solved in DMSO, but in the aqueous medium SFM, this effect vanished
completely.

Table 3
ICso values of materials dissolved in DMSO or resuspended in SFM tested on THP-1-
XBlue™-MD2-CD14 cells. The results are expressed as the mean + SE. N/A - not analyzed.

Material tested 1C50 in DMSO IC50 in SEM
Artemisinin (1) 1Cs0 > 10 M 1Cs0 > 20 pM
Ellagic acid (2) ICso > 10 yM ICso > 20 uM
EGCG (3) ICsp > 10 uM ICso > 20 uM
Morusin (4) 94 + 1.7 M 1Cs50 > 20 M
Trans-resveratrol (5) 1C50 > 10 uM 1Cs > 20 M
Composite GP/1 N/A ICs0 > 670 pg/mL
Composite GP/2 N/A ICs0 > 670 pg/mL
Composite GP/3 N/A ICs0 > 670 pg/mL
Composite GP/4 N/A ICs0 > 670 pg/mL
Composite GP/5 N/A ICs50 > 670 pg/mL
Empty GPs N/A ICs0 > 670 pg/mL

Based on these results and previous experiments, the 1 uM
concentration of used compounds was selected for further analysis as
non-toxic and pharmacologically relevant.

After a 24 h incubation with the glucan particles (lyophilized and
spray dried), THP-1-XBlue™-MD2-CD14 cells showed viability similar
to that of the untreated controls (Table 3). The composites were tested
on the cells at a concentration of 670 ug/mL in SFM, what corresponds to
the 1 uM concentration of used compounds 1-5. Such composites did
not affect the cell viability significantly, as it was proved by WST-1
assay (Table 3) and lactate dehydrogenase release assay (Sigma-Al-
drich; data not shown).

3.4. Analysis of the anti-inflammatory potential

3.4.1. Determination of the activity of NF-kB/AP-1

The influence of incorporating compounds 1-5 into GPs on their po-
tential to affect an inflammation-like state was evaluated using a model
of the LPS activation of transcription factors NF-«B/AP-1. Composites
prepared by rotary evaporation (RE) and spray drying (SD) were com-
pared (Fig. 2). Pure GPs (without loaded compounds) at a concentration
of 670 pg/mL demonstrated significant effects on NF-+<B/AP-1, as previ-
ously observed [24]. Interestingly, empty GPs prepared by SD showed
four times higher anti-inflammatory activity than empty particles pre-
pared by RE. Apparently, the drying process critically affects the proper-
ties of prepared composites. Fast drying in a spray dryer preserves the
original microstructure of the GPs, whereas slower drying distorts and
compress their surface microstructure [29,30] and decreases their wet-
tability [26]. The different drying processes therefore affect the micro-
structure of GPs, including the organization of the OH groups on their
surfaces. The subtle differences in the hydrogen bonding between SD
and RE glucan particles can be tracked in their FTIR spectra - see Supple-
mentary material (Fig. S14). According to Hromadkova et al. [29], the
difference between bound and free hydroxyl groups can be observed
in the hydroxyl stretching region between 3000 and 3600 cm ! with
the main band located around 3300 cm ™", Briefly, hydrogen-bounding
of hydroxyl groups can cause shifting of the band maximum position
to lower frequencies, increase of intensity and/or broadening of the
band as well as its symmetry distortion. In our case, we can observe
that the maximum of this band is shifted from 3321 cm ™' (spray
dried GPs) to 3299 cm ™" (GPs from rotary evaporator) and the FWHM
increases from 420 cm™' (SD GPs) - to 460 cm ™" (RE GPs). IR spectra
therefore suggest that the SD GPs possess more free OH groups (that
are ready to be hydrated and/or interact with other compounds) than
RE GPs - and this effect can lead to the observed difference in biological
activity.

The tested compounds suspended in water showed very low anti-
inflammatory activity, and when they were mixed with GPs (simple
physical mixture), the resultant effects were the same as for empty
GPs. When these test compounds were incorporated into GPs using a
rotary evaporator, their effects were significantly increased, with the
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Fig. 2. Effects of pure compounds 1-5, empty glucan particles (GPs), their mixtures (Mix)
and composites prepared either by rotary evaporation (RE, A) or by spray drying (SD,
B) on NF-kB/AP-1 activity. THP-1-XBlue™-MD2-CD14 cells were pre-treated for 1 h
with the test compounds 1-5 (1 uM resuspended in RPMI 1640 medium), empty GPs
(670 pg/mL), a mixture of GPs and suspensions of the pure compounds (670 pug/mL of
GPs and 1 uM of pure compound), ¢ ites (670 pg/mL), predni (1 uM resus-
pended in RPMI 1640 medium), or with the vehicle (RPMI 1640 medium) only (vehicle
and CTRL). Subsequently, LPS (1 pg/mL) was added [except for the control cells (CTRL)]
to trigger the activation of NF-kB/AP-1. After 24 h, the activity of NF-kB/AP-1 was mea-
sured spectrophotometrically. The results are expressed as the mean + SE for five inde-
pendent experiments measured in triplicate. * Indicates a significant difference in
comparison with the vehicle-treated cells p < 0.05, ** indicates p < 0.01, *** indicates
p <0.001, and **** corresponds to p < 0.0001; # indicates a significant difference between
particular groups p < 0.05, ###3# indicates p < 0.0001.

exception of artemisinin (1) (p = 0.883) and resveratrol (5) (p =
0.082). Incorporating the test compounds by the RE technique increased
their anti-NF-kB/AP-1 effects by ~20% as compared with physical mix-
tures. In the case of SD composites, the results were the opposite — the
composites were less efficient than the corresponding physical mix-
tures and empty pure GPs. However, when the anti-NF-+B/AP-1 activi-
ties of the RE and SD composites prepared with the same compound
were compared, the effects of the SD composites were greater.

To exclude the influence of the presence of GPs on the LPS cell bind-
ing or SEAP activity, their mutual interaction was evaluated (see the
Supplementary material Figs. S15-S16). The experiments performed
showed that GPs did not diminish the action of LPS. The attenuation of
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the SEAP activity was 8.9% for GPs prepared by rotary evaporation and
5.6% for spray-dried GPs. The direct interaction of the yeast's glucan
with NF-kB/AP-1 signaling pathways is in agreement with previous
studies [31-33].

3.4.2. Determination of TNF-c secretion

Based on the promising results of the inhibition of NF-kB/AP-1, com-
posites of artemisinin (1) and trans-resveratrol (5) were selected for
further analysis of their ability to modulate the secretion of the pro-
inflammatory cytokine TNF-ct. Both these compounds have shown
their ability to reduce the production of TNF-cx in many in vitro and
in vivo studies [34,35]. All of the prepared composites of 1 and 5 atten-
uated the secretion of TNF-x, which is under the transcription control of
NF-kB/AP-1 (Fig. 3). With the exception of 5 loaded into GPs by the RE
technique, all of the prepared composites were more active than their
corresponding physical mixtures by 20-30%. As with the anti-NF-<B/
AP-1 activity, materials prepared by SD showed greater effects than
those made using RE. Moreover, the prepared GPs composites signifi-
cantly increased the activity of the test compounds, if they were applied
in the form of water suspension without any organic solvent. The stron-
gest effect was observed for trans-resveratrol (5) composites. Interest-
ingly, composites with 5 prepared by spray drying more effectively
inhibited the release of TNF-a than empty GPs, but empty GPs were
more effective in the case of anti-NF-<B/AP-1 activity. It can be hypoth-
esized that the expression of TNF-a is affected not only by the inhibition
of its transcription, but also by its translation and post-translational pro-
cessing. Thus, the general effect is significantly anti-inflammatory.
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Fig. 3. Effects of pure compounds 1 and 5, empty glucan particles (GPs), their mixtures
(Mix), and composites prepared by either rotary evaporation (RE) or spray drying (SD)
on the secretion of TNF-«.. THP-1-XBlue™-MD2-CD14 cells were pre-treated for 1 h
with the test compounds (1 uM resuspended in RPMI 1640 medium), empty GPs
(670 pg/mL), a mixture of GPs, and suspensions of the pure compound (670 pg/mL of
GPs and 1 puM of pure compound), composites (670 pg/mL), prednisone (1 uM
resuspended in RPMI 1640 medium), or with the vehicle (RPMI 1640 medium) only
(vehicle and CTRL). Subsequently, LPS (1 ug/mL) was added [except for the control cells
(CTRL)] to trigger the expression of TNF-c. After 24 h, the amount of TNF-« produced
was measured by ELISA. The results are expressed as the mean + SE for five
independent experiments measured in triplicate. * Indicates a significant difference in
comparison with the vehicle-treated cells p < 0.05, ** indicates p < 0.01, *** indicates
p < 0.001, and **** corresponds to p < 0.0001; # indicates a significant difference
between particular groups p < 0.05, ## indicates p < 0.01.
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dispersions of GPs composites formed with poorly water soluble drugs

Tested GPs and composites prepared by the spray-drying technique

showed greater effects compared with rotary evaporation for both the

brought about by spray drying has been described previously [26].

Greater solubility, stability, and activity has been previously found for
trans-resveratrol (5) encapsulated into yeast glucan particles [36,37].

NF-kB/AP-1 and TNF-«x assays. This effect could be caused by improved
homogeneity of the suspension. The improved features of homogeneous
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In previous studies, trans-resveratrol (5) has been tested at concen-
trations greater than 10 uM [38,39], but such supraphysiological doses
could lead to undesirable cell behavior, e.g., greater expression of cyclo-
oxygenase 2 or interleukin 1f3 [40]. Clinical trials on healthy volunteers
showed that the maximum plasma concentration of trans-resveratrol
(5) after single or repeated administration was below 0.5 uM [41,42].
Slightly greater plasma concentrations have been found for artemisinin
(1) [43,44]. In our study, the 1 uM concentration of artemisinin (1) and
trans-resveratrol (5) was sufficient to obtain a desirable effect when the
drug was incorporated into GPs.

3.4.3. Determination of the intracellular production of ROS

Natural compounds, including those used in this study, often possess
antioxidant activity. However, none of the compounds tested showed
cellular antioxidant activity after pyocyanin stimulation when applied
in the form of a suspension (Fig. 4C and F). Surprisingly, incorporating
the compounds into GPs composites did not increase this activity.

On the other hand, yeast GPs are known for their pro-oxidant action
[24,45], as has been confirmed in this study (Fig. 4A, B, D, and E). Sus-
pensions of the pure test compounds showed an observable reduction
of the basal production of ROS, but this effect was diminished when
they were applied together with GPs in both forms - as physical mix-
tures or composites.

The beneficial effects of incorporating bioactive compounds into
yeast glucan particles on different models of diseases have been previ-
ously confirmed by other research groups. GPs loaded with the syn-
thetic drugs methotrexate [46] or NKOO7 [13], ameliorated dextran
sodium sulfate induced colitis in mice. GPs with cisplatin-derived
nanoprecursors or paclitaxel were successfully targeted into tumors
in vivo and reduced the negative side effects of parental compounds
[12,47]. And GPs with indomethacin and rapamycin were effective in
the treatment of atherosclerosis in ApoE~/~ mice [48]. All of the
above-mentioned loaded GPs showed superior effects to those of the
pure compounds or empty GPs, although the enhancement of activity
was usually less than 2-fold. The only exception was the in vitro applica-
tion of NK0O7, for which at several concentrations the drug was more
active in its pure form than when loaded into glucan particles. It should
be noted that in this case, the glucan-mannan particles were sealed by
alginate. However, a physical mixture of the drug and GPs has not
been tested in any study, so the effect of incorporation could not be
completely evaluated. These results showed and confirmed that the
main benefits of using GPs as drug carriers are the elimination of organic
solvents during application, the targeting to macrophages, and the im-
proved possibility of using oral administration.

4. Conclusions

The results obtained demonstrate modest beneficial effects of yeast
glucan particles (GPs) as carriers of several bioactive natural com-
pounds. GPs are not only a passive vehiculum. They have their own ac-
tivity and contribute significantly to the overall biological effect. The
method of processing and preparing of GPs and composites influences
the effects observed. Materials prepared by spray drying showed
greater activity than that prepared on a rotary evaporator. The
incorporation of natural compounds into yeast GPs increased their
anti-inflammatory potential in vitro. The GPs composites inhibited the
NF-+B/AP-1 pathway and their antioxidant or pro-oxidant effects were
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negligible. Importantly, the desired biological effect of test natural com-
pounds was achieved without using organic solvents for in vitro
analysis.
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PPARy Agonistic Activity of Mimulone and Diplacone
Encapsulated in Liposomes and Cyclodextrin Complexes

Daniela Nykodymova,* Lenka Molcanova, Jan Kotoucek, Josef Masek, and Jakub Treml

The therapeutic application of flavonoids is limited by their low
solubility, bioavailability, and metabolic stability. This study evalu-
ates the peroxisome proliferator-activated receptor gamma
(PPARy) agonistic activity of two geranylated flavonoids from
Paulownia tomentosa, mimulone and diplacone, and compares
the efficacy of different nanoparticle delivery systems, including
liposomes and cyclodextrins, in preserving their biological activity.
Using the PPARy CALUX reporter gene assay, it is shown that mim-
ulone dissolved in DMSO and incubated with cell culture activates
the PPARy pathway, resulting in 2.97-fold and 3.9-fold increases in
luciferase activity at concentrations of 5 and 2.5 pM, respectively.
Diplacone, however, shows significant cytotoxicity, with an average

1. Introduction

Flavonoids are polyphenolic natural compounds with diverse
biological activities and their therapeutic potential is well-
documented, including evidence of benefits in metabolic and
inflammatory disorders. However, wide clinical application has
been limited by some of their properties, such as low solubility,
bioavailability, and metabolic stability. The low water solubility
and rapid metabolic elimination of flavonoids necessitate the
development of novel delivery systems to improve their thera-
peutic efficacy.”” Many flavonoids have shown a potential to
influence glucose metabolism by modulating the peroxisome
proliferator-activated receptor gamma (PPARy).” Previous studies
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cell viability of about 10% at 10 pM. Encapsulation in anionic, cat-
ionic, and neutral liposomes results in a significant reduction of
biological activity of both flavonoids, with the best formulation
(anionic liposomes) preserving only 54% of mimulone’s activity.
In contrast, hydroxypropyl-B-cyclodextrins (HP-B-CDs) retain up
to 915% of mimulone’s biological activity and significantly
improve the viability profile of diplacone, maintaining cell viability
at ~100%. The performance of the HP-B-CDs can be attributed to
their ability to form stable inclusion complexes with hydrophobic
molecules. These results suggest that cyclodextrin-based delivery
systems might effectively address solubility and stability challenges
associated with flavonoid therapy.

have demonstrated that geranylated flavonoids from Paulownia
tomentosa Steud. (Paulowniaceae), such as mimulone and dipla-
cone, exhibit potent biological activities, including the inhibition
of protein tyrosine phosphatase 1B and a-glucosidase.”’ Based
on these results, we investigated whether these compounds
can also modulate glucose metabolism via activation of the
PPARy pathway.

PPARs are ligand-inducible transcription factors that play
crucial roles in glucose and lipid metabolism, adipogenesis,
and anti-inflammatory responses.” There are three isoforms
of PPARs: PPARa, PPARB/S, and PPARY.*® As nonsteroidal
nuclear receptors, PPARs are located predominantly in the
nucleus, where they form heterodimers with the retinoid X
receptor (RXR).”! In their ligand-free state, PPAR-RXR hetero-
dimers are bound to corepressor proteins and remain inactive.
Upon binding a ligand, a conformational change releases the
corepressors, switching the complex to its active state, where
it binds to specific DNA sequences called peroxisome prolifer-
ator response elements and regulates gene transcription.®?
Activation of PPARy isoform by specific ligands leads to changes
in gene expression that improve insulin sensitivity, fatty acid
storage, and glucose homeostasis, making it an important
therapeutic target for type 2 diabetes and related metabolic
syndromes. While synthetic PPARy agonists, such as rosiglita-
zone (a member of the thiazolidinedione (TZD) class), are effec-
tive in enhancing insulin sensitivity, TZDs are associated with
notable side effects, including cardiovascular risks and weight
gain, which have limited their use in long-term therapy.?*'”
The need for safer alternatives has increased interest in identi-
fying natural product agonists and partial agonists that may
offer similar benefits with reduced adverse effects. Some flavo-
noids have shown potential as selective PPARy modulators

© 2025 The Author(s). ChemistryOpen published by Wiley-VCH GmbH

206



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202500209

(SPPARMs), which may activate PPARy pathways with partial
agonist activity, thereby reducing unwanted side effects seen
with full agonists like rosiglitazone.”!

Liposomes are highly effective drug delivery systems for
flavonoids, capable of improving their solubility, stability,
and bioavailability. Recent research has made significant prog-
ress in this field, providing innovative solutions for efficiently
delivering these bioactive compounds in various applica-
tions.""""* The interaction and encapsulation of the flavonoids
and liposomal particles involve hydrophobic interactions
within the lipid bilayer and hydrophilic interactions through
hydrogen bonding with the polar head groups of the lipids
at the membrane interface.""” These interactions significantly
influence the encapsulation efficiency (EE) and release rates
of flavonoids from the liposomes. However, overly strong inter-
actions between flavonoids and the liposomal structure can
present a limitation, potentially reducing therapeutic efficacy.
To address this limitation, we explored cyclodextrins as an
alternative drug delivery system. In addition to liposomes,
cyclodextrins have emerged as another promising platform
for encapsulating flavonoids to address their inherent chal-
lenges of poor solubility, stability, and bioavailability. Recent
studies have focused on the interactions between flavonoids
and cyclodextrins, leveraging the unique molecular structure
of cyclodextrins to form inclusion complexes with these
bioactive compounds.'*~'%

The aim of this study was to evaluate the PPARy-agonistic
activity of mimulone and diplacone in vitro and to compare
the efficacy of different nanoparticle delivery systems in main-
taining their biological activity. In particular, the main objective
was to identify the most effective nanoparticle system—among
anionic, cationic, and neutral liposomes and cyclodextrins—for
encapsulating these geranylated flavonoids and enhancing their
bioavailability and stability.

2. Results and Discussion
2.1. Nanoparticle Analysis

The characterization of the nanoparticles, as determined by
dynamic light scattering (DLS) and ultraviolet-visible (UV-VIS)
spectroscopy, is summarized in Table 1. UV-VIS spectroscopy fur-
ther confirmed the encapsulation of the active compound in the
nanoparticles, with the corresponding absorbance peaks used to
calculate the EE values. The methodology took advantage of the
poor water solubility of the active compound, as mimulone does
not exhibit UV-VIS absorbance when unsolubilized. This inherent
property ensured that only the solubilized fraction of the
compound contributed to the UV-VIS measurements, enabling
accurate determination of EE. Furthermore, any unsolubilized
aggregates were removed by filtration to eliminate potential
interference. The DLS characterization of the liposomes revealed
that the average hydrodynamic radius for all liposomal samples,
except for the blank neutral liposomes, was 2154 nm. The blank
neutral liposomes exhibited a relatively higher hydrodynamic
radius of 194 + 2 nm. All liposomal samples demonstrated low
polydispersity index (PDI) values below 0.15, indicating a narrow
size distribution. The distribution analysis, intensity, and number
exhibit the narrow profiles of the particle size distribution (the
data are available in Appendix A, Figure S1-S5, Supporting
Information). The detailed distribution data show that the lipo-
somal samples maintained a consistent and uniform size range,
further confirming the reliability and stability of the formulations
under the test conditions. The {-potential for neutral liposomes
remained consistent regardless of the presence or absence of
mimulone. In contrast, anionic liposomes (AL) with high mimu-
lone concentration showed a slight increase in {-potential from
—26.1 £+ 2.0 mV for empty liposomes to —23.3 + 1.8 mV for high
mimulone concentrations. For cationic liposomes, the -potential

Table 1. Characterization of nanoparticles by DLS including hydrodynamic radius (Z-average), PDI, concentration (particlesmL '), and { (zeta potential)
measured in mV. The concentration refers to the final concentration of mimulone, with 51 and 204 ugmL " representing low and high concentrations,
respectively, in the case of liposomes. In the case of cyclodextrins (HP-B-CDs), the low concentration represents 51 ugmL ' and high (*) 510 pgmL ' of
mimulone and diplacone, respectively. The encapsulation efficiency (EE%) was determined from the UV-VIS data.
Sample Concentration Z-Average [d nm] Polydispersity index (PI) Concentration [particles mL '] {[mv] EE [%]
Neutral liposomes Low 156+ 3 0.085 +0.029 9.12+1.4810'° 21+0.2 27
High 168 =1 0.079 £0.019 3.01 4+ 0.06:10" 14+08 77
Blank 194 +2 0.104 +0.018 3.64 +0.1810"° 13+03 =
Anionic liposomes Low 153 +1 0.127 +0.003 2.89 +0.39:10" —26.6 +0.6 42
High 145 +1 0.138 £0.013 4.06 £ 0.48:10"" -233+18 60
Blank 152 +1 0.123 +0.006 3.33+0.0810" —26.1+20 -
Cationic liposomes Low 166 4+ 1 0.105 £ 0.013 2.44 4 0.05-10" 180+£1.2 82
High 161 =1 0.112 +0.007 3.55+0.13-10" 149+13 51
Blank 167 =1 0.098 +0.016 2324 0.17:10" 185409 -
HP-B-CD-mimulone Low 340 0.242 £ 0.005 5.714+3.17:10" = 101
High* 3+0 0.237 £0.003 4.98 +1.3510"7 - 52
Blank 240 0.166 £ 0.015 1.40 £ 03110 - -
HP-B-CD-diplacone Low 210 0.203 £ 0.003 2,05 +2.2010"® = 91
High* 12+8 0.323 +0.026 1.07 +0.89:10"® - 33
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values were 18.0+12mV at low mimulone concentrations
and 14.9 £ 1.3 mV at high mimulone concentration, indicating
a decrease in the surface charge compared to the empty
liposomes, where the (-potential value was 18.5+09 mV.
This suggests that a portion of the active compound could be
bound to the surface of the particles.

In the case of hydroxypropyl-p-cyclodextrins (HP-3-CDs), the
particle size was consistently uniform at ~3 nm in diameter
across all measured samples. However, the PDI was relatively
higher, around 0.2, indicating the presence of some larger
entities. The higher PDI in the samples containing mimulone
or diplacone indicates that the presence of an active compound
contributes to the formation of these aggregates. The blank
samples had a lower PDI of 0.166+ 0.015. The distribution
analysis (the data are available in Appendix A, Figure S4-S5,
Supporting Information) shows that while larger particles were
present, the majority of the particles remained uniformly small.
This suggests that HP-B-CD forms primarily small particles with
a minor population of larger aggregates.

To visualize the uptake of neutral and cationic liposomes,
the fluorescent probe Liss Rhodamine was incorporated into

the membranes of empty liposomes (without mimulone).
From images A and C in Figure 1, it is evident that after 8 h
of incubation, a strong fluorescent signal was observed for lip-
osomes with a zeta potential close to 0 mV. This indicates sig-
nificant cellular uptake for these neutral liposomes. In contrast,
for the test cationic liposomes shown in Figure 1B,D, with a zeta
potential of ~18 mV, the uptake by cells was noticeably lower
compared to the PEGylated liposomes. Despite the positive
surface charge, which generally promotes interaction with
negatively charged cell membranes, the cationic liposomes
did not exhibit the same level of cellular uptake as the
PEGylated counterparts. Although AL were not visualized in this
study, the primary purpose of the visualization tests was to con-
firm that the reduced biological activity of mimulone was not
due to a lack of liposome entry into the cells. The results dem-
onstrated that, even with cationic and PEGylated liposomes,
which showed low biological activity for mimulone, there was
significant particle uptake by the cells following incubation.
This indicates that the liposomes were indeed internalized, sug-
gesting that the reduced biological activity of mimulone is not
due to insufficient cellular uptake.

Figure 1. Confocal fluorescence microscopy images of PPAR-y2 CALUX cells after 8 h of incubation with neutral and cationic liposomes containing

0.1 mol% of the fluorescent probe 18:1 Liss Rhod PE. A,C) Neutral liposomes consisted of EPC/Chol./DC-Chol./DSPE-PEG-2000 (55/40/25/5); B,D) cationic
liposomes were composed of EPC/DC-Chol (80/20) : (AB) Liposomes within the cells, showing the distribution and localization of the fluorescently labeled
liposomes; (C,D) merged images combining liposome (red) and nuclei (blue) fluorescence signals.
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2.2. Cytotoxicity Assay

The ability of the test compounds (TC) to affect cell viability (cyto-
toxic effect) was assessed using the water-soluble tetrazolium salt
(WST-1) method, and the results were compared between the
compounds alone and the compounds incorporated into nano-
particles. The aim was to determine whether the encapsulation
process of the TC could influence (or potentially reduce) their
cytotoxic effect. The WST-1 assay results on PPAR-y2 CALUX cells
indicate significant differences in cell viability between the TC
and their encapsulated forms. As shown in Figure 2A, mimulone
dissolved in DMSO maintained cell viability at ~100% across all
concentrations tested, similar to the control, and indicating no
significant cytotoxic effects. In contrast, diplacone exhibited
greater cytotoxicity, with an average cell viability of about 10%
at 10 uM. Rosiglitazone also demonstrated a decrease in cell via-
bility but still preserved its high biological activity as a full PPARy
agonist in subsequent experiments. Figure 2B shows that AL
caused the greatest reduction in cell viability among all of the
liposome formulations tested. Nevertheless, the biological effect
of encapsulated mimulone on activation of the PPARy pathway
was the highest with AL. In Figure 2C, all cyclodextrin formula-
tions, including their combinations with the TC, maintained cell

viability around 100%. This improvement in viability profile
was observed for all concentrations of diplacone when it was
analyzed as cyclodextrin-encapsulated diplacone versus pure
diplacone. The cyclodextrin-encapsulated mimulone combina-
tion (CD-M, 10 pM) was an exception, showing a lower average
viability and a higher standard deviation compared to other
combinations, with no clear explanation for this variability.
These observations emphasize the varying impacts of nanoparti-
cle systems on cell viability and their potential to influence the
biological activity of the TC.

2.3. PPARy Agonistic Activity of the TC (without
Encapsulation)

First, we evaluated the ability of the compounds to activate
the PPARy pathway independently at two concentrations:
2.5 and 5pM. Rosiglitazone was used as a positive con-
trol at the same concentrations as the TC. The results of
these experiments are summarized in Figure 3, with the lucif-
erase activity expressed as a fold change relative to the nega-
tive control (DMSO).

Our findings indicate that mimulone exhibited PPARy agonis-
tic activity at both concentrations: 5 uM (2.97-fold) and 2.5 uM

Cell viability (% of control)
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Figure 2. The effect of the TC on the viability of PPAR-y2 CALUX cells. The cell viability was measured using the WST method and assessed for free
compounds and nanoparticle combinations. A) TC dissolved in DMSO. B) TC encapsulated into liposomes. C) TC encapsulated into HP-B-cyclodextrins.
R = rosiglitazone; M = mimulone; D = diplacone. Liposomes: cationic (CL), anionic (AL), and neutral (NL); CD refers to HP-B-cyclodextrins. The letters
(M, D) indicate specific combinations with the test compound; the values are the exact concentrations of the test compound used. Two CD-M 25 uM
combinations differ in CD composition: 10mgmL ' (sample A) and 100mgmL ' (sample B). The results are expressed as the mean + SEM (n = 3),
measured at least in tetraplicate and compared to the negative control group (DMSO; set as 100%).
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Figure 3. Effect of mimulone (M) and diplacone (D) on activation of the PPARy pathway. The luciferase activity was measured by the CALUX reporter
gene assay in the PPARy2 CALUX cell line and expressed as fold induction compared to the negative control (i.e,, the solvent). Rosiglitazone (R) was used
as the standard, DMSO served as the negative control (NC). Values refer to the exact compound concentrations used. The results are expressed as the
mean + SEM (n = 3), measured in tetraplicate. Statistical analysis is based on the Kruskal Wallis test followed by the Bonferroni correction for multiple
tests. Asterisks indicate a significant difference from the solvent control: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

(3.9-fold), both with statistical significance (p < 0.0001). Given
that the maximum response compared to rosiglitazone at a con-
centration of 2.5 uM was only 16.8%, we suspect that mimulone
acts as a partial agonist in the observed cellular pathway or that
activation occurs through other ligand-independent mecha-
nisms. In contrast, diplacone showed no statistically significant
effect at either concentration.

The chemical structure of mimulone, in particular the
presence of a hydroxyl group at the C-4 position on the B-ring,
likely accounts for its observed biological activity (Figure 4). This
feature distinguishes mimulone from diplacone, which has two
hydroxyl groups at the ring B. Liang et al. emphasized the
importance of hydroxyl groups at positions A-5, A-7, and B-4

Figure 4. Structures of the TC 1) diplacone and 2) mimulone. The letters A,
B, and C denote aromatic and heterocyclic rings according to the conven-
tional nomenclature used for flavonoid scaffolds.

ChemistryOpen 2025, 00, €202500209 (5 of 12)

for PPARy activation. This matches the mimulone substitution
pattern, and they also suggested that an additional hydroxyl
group at B-3 could reduce PPARy activation. This is consistent
with our results and the inactivity observed for quercetin and
diplacone, both of which contain a B-3 hydroxyl group.”® In con-
trast, another study reported that myricetin, which has additional
hydroxyl groups at B-3 and B-5, is a more effective PPARy ligand
than kaempferol, which has only a B-4 hydroxyl group.?" That
prenyl group at C-6 may also have an effect on the mimulone
activity is supported by a study of sanggenon-type flavanones
that found the presence of a prenyl group at C-6 is crucial for
PPARy agonistic effects.””

The structure of mimulone resembles other prenylated flava-
nones, such as bavachinin, which also showed substantial PPARy
agonistic activity.?® This study aligned with previous findings in
that it confirmed that the prenyl group position C-6 of the A-ring
is crucial for PPARy agonistic activity. But it also indicated that a
methoxyl group at C-7 increases PPARy agonist activity, whereas
hydroxyl groups, such as these in mimulone, reduce it. However,
our results do not support this finding. Mimulone achieved a
3.9-fold activation at a concentration of 2.5 uM (equivalent to
16.8% of the maximal response of 2.5uM rosiglitazone), com-
pared to bavachinin’s 13.12-fold activation at 25uM (19.1% of
the maximal response of 5uM rosiglitazone), whereas the con-
centration of the test compound was five times as higher as
that of the positive control.

There is evidence that PPARy can be activated through both
ligand-dependent and independent mechanisms. The com-
pounds that stimulate PPARy in the desired manner, that is, less
effect than synthetic agonists and greater effect than weak ago-
nists, are referred to as partial agonists.”* Moreover, structural
differences among PPARy modulators significantly impact their
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agonistic behavior. Fisetin, for example, acts as a full agonist
probably because of its specific structural features.*
Fang et al. demonstrated that kaempferol and quercetin act as
partial PPARy agonists, with maximal responses of less than
45% and 20%, respectively, compared to rosiglitazone.”® This
aligns with our findings, where the maximal response of
mimulone is less than that of rosiglitazone, suggesting a similar
partial agonistic mechanism. Similarly, it has been reported
that flavonoids extracted from Melissa officinalis and Matricaria
chamomilla/Matricaria recutita flowers behave as partial agonists
for PPARy by activating it with a half-maximal effective concen-
tration (ECso) of 86 mg mL~" and had 26% of maximal potency as
compared to rosiglitazone.*#”2¥! On the contrary, the competi-
tive binding assays conducted by Beekmann et al. showed that
quercetin and kaempferol, despite increasing PPARy-mediated
gene expression, are not direct agonists of the receptor.?”
Their action likely involves receptor activation by endogenous
agonists and an increase in PPARy receptor levels. Additionally,
the activation mechanisms of hesperidin and morin provide
parallels to mimulone’s activity. Hesperidin involves both PPARy-
dependent and independent mechanisms to exert its effects,>”
while morin binds to PPARy and acts as a moderate ligand.®"
These findings suggest that the partial agonistic behavior of
mimulone might involve a combination of direct receptor inter-
action and modulation through other pathways or coregulators.

An interesting observation is that the lower of the two con-
centrations tested (2.5 uM) achieved more activation of the PPARy
signaling pathway than the higher concentration (5uM). A
similar effect was observed for diplacone. A study by Barthel
et al. showed the concentration-dependent influence of troglita-
zone on the insulin-induced expression of fatty acid synthase and
the activity of protein kinase B in 3T3-L1 adipocytes. Is found
increased activity at low concentrations (250 nM) and inhibitory
effects at higher concentrations (>1 pM). This biphasic response
suggests that low concentrations of the compound enhance the
activation of the pathway, whereas higher concentrations may
inhibit it. The mechanism likely involves the optimal activation
of signaling pathways at lower doses and the inhibition of
potential feedback or off-target interactions at higher doses.*?
These findings are comparable to our observations with mimu-
lone and diplacone, where the lower concentration (2.5 uM)
exhibited superior PPARy activation compared to the higher
concentration (5 pM).

2.4. PPARy Reporter Assay with Mimulone Incorporated into
Liposomes

The main limitations of the wider use of flavonoids in therapy
include limited solubility, bioavailability, and metabolic stability.®*
Encapsulation into nanoparticles represents a promising option to
improve these characteristics of flavonoids. Following the identifi-
cation of mimulone efficacy in activating the PPARy pathway, our
next step was to encapsulate the test substances into various
nanoparticle systems. Ones of the most versatile carriers are
liposomes. In a previous study by Brezani et al,, various types of

ChemistryOpen 2025, 00, €202500209 (6 of 12)

nanocarriers, including cationic, anionic, and pegylated liposomes
meant to improve the solubility and bioavailability of poorly solu-
ble lipophilic compounds of macasiamenene F were tested. The
formulation of neutral liposomes composed of DC-CHOL/CHOL/
EPC/DSPE-PEG 2000 showed high cellular uptake and other
desirable properties on various cell lines including THP-1 and
THP-1-XBlue-MD2-CD14 monocytes and BV-2 microglia while
keeping the anti-inflammatory properties of macasiamenene F.*%

In this study, we tested anionic, cationic, and neutral
liposomes and two concentrations of the encapsulated com-
pound: one was identical to the active concentration of the pure
substance (i.e, 2.5 pM), the other was ten times as high (25 uM).
AL showed a 2.10-fold induction of PPARy activation (AL + 25 uM
mimulone, p < 0.01 compared to the negative control), indicating
effective delivery but with a significant reduction in maximal
response compared to free mimulone. The experiments aimed
to find the composition of the nanoparticle system that would
preserve the maximum biological activity of mimulone, that is,
the luciferase activity should not differ significantly from free
mimulone. The results with all groups of liposomes are summa-
rized in Figure 5, with luciferase activity expressed as a percent-
age of the fold change relative to the maximal response of
mimulone. The best anionic liposome formulation retained
54% of the biological activity of mimulone. Cationic and neutral
liposomes also activated PPARYy, but their efficacy was lower than
that of AL and free mimulone.

One plausible explanation for the reduced efficacy of
liposome-encapsulated mimulone is the strong binding of mim-
ulone within the liposome membrane. Due to its smaller and
more linear structure (chalcone backbone), mimulone can inter-
calate easily into the lipid bilayer. The hydroxyl groups present
can form hydrogen bonds with the polar head groups of lipids.
Similar findings are presented in the work of Wesotowska et al.,
where prenylated chalcones and flavanones from the common
hop were shown to intercalate into DPPC bilayers, decreasing
the melting temperature and demonstrating strong interactions
with the lipid bilayer. The magnitude of the induced effect cor-
related with the lipophilicity and structure of the compounds,
supporting the idea that smaller and more linear structures
can intercalate more easily into lipid bilayers.® Furthermore,
the research by Johnston et al. highlights how the structural char-
acteristics of liposomal constituents, including the presence of
cholesterol, can modulate the fluidity and stability of the mem-
brane, impacting the encapsulated bioavailability of the drug.®®
Experimental studies performed by Kerdudo et al. studied the
encapsulation of naringenin and rutin in liposomes. In the case
of naringenin, a nonprenylated flavonoid, a significant portion
was absorbed on the surface of the liposomes rather than encap-
sulated. This study also indicated that small flavonoids interact
through hydrogen bonding with the head groups on the upper
part of the phosphatidylcholine membrane.*”! Sadzak et al. pub-
lished a study on the interaction of flavonoids with lipid bilayers,
showing that the hydroxyl groups of flavonoids can form hydro-
gen bonds with the polar head groups of lipids.*® This interaction
was primarily via hydrogen bonds, which is consistent with
the proposed mechanism for mimulone. We investigated this
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Figure 5. PPARy pathway activation of mimulone (M) encapsulated within liposomes. Luciferase activity was measured by the CALUX reporter gene

assay, calculated as the fold induction compared to the solvent control (DMSO), and expressed as a percentage of the maximal response of mimulone.
The liposomes were divided into groups according to their different zeta potentials: cationic (CL), anionic (AL), and neutral (NL). Values refer to the specific
concentrations of the encapsulated mimulone; the BLANK samples were prepared without mimulone. The results are expressed as the mean + SEM for
three independent experiments measured in tetraplicate. Statistical analysis is based on the Kruskal Wallis test followed by the Bonferroni correction for
multiple tests. Asterisks indicate a significant difference from the maximal response of mimulone: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

hypothesis using DSPC as the model lipid bilayer to investigate the
effect of the mimulone behavior of the phospholipid membrane.
The results indicate strong interactions between mimulone and
the lipid bilayer. Specifically, the incorporation of mimulone into
DSPC liposomes led to significant shifts in the transition tempera-
ture of the lipid bilayer. For instance, the T,, of the pure DSPC
bilayer was 54.4 + 0.3 °C, whereas the presence of mimulone at
various concentrations caused a decrease in T, with the most
pronounced effect observed at the highest concentration of
510 ugmL ', where T,, decreased to 50.8 4- 0.1 °C. This decrease
in T, suggests that mimulone strongly interacts with the lipid
bilayer, disrupting its structure and reducing thermal stability.
(For more information about differential scanning calorimetry
(DSQ) thermograms, please see Appendix A, Figure S6, Supporting
Information). These interactions likely involve the intercalation of
mimulone within the lipid bilayer, facilitated by its chalcone back-
bone and the ability to form hydrogen bonds with the lipid head
groups. Such interactions can immobilize mimulone within the
membrane, limiting its release and reducing its bioavailability
and efficacy. To further investigate this aspect, we employed con-
focal microscopy to examine the entry of fluorescently labeled lip-
osomes into cells. After 8h of incubation, we observed a
pronounced fluorescence signal from the labeled particles within
the cells, indicating successful cellular uptake of the liposomes
(Figure 1). Interestingly, there was no significant difference in cel-
lular uptake among the test liposomes with varying surface
charges. We used cationic liposomes as a positive control, given
that the positively charged surface is expected to interact more
readily with the negatively charged cell membrane theoretically

ChemistryOpen 2025, 00, €202500209 (7 of 12)

facilitating a higher rate of uptake. Kang et al. found that liposomes
with different surface charges (cationic, neutral, and anionic)
showed time-dependent uptake via specific endocytic pathways.
In glioblastoma cells, cationic and AL were primarily taken up via
macropinocytosis, whereas neutral liposomes used caveolae-
mediated endocytosis. In fibroblast cells, all liposomes entered
via clathrin-mediated endocytosis. Despite this, the uptake of
cationic liposomes was comparable to that of neutral and AL
This uniformity in the rates of uptake further supports the notion
that the strong interaction between the liposomal lipids and mim-
ulone hinders its release, irrespective of the surface charge of the
liposome, thereby reducing its efficacy.

Villegas et al. successfully incorporated four prenylated flavo-
noids into polymeric lipophilic nanoparticles, whose negative
zeta potential values ensured good stability of the nanoparticles.
It has been previously reported that compared to liposomes,
polymers have a lower loading capacity but are more stable
and allow for more controlled properties of release.”” One of
the test substances, 5,7-dihydroxy-6-prenylflavanone, which dif-
fers from mimulone only by the absence of the C-4' hydroxyl
group, demonstrated the best results among the TC in release
and skin permeation studies and showed anti-inflammatory
activity. Our findings are consistent with these results, indicating
a higher efficacy of nanoparticles with negative zeta potential.
Additionally, the study reported a smaller drug release rate
(50%) from nanoparticles for the compound discussed. This
finding could correlate with our results concerning reducing
the maximal response of mimulone incorporated into liposomes
to about half the efficacy of the free compound.*"
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2.5. PPARy Reporter Assay with Mimulone Incorporated into
HP-B-Cyclodextrins

Considering the significant loss of biological efficacy of mimulone
in liposomes, the next step was transition to another nanoparticle
system with different parameters expected to encapsulate the
lipophilic substance in the nanoparticle cavity. HP-B-CDs were
selected for further testing. Previous findings confirmed that
lipophilic compounds are entrapped in the hydrophobic cavity
of CDs, which increases their solubility and stability. However,
CDs have a limited ability to accommodate compounds due to
the fixed size of their cavity."” In our experiments, HP-B-CDs
proved to be a more effective nanoparticle system for maintain-
ing the biological efficacy of mimulone than liposomes. The most
effective combination (HP-B-CD + 2.5 uM mimulone) demon-
strated only a 10.5% loss in the maximal mimulone response
(the fold induction of the PPARy activation measured was not sta-
tistically different from that of mimulone dissolved in DMSO) and
notably showed a significantly different response compared to
“empty” cyclodextrins (the CD blank, without an active substance
incorporated). This combination also significantly improved the
activation of the test pathway compared to the negative
control—DMSO (p < 0.05). A summary of the experiments to
determine the activation of the PPARy pathway of the TC incor-
porated into cyclodextrins is shown in Figure 6. The luciferase

activity is expressed as percentages of the fold change relative
to the maximum response of mimulone.

Cyclodextrins are known for their ability to form inclusion
complexes with various compounds, including flavonoids,
which enhances their solubility, stability, and bioavailability. Some
studies have shown that cyclodextrin complexes can provide
controlled release and better protection for encapsulated
substances.***% Several studies have indicated that cyclodextrins
might be more effective than liposomes for certain applications.
For example, in the study by Azzi et al, the flavonoid quercetin
encapsulated in cyclodextrins showed greater stability and solubility
than liposomal formulations.**' In addition, a study by Yao et al. on
the flavonoid glycoside didymin demonstrated that its inclusion
complex with B-cyclodextrin and hydroxypropyl-p-cyclodextrin
significantly improved its water solubility and bioavailability.“9 A
study by Costescu et al. provided a comparative analysis of the cav-
ity characteristics of cyclodextrins and small unilamellar liposomes
using molecular modeling techniques. The results suggest that
cyclodextrins provide a more stable and efficient encapsulation
environment for small, hydrophobic molecules, such as flavonoids,
compared to liposomes”! An interesting comparison to our
results is provided by a study that evaluated the bioavailability of
hesperetin in various nanoparticles, including coated nanoli-
posomes and cyclodextrins*? Hesperetin ((S)-5,7-dihydroxy-2-
(3-hydroxy-4-methoxyphenyl)chroman-4-one) is also a flavanone,
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Figure 6. Activation of the PPARy pathway of mimulone (M) and diplacone (D) encapsulated into HP-f-cyclodextrins. The luciferase activity was

measured by the CALUX reporter gene assay and expressed as percentages of the fold change relative to the maximal response of mimulone. CD refers

to HP-B-cyclodextrins, the letters (M, D) indicate specific combinations with the test compound. Values refer to the exact concentrations of mimulone

used; the BLANK samples were prepared without mimulone. Two CD-M 25 uM combinations differ in CD composition: Sample A contained a CD concentra-
tion of 10mgmL ', which was insufficient to encapsulate the active compound at 25 uM. To address this problem, the CD concentration was increased

to 100mgmL~" in sample B. The results are expressed as the mean =+ SEM for three independent experiments measured in tetraplicate. Statistical analysis
is based on the Mann-Whitney U test and the Kruskal Wallis test, followed by the Bonferroni correction for multiple tests. Asterisks indicate a significant
difference from the maximal response of mimulone: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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differing from mimulone in the substitution pattern on the B-ring
(3"-hydroxy-4'-methoxy) and the absence of a prenyl group at the
C-6 position. The study noted that CDs retained 66% of hesperetin
after intestinal digestion, suggesting moderate protective effi-
ciency compared to maltodextrin (MD), but less than the coated
nanoliposomes, which retained 76% of hesperetin postdigestion
and exhibited the highest hesperetin transfer rate through the intes-
tinal epithelium. Cyclodextrins, although effective in enhancing
solubility, were reported to be less protective under gastrointestinal
conditions compared to robust double-coated liposomes“? The dif-
ference with our findings may be attributed to the lower lipophilicity
of hesperetin compared to mimulone, which likely results in hesper-
etin being less prone to hydrophobic interactions and binding
within the phospholipid bilayer of the nanoparticle, and thus, more
easily released from the structure*?

3. Conclusion

This study evaluates the PPARy agonistic potential of mimulone
and diplacone, two geranylated flavanones from P. tomentosa,
and their encapsulation in various nanoparticle systems to
enhance bioavailability and stability. Our results demonstrate that
mimulone dissolved in DMSO activates the PPARy signaling
pathway, showing a 2.97-fold and 3.9-fold increase in luciferase
activity at concentrations of 5 and 2.5 uM, respectively. Diplacone,
however, exhibited significant cytotoxicity, with an average cell
viability of about 10% at 10 uM.

Encapsulation into anionic, cationic, and neutral liposomes
resulted in a significant reduction in the biological activity of
the active compound. The most effective liposomal formulation,
AL, preserved only 54% of the activity of mimulone.

In contrast, HP-B-CDs emerged as a superior nanoparticle sys-
tem for maintaining the biological activity of both flavonoids.
The most effective combination (HP-B-CD + 2.5 uM mimulone)
showed only a 10.5% loss of maximal mimulone response, with
PPARy activation comparable to that of DMSO-dissolved mimu-
lone. Cyclodextrin encapsulation also significantly improved the
viability profile of diplacone, maintaining cell viability at around
100%, in stark contrast to the free form of the compound. The
enhanced performance of HP-B-CDs could be attributed to their
ability to form stable inclusion complexes with hydrophobic
molecules, thereby improving solubility, stability, and con-
trolled release. These findings suggest that cyclodextrin-based
delivery systems effectively address the solubility and stability
challenges associated with flavonoid therapy and offer a promis-
ing approach to improving the bioavailability and therapeutic
efficacy of these compounds.

4. Experimental Section
Chemicals

Rosiglitazone (CAS no: 122,320-73—4), Dimethyl sulfoxide (CAS no:67-
68-5, DMSO, 99.9%), Phosphate buffered saline (PBS), Dulbecco’s
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Modified Eagle Medium with Ham’s Nutrient Mixture F-12 (1:1)
(DMEM/F12) without phenol red, Nonessential amino acids (NEAA),
Fetal Bovine Serum (FBS), and Charcoal Stripped Fetal Bovine
Serum (CS-FBS) were purchased from Merck (KGaA, Darmstadt,
Germany); Penicillin-Streptomycin  Solution 100X and trypsin was
obtained from Biosera (Cholet, France); DMEM/F-12 with GlutaMAX
supplement was supplied by Thermo Fisher Scientific (Waltham,
USA); and chloroform (p.a. 99.8%) by Sigma Aldrich, CZ. Lipids L-a-phos-
phatidylcholine (EPC), 3B-[N-(N’,N-dimethylaminoethane)-carbamoyl]
cholesterol (DC-cholesterol), POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1-rac-glycerol)), DSPC (1,2-distearoyl-sn-glycero-3-phospho-
choline), and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, US.). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino (polyethylene glycol)-2000] (DSPE-PEG 2000) was obtained
from Nof Corporation (Japan). 2-Hydroxypropyl-p-cyclodextrin (HP--
CD) was purchased from Sigma-Aldrich (CZ; product number H107,
CAS: 128446-35-5). The average molecular weight was 1396 Da, with
a degree of substitution around 0.6 and a purity >98%. The compound
was provided as a white powder.

TC

The TC were isolated from unripe fruits of P. tomentosa Steud.
(Paulowniaceae) and characterized at the Faculty of Pharmacy,
Masaryk University Brno, Brno, Czech Republic.“**? high-perfor-
mance liquid chromatography analysis verified that the purity of each
test compound exceeded 95%. All of the TC were dissolved in DMSO,
with the final DMSO concentration in the cellular assays set at 0.1%
(V/v).

Preparation of Nanoparticles

Nanoliposomes were prepared using the film hydration method with
the following lipids: L-a-phosphatidylcholine (EPC), DC-cholesterol,
POPG, DSPE-PEG 2000, and cholesterol. The liposomal formulations
used in this study were based on a previously optimized composition
reported by Brezani et al.** The required amounts of lipids based on
Table 2, with or without the active compound (mimulone, at final
concentrations of 51 and 204 ug mL '), were dissolved in chloroform
in a round-bottom flask (the total lipid concentration was 5 mg mL ).
The solvent was removed using a rotary vacuum evaporator at 55 °C,
which is above the highest transition temperature of the lipid
mixture. After the removal of the solvent, the resulting thin film
was rehydrated with an aqueous solvent (PBS buffer, pH 7.4).
Liposomes were homogenized by membrane extrusion through a
200 nm polycarbonate filter (Whatman Nuclepore, Sigma Aldrich,
CZ) using a manual extruder (LiposoFast, Avestin, Canada).

Cyclodextrin nanoparticles loaded with mimulone were prepared
using the following method. An appropriate amount of HP-B-CD
was dissolved in phosphate-buffered saline (PBS, pH 7.4) at a concen-
tration of 10mgmL~" and/or 100 mgmL~". Separately, mimulone
was dissolved in ethanol (EtOH). Under constant stirring, the mimu-
lone solution was added dropwise into the heated (45 °C) HP-B-CD

Table 2. Summary of individual liposomal compositions and corresponding
mol%.

Liposomes Compositions (mol%)

Neutral/PEG EPC/Chol./DC-Chol /DSPE-PEG-2000 (55/25/15/5)
Anionic EPC/POPG (70/30)

Cationic EPC/DC-Chol (80/20)
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solution. The final concentrations of mimulone were 51 and
204 ugmL ', with a volume ratio of 1:1. Based on the molecular
weights of HP-B-CD and mimulone the resulting guest/host molar
ratios were ~0.007, 0.028, and 0.007, respectively with strong molar
excess of the carrier. The mixture was stirred for an additional 2 h to
ensure the complete formation of nanoparticles and the encapsula-
tion of mimulone. After this reaction, EtOH was evaporated under
reduced pressure (400 PSI, 45 °C), using a rotary vacuum evaporator,
and the solution was filtered through a 0.22 pm filter.

Characterization of Nanoparticles

The size, polydispersity, and concentration of the nanoparticles
were determined using multiangle DLS (MADLS) (Zetasizer Nano
ZSP, Malvern, Great Britain). Approximately 50 uL of the sample
was placed in a low-volume quartz batch cuvette ZEN2112
(Malvern Panalytical Ltd, Malvern, UK) and measured using the
MADLS technique with a Zetasizer Ultra (Malvern Panalytical Ltd,
UK) at a constant temperature of 25 °C. The device was equipped
with a HeNe Laser (633 nm) and three detectors set at the angles:
173° (backscatter), 90° (side scatter), and 13° (forward scatter). The
zeta ({) potential of the nanoliposomes was determined using the
electrophoretic light scattering method (Zetasizer Nano ZSP, UK).
Approximately 800 pL of the sample was placed in a folded capillary
zeta cell DTS1070 (Malvern Panalytical Ltd, Malvern, UK). Analysis
was performed using the monomodal mode at a constant temper-
ature of 25 °C. The data were evaluated using ZS Xplorer software,
version 3.50 (Malvern Panalytical Ltd, UK). The measured values
are reported as the mean value (n = 3) +the standard deviation
(Table 1).

In Vitro Cellular Uptake

To evaluate the uptake of the liposomes by PPAR-y2 CALUX cells, lip-
osomes were labeled with a fluorescent probe. The fluorescently
labeled liposomes were prepared as described previously, with the
addition of the fluorescent dye 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine-N-(lissamine rhodamine B sulfonyl) (Lis-Rhodamin-PE)
at a final concentration 0.1 mol%. The wavelengths for the excitation
and emission maximum for this probe were 560 and 583 nm, respec-
tively. The fluorescently labeled liposomes (50 ug mL™") were incu-
bated with the target cells under standard culture conditions. The
cells were seeded to achieve =~50% confluence before proceeding
with further experimental steps. After incubation (8 h) in p-Slide 8
Well (IBIDI), the cells were washed using PBS buffer to remove any
unbound liposomes and fixed for confocal microscopic analysis.
The uptake of the fluorescent liposomes by the cells was visualized
using a Leica TCS SP8 MP confocal fluorescence microscope (Leica
Microsystems. DE).

EE

The EE was calculated from the UV-VIS data obtained using a DAD
spectrometer (Specord S600, Analytik Jena, DE). For the construction
of the calibration curve, the required amount of mimulone was dis-
solved in absolute ethanol (EtOH) and diluted to concentrations rang-
ing from 1 to 0.003 mgmL . Approximately 400 pL of each sample
was placed into a UV Quartz SUPRASIL Semi-Micro Cell with a 10 mm
path length and measured in the range from 200 to 380 nm at a
constant temperature of 25°C. The concentration of mimulone in
the nanoparticles was determined using the established calibration
curve. All samples were measured against blank samples, which
consisted of either liposomes or cyclodextrins without the active
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compound. The spectrum of the blank was subtracted from the sam-
ple spectra to ensure accurate analysis. The EE was calculated using
the following formula

Concentration of encapsulated mimulone
EE(%) = s p: ! % 100 0
Theoretical concentration of mimulone

DSC Analysis

The lipid transition temperature (T,,) and the influence of the active
compound, mimulone, on the model of lipid membrane were ana-
lyzed using a MicroCal PEAQ-DSC Automated system (Malvern
Panalytical Ltd, Malvern, UK). A sample volume of 350 pL was used
for the analysis, and PBS buffer at pH 7.4 served as the reference.
DSPC liposomes were prepared using the hydration of lipid film
method with a total lipid concentration of 5mgmL~" and various
concentrations of mimulone: OpgmL ' (blank), 51, 204, and
510 ugmL . Each sample was measured in duplicate. The samples
were loaded into the DSC cell, and the reference cell was filled with
PBS buffer. The DSC scans were conducted from 5 to 120 °C at a rate
of 120 °C per hour. Data collection and analysis were performed using
MicroCal PEAQ-DSC software, version 2.21, to determine the transi-
tion temperatures.

Cell Culture

The PPAR-y2 CALUX cells, obtained from BioDetection Systems BV
(Amsterdam, the Netherlands), were derived from human osteosar-
coma U20S cells and had been stably transfected with a PPAR-y2
expression vector along with a firefly luciferase reporter construct
controlled by the peroxisome proliferator responsive element.*”
These cells were cultured in DMEM/F12 GlutaMAX medium enriched
with 7.5% fetal bovine serum, 1% nonessential amino acids,
100UmL"" penicillin, and 100mgmL~" streptomycin. To ensure
the selection pressure, G418 (Roche, Mannheim, Germany) at a final
concentration of 200 ug mL~" was added once a week. The cells were
incubated at 37 °C in a humidified environment with 5% CO,.

Cell Viability Testing (Cytotoxicity Assay)

The viability of PPAR-y2 CALUX cells was measured using the cell pro-
liferation reagent WST-1 (Roche, Basel, Switzerland) according to the
manufacturer's manual, as reported previously.®"

Reporter Gene Assays

The ability of flavanones to stimulate PPAR-y2-driven luciferase
expression was evaluated by measuring the luciferase activity in
PPAR-y2 CALUX reporter cells. PPAR-y2 CALUX cells were seeded into
96-well tissue culture-treated microtiter plates (TPP, Switzerland) at a
density of 10,000 cells per well in 100 pL of assay medium (DMEM/F12
without phenol red, supplemented with 5% charcoal-stripped FBS
and 1% NEAA, all from Merck KGaA, Darmstadt, Germany). After a
24-h incubation period to allow cell adherence and the formation
of a confluent monolayer, the central 60 wells were treated with
the TC at specified concentrations in an assay medium for an addi-
tional 24 h. Each concentration was tested in a tetraplicate. The final
DMSO concentration in the medium was maintained at 0.1%.
Following this exposure, the cells were examined microscopically
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for cytotoxic effects. The medium was then removed, the plates were
frozen at —80 °C for 15 min, and the cells were lysed with 30 pL of a
lysis buffer containing 25 mM Tris buffer (pH 7.8), 2 mM dithiothreitol,
2 mM 1,2-diaminocyclohexane-tetraacetic acid, 10% glycerol, and 1%
Triton X-100, procured from BDS (Amsterdam, Netherlands). The lucif-
erase activity was quantified using a luminometer (FLUOstar Omega
microplate reader, BMG Labtech, Germany) after adding 100 pL of
flash mix (20mM tricine, 1.07mM (MgCO;), Mg (OH),, 2.67 mM
MgSO,, 0.1mM EDTA, 20mM dithiothreitol, 470 uM luciferin,
5.0mM ATP) per well. The flash mix was also obtained from BDS
(Amsterdam, Netherlands). Luciferase activity was reported as relative
light units per well.

Statistical Analysis

The experimental data were processed in Excel (Microsoft). Statistical
analyses were carried out using IBM SPSS Statistics for Windows,
software version 26.0 (Armonk, NY, USA). The data were graphed
as the mean = SEM. Comparisons between groups were made using
the Mann-Whitney U test and/or a Kruskal Wallis test followed by the
Bonferroni correction for multiple tests.
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