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Preface to “Flavonoids and Their Disease Prevention
and Treatment Potential”

During the last decade, interest in the use of dietary flavonoids to prevent human diseases and as
pharmaceutical leads has been exponentially extended. Flavonoids, a sub-class of plant polyphenols,
have exhibited numerous health-promoting physiological benefits in a wide range of investigations,
from cell-based assays to randomized, controlled human clinical trials. This e-book consists of an
editorial overview, four reviews, and fifteen original research articles published in the Special Issue
of Molecules titled “Flavonoids and Their Disease Prevention and Treatment”. Each of these papers
contributes significantly to discovering and validating the beneficial physiological functions and
therapeutic potential of dietary flavonoids. Beyond their role as plant food dietary antioxidants,
new insights are presented for the potential use of flavonoids—and their derivatives—as effective
therapeutics to manage many chronic and metabolic disorders, including certain cancers. Flavonoids

also offer promising applications in the management of infectious diseases, including COVID-19.

H.P. Vasantha Rupasinghe
Editor
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In recent years, the interest in flavonoids as dietary bioactives to prevent human diseases, as well
as their candidacy as pharmaceutical leads, has exponentially expanded. Flavonoids are a sub-class of
plant polyphenols that have been shown to possess numerous health-promoting physiological benefits
in a wide range of investigations from cell-based assays to epidemiological and human intervention
studies. In this e-book editorial, a brief overview and insights into articles published in the Special Issue
of Molecules titled “Flavonoids and Their Disease Prevention and Treatment” are provided. It is evident
that all these papers contribute toward new knowledge to discover and validate beneficial physiological
functions and the therapeutic potential of dietary flavonoids. Beyond their role as biologically active
molecules of plant food, new insights are presented for the potential use of flavonoid derivatives as
effective therapeutics to manage certain cancers. Flavonoids also offer promising applications in the
management of obesity- and inflammation-associated disorders as well as the control of infectious
diseases, including COVID-19.

Flavonoids are ubiquitously present in plant-based foods and natural health products.
The molecule of flavonoids is characterized by a 15-carbon skeleton of C6-C3-C6, with the different
structural configuration of subclasses. The major subclasses of flavonoids with health-promotional
properties are the flavanols or catechins (e.g., epigallocatechin 3-gallate from green tea), the flavones
(e.g., apigenin from celery), the flavonols (e.g., quercetin glycosides from apples, berries, and onion),
the flavanones (e.g., naringenin from citrus), the anthocyanins (e.g., cyanidin-3-O-glucoside from
berries), and the isoflavones (e.g., genistein from soya beans). Scientific evidence has strongly shown
that regular intake of dietary flavonoids in efficacious amounts reduces the risk of oxidative stress-
and chronic inflammation-mediated pathogenesis of human diseases such as cardiovascular disease,
certain cancers, and neurological disorders [1]. The physiological benefits of dietary flavonoids
have been demonstrated to be due to multiple mechanisms of action, including regulating redox
homeostasis, epigenetic regulations, activation of survival genes and signaling pathways, regulation
of mitochondprial function and bioenergetics, and modulation of inflammation response. The role of
flavonoids on gut microbiota and the impact of microbial metabolites of flavonoids on optimal health
has begun to unravel. The complex physiological modulations of flavonoid molecules are due to
their structural diversity. However, some flavonoids are not absorbed well, and their bioavailability
could be enhanced through structural modifications and applications of nanotechnology, such as
encapsulation. This Special Issue consists of four review articles on flavonoids and 13 original research
articles, which cover the latest findings on the role of dietary flavonoids and their derivatives in disease
prevention and treatment.

1. Dietary Flavonoids Exhibit Cancer Preventive Properties

Cancer chemoprevention is defined as the application of safe natural compounds, synthetic
molecules, or their combinations to interfere in multistage carcinogenesis. In recent years, interest in
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plant-based food for reducing the risk of cancer has emerged as a realistic and cost-effective approach [2].
Some of the ancient plant food that has been used as nature’s medicine has now been investigated
for their disease preventive and treatment properties. Haskap berry, also called blue honeysuckle
(Lonicera caerulea L.), is a plant food used by Japanese native people for many curative purposes [3].
In this issue, we have made a milestone demonstration that dietary supplementation of haskap
berry can suppress the carcinogen-induced lung tumorigenesis in A/JCr mice [4]. Supplementation
of haskap berry either before or after the induction of tumors by intraperitoneal injection of
tobacco-specific nitrosamine ketone reduced the lung tumor multiplicity, tumor area, and the expression
of cancer proliferative biomarkers (proliferating cell nuclear antigen and Ki-67) in lung tissues.
Haskap is a unique berry in that 80% of its anthocyanins are contributed by a single molecule,
cyanidin-3-O-glucoside [5]. Hydroxybenzoic acids are the major degrative products as well as
in vivo metabolites of cyanidin-3-O-glucoside [6]. The review written by Sankaranarayanan and
colleagues discussed the role and mechanism of hydroxybenzoic acids in the inhibition of cancer
cell proliferation [7]. The majority of dietary flavonoids are not absorbed in the intestinal lumen
but are subject to degradation by colonic microbiome generating hydroxybenzoic acids such as
2,4,6-trihydroxybenzoic acid (2,4,6-THBA), 3,4-DHBA, 3,4,5-THBA, 4-HBA, 2,4-DHBA, 2,6-DHBA.
Evidence suggests that these microbial flavonoid metabolites could contribute to the prevention of
certain cancers [8]. Natural hydroxybenzoic acids are also found in many medicinal plants known to
have anti-cancer properties. Cellular mechanisms of cancer prevention by flavonoid metabolites such
as hydroxybenzoic acids are relatively underexplored, and further investigations are warranted to
fully explore flavonoids and their microbial metabolites as anti-cancer molecules.

2. Flavonoid Derivatives Exhibit Enhanced Proapoptotic Activity in Cancer Cells

The dietary intervention of flavonoids, such as anthocyanins, as an anti-cancer therapy, has also
been quite extensively studied using mouse models [9]. Tutino and colleagues have demonstrated that
flavonoids extracted from grape skin possess anti-proliferative and proapoptotic activity in colon cancer
cells in vitro [10] and the possible mechanism involved the changes in the membrane polyunsaturated
fatty acid profile [11]. Regulation of the expression of 15-lipoxygenase-1 (15-LOX-1) and peroxisome
proliferator-activated receptor gamma (PPAR-y) by grape skin flavonoids has been observed; however,
future investigations should aim at understanding the role of flavonoids in membrane lipid synthesis
and degradation in relation to proapoptotic activity in cancer cells. Similarly, Ko and colleagues
have shown that tangeretin, a citrus peel-derived flavonoid, inhibits breast cancer stem cell formation
through the suppression of signal transducer and activator of transcription 3 (Stat3) signaling [12].
Cancer stem cells are responsible for chemoresistance and recurrence of many cancers. Therefore,
targeting cancer stem cells by flavonoids has the potential to become a novel cancer therapy. A limitation
of the therapeutic application of flavonoids is their poor absorption in intestinal lumen and uptake,
rapid metabolism, and poor uptake by targeted tissues. Nevertheless, attention should also be paid
to specific flavonoids that could be cancer-promoting through the activation of the Keap1/Nrf2/ARE
pathway in cancer cells [13,14].

Recent investigations revealed that the structural modification of flavonoids such as acylation
can improve their selective anti-proliferative activity against cancer cells [15] and anti-metastatic
activity [16]. Chalcone is the precursor of flavonoids, and Pawlak and colleagues have
shown that methoxy derivatives of 2’-hydroxychalcone exhibit anti-proliferative and proapoptotic
activity on canine lymphoma and leukemia cells [17]. The two most active derivatives
2’-hydroxy-2”,5”-dimethoxychalcone and 2’-hydroxy-4’,6’-dimethoxychalcone had the greater
proapoptotic potential due to the addition of two methoxy groups. The methoxy derivatives of
chalcones triggered DNA damage in the cell lines (GL-1 B/T-cell leukemia) resistant to chalcone-induced
apoptosis. The findings demonstrate the potential of flavonoids and their analogs to develop as
anti-cancer therapeutics.
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3. The Relevance of Flavonoids in Obesity Prevention

Obesity is characterized as an excessive accumulation of fat due to an imbalance
of high energy intake and less energy expenditure. Dietary phytochemicals such as
flavonoids have been shown to modulate lipid metabolism by increasing basal metabolic
rate and thermogenesis [18]. Kim and colleagues have shown that flavonoids isolated from
Acer okamotoanum inhibit adipocyte differentiation and promote lipolysis in the 3T3-L1 adipocytes [19].
The study also showed significant down-regulation of adipogenic transcription factors, such as
v-cytidine-cytidine-adenosine-adenosine-thymidine/enhancer-binding protein-«, -3, and PPAR-y.
In addition, the flavonoids significantly activated 5’-adenosine monophosphate-activated protein
kinase (AMPK), leading to inhibition of triacylglyceride accumulation, potentially inactivating the
key regulatory enzyme acetyl Co-A carboxylase (ACC). Flavonoids need to be further explored for
their ability to regulate adipocyte differentiation, lipolysis, and AMPK signaling in relation to weight
management. It is important to understand the efficacious dose, which may be dependent on various
factors, including the individual’s body mass index, lifestyle, age, and gut microbiome composition
and diversity, etc.

Obesity-associated high blood pressure or hypertension is a serious public health concern.
Obesity is associated with an increased renin-angiotensin-aldosterone system (RAAS), which regulates
blood pressure [20]. Certain dietary flavonoids possess the potential to inhibit angiotensin-converting
enzyme (ACE) that is the key regulatory enzyme of the RAAS and therefore regulates the blood
pressure [21]. Here, Kamkaew and colleagues have demonstrated vasodilatory effects and mechanisms
of action of flavonoids present in a traditional medicinal plant, Bacopa monnieri, using intact endothelial
rings of mesenteric arteries of rats [22]. Flavonoids (luteolin and apigenin) at 0.1-100 uM caused
vasorelaxation in a concentration-dependent manner, potentially by inducing endothelial nitric oxide
synthase (eNOS) phosphorylation at Ser1177, leading to nitric oxide (NO) production. Itis interesting to
note that flavonoids have about twice the potency of saponins as vasodilators. However, the application
of dietary flavonoids in the management of high blood pressure needs to be assessed and validated
using appropriate human clinical trials.

The biological processes of aging and senescence are accelerated by obesity, linked to metabolic
syndrome, and the risk of developing chronic diseases increases with age [23]. The extension of
lifespan and healthspan is dependent on behavioral, pharmacologic, and dietary factors, which remain
largely unknown [24]. However, non-nutrient dietary antioxidants such as flavonoids are considered
potential anti-aging agents or lifespan essentials. The ability of flavonoids to modulate some of the
evolutionarily conserved hallmarks of aging, including oxidative damage, inflammation, cell senescence,
and autophagy, have been reported. Guo and colleagues have investigated the anti-aging potential
of neohesperidin and its synergistic effects with other citrus flavonoids in extending the lifespan
of Saccharomyces cerevisiae [25]. Authors postulated that autophagy promoted by the decreased
target of rapamycin complex 1 (TORC1) signaling is critically important for a long chronological
lifespan. This and many similar studies also suggest the important considerations to make for the best
combination of flavonoids or what nature has given us in certain plant foods when designing new
dietary supplements or selecting functional foods for regular consumption with the aim of optimal
healthy aging.

Obesity, an inflammatory disease, has reached epidemic levels worldwide and has become the
modern socioeconomic burden of the 21st century. Affecting nearly 30% of the world population, obesity
is a risk factor for many chronic diseases including type 2 diabetes mellitus, cardiovascular disorders,
certain cancers, hypertension, non-alcoholic fatty liver disease, and steatohepatitis, consequentially
impacting the quality of life [26]. Therefore, reducing obesity and associated life-threatening diseases
has become an emerging area of health sciences. In this Special Issue, Sudhakaran and Doseff
have contributed to a comprehensive review of the impact of dietary flavones on obesity-induced
inflammation [27]. The common flavones are luteolin, apigenin, chrysin, baicalin, acacetin, orientin,
and apigenin, which could be found in food sources such as citrus fruits, vegetables, herbs, and grains.
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Based on the preclinical studies, flavones exhibit a potential role in suppressing adipogenesis, inducing
the browning of white adipocytes, modulating immune responses in the adipose tissues, and hindering
obesity-induced inflammation, which has been positively correlated with an enhanced cancer incidence.
This review also summarizes the crosstalk between adipocytes and macrophages. However, further
investigations are required to further understand the molecular mechanisms responsible for the
anti-obesogenic activity of flavones.

Similarly, Ferraz and colleagues reviewed the therapeutic potential of flavonoids in pain and
inflammation [28]. Pathological pain results from inflammation as well as peripheral nerve injury.
In this review, the authors discussed the preclinical and clinical evidence on the analgesic and
anti-inflammatory proprieties of flavonoids. Flavonoids can suppress the expression and activation
of many inflammatory mediators such as interleukin (IL)-1f, tumor necrosis factor « (TNF-«),
NO, cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF), and intercellular adhesion
molecule-1 (ICAM-1). Interestingly, Zaragoza and colleagues showed the anti-inflammatory as
well as immunomodulatory activities of dihydroflavones, flavones, and flavonols [29]. Based on
the lipopolysaccharide (LPS)-stimulated whole-blood experimental model, the authors suggested
that quercetin, naringenin, naringin, and diosmetin could have a potential therapeutic effect in the
inflammatory process of cardiovascular disease. With this emerging intense scientific evidence for
ameliorating inflammatory conditions by flavonoids and due to their safe and cost-effective attributes,
novel flavonoid-inspired nutraceuticals and therapeutics have begun to enter into the medical shelves
to improve human health.

4. Potential Anti-COVID-19, Anti-Infectious, Anti-Inflammatory, Inmunity-Enhancing
Properties of Flavonoids

The epidemic of the infection COVID-19 by an emerging coronavirus SARS-CoV-2 in December
2019 poses significant threats to global health security and the economy [30]. Currently, there is no
registered treatment or effective COVID-19-related vaccine. Therefore, investigators across the world
are exploring alternative methods to manage this novel coronavirus through prevention and control of
the propagation and transmission of COVID-19, antiviral and anti-infectious treatments, natural and
effective inhibitors of COVID-19 entry proteins such as ACE2, approaches to enhance host immune
response against RNA viral infection, and passive immunotherapy among many others.

In this Special Issue, Ngwa and colleagues communicate the potential of flavonoid-inspired
prophylactics or therapeutics against COVID-19 [31]. Based on in silico studies, the authors show
that flavonoids such as caflanone, hesperetin, myricetin, and flavonoid derivatives such as Equivir
can bind with high affinity to the spike protein, helicase, and protease sites on the ACE2 receptor.
Interestingly, caflanone, a unique prenylated flavonoid of Cannabis, inhibits virus entry factors including
tyrosine-protein kinase ABL-2, cathepsin L, cytokines (IL-1§3, IL-6, IL-8, macrophage inflammatory
protein 1oe (Mip-1x), TNF-o), and lipid kinase PI4Kiiif3, as well as tyrosine-protein kinase receptor
AXL-2, which facilitates mother-to-fetus transmission of coronavirus.

Uncontrolled microbial infection can lead to inflammation as a response to the activation of the
innate immune system. The persistence of chronic inflammation can cause fatal diseases such as sepsis.
The severe conditions of sepsis due to cytokine storm may result in multiple organ failure, including
the lungs. The activation of toll-like receptors (TLR) by microbes or microbial peptides is the critical
initial step in developing sepsis [32]. Escherichia coli-induced sepsis in rodents has been used as an
effective experimental model to assess potential anti-inflammatory compounds. Using this approach,
Chauhan and colleagues found that isorhamnetin has the potential to prevent Gram-negative sepsis.
Isorhamnetin treatment has significantly enhanced survival and reduced proinflammatory cytokines
in the serum and lung tissue of E. coli-infected mice. Using docking studies, the authors demonstrated
that isorhamnetin can interact directly with the TLR4/myeloid differentiation factor 2 (MD-2) complex
that recognizes LPS on Gram-negative bacteria; therefore, it has the potential to inhibit the TLR4
cascade, and thus systemic inflammation and cytokine storm-mediated organ injury.
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Urinary tract infections (UTIs) are the second most common type of infection worldwide.
The protective effects of flavonoids and phenolic acids present in cranberry (Vaccinium macrocarpon)
against UTIs are reviewed in this Special Issue [33]. The review reveals that besides uropathogenic
E. coli, other bacteria such as Klebsiella pneumoniae or the Gram-positive bacteria of Enterococcus
and Staphylococcus genera seem to be widely involved in UTIs. The reported clinical trials provide
substantial evidence of cranberry as total or partial therapeutic alternatives to antibiotics in UTIs.
However, individual and/or case-dependent variations of effectiveness have been seen. A-type
proanthocyanidins, the oligomeric and polymeric flavonoids, are reported to be responsible for
these preventive effects against UTIs. Unabsorbed proanthocytanidins are metabolized by the
colon microbiota to generate many low-molecular weight microbial metabolites that can be further
absorbed [34]. Future studies need to be focused on understanding the antimicrobial activities of
proanthocyanidin-microbial metabolites and metabotypes in relation to UTIs.

In this Special Issue, Quintanilla-Licea and colleagues also discuss the activity of flavonoids isolated
from Lippia graveolens Kunth (Mexican oregano) as an anti-protozoal agent against Entamoeba histolytica,
which causes amebiasis, a serious public health problem in developing countries. The major flavonoids
of the extracts were pinocembrin, sakuranetin, cirsimaritin, and naringenin, which showed ICsg
ranging from 28 to 154 ug/mL. These findings provide the basis for the development of flavonoid-based
therapeutics against infectious diseases.

5. Future Perspectives of Flavonoid Research

In conclusion, regardless of their broad and multi-potent pharmacological properties, flavonoids
are present in low amounts in many dietary sources, most of them possess low water solubility,
some of them are unstable under certain conditions, have low intestinal absorption and bioavailability,
and possibly need high doses to show efficacy in human studies. Most of the reported in vitro
investigations have used metabolically unrealistic high concentrations of flavonoids to demonstrate
the targeted efficacy and mode of action; however, these findings need to be validated using
standardized in vivo experimental models. Investigations are still lacking in demonstrating the
therapeutic efficacy of standardized flavonoid products isolated from plant-sources using prospective
human studies. Scale-up, consumer- and environment-friendly green technologies are required for
producing cost-effective flavonoid-based natural health products. Flavonoid supplementation to
cancer patients should be done cautiously since they could interfere with radiotherapy and various
chemotherapies. Multidisciplinary research collaborations are required in investigating enhanced
and safe delivery systems of flavonoids to overcome bioavailability limitations, targeted delivery,
and improve the therapeutic efficacy of certain flavonoids. Phase 2 metabolism and pharmacokinetics
of most of the major flavonoids have been reported. However, the interaction of unabsorbed flavonoids
with colon microbiota and resulting metabolites and their role in disease prevention and treatment
still need to be understood. Thus, flavonoid nanotechnology, flavonoid-microbiome pharmacology,
and flavonoid-inspired therapeutics remain an emerging discipline in life science. We welcome such
novel investigations to present through MDPI Molecules special issue Flavonoids and Their Disease
Prevention and Treatment—2021.
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Abstract: In our previous study, we demonstrated that cyanidin-3-O-glucoside (C3G)-rich haskap
(Lonicera caerulea L.) berry extracts can attenuate the carcinogen-induced DNA damage in normal
lung epithelial cells in vitro. Here, the efficacy of lyophilized powder of whole haskap berry
(C3G-HB) in lowering tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone,
(NNK)-induced lung tumorigenesis in A/JCr mice was investigated. Three weeks after daily oral
administration of C3G-HB (6 mg of C3G in 0.2 g of C3G-HB/mouse/day), lung tumors were initiated
by a single intraperitoneal injection of NNK. Dietary C3G-HB supplementation was continued,
and 22 weeks later, mice were euthanized. Lung tumors were visualized through positron emission
tomography (PET) and magnetic resonance imaging (MRI) 19 weeks after NNK injection. Dietary
supplementation of C3G-HB significantly reduced the NNK-induced lung tumor multiplicity and
tumor area but did not affect tumor incidence. Immunohistochemical analysis showed reduced
expression of proliferative cell nuclear antigen (PCNA) and Ki-67 in lung tissues. Therefore, C3G-HB
has the potential to reduce the lung tumorigenesis, and to be used as a source for developing dietary
supplements or nutraceuticals for reducing the risk of lung cancer among high-risk populations.

Keywords: anthocyanin; tobacco-specific nitrosamine; carcinogenesis; cell proliferation; cancer
chemoprevention; lung cancer

1. Introduction

Lung cancer is the most commonly diagnosed cancer (11.6% of all the cancers), and the leading cause
of cancer deaths (18.4% of all cancer deaths) among both men and women worldwide. Among western
populations, over 80% of lung cancer incidence is attributed to tobacco smoking [1]. Tobacco-specific
nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), is a known lung carcinogen
that causes lung tumors in laboratory animals and is likely to cause lung cancer in humans [2,3].
In the lungs, NNK is converted into reactive electrophilic metabolites, which cause point mutations
in critical genes that involve cellular functions. Hence, NNK can deregulate the cell cycle, apoptosis,
and DNA damage repair [4-6]. NNK also activates cell growth and proliferation signaling cascades,
such as extracellular signal-regulated kinase 1/2 (ERK1/2), mitogen-activated protein kinase (MAPK) [5],
and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) [7], resulting in tumorigenesis.

Numerous in vitro, in vivo, and epidemiological studies, have reported the benefits of flavonoids
and flavonoid-rich plant extracts in preventing or curing cancer, including lung cancer [8,9]. For example,
oral administration of anthocyanin-rich pomegranate juice reduces lung tumorigenesis in mice by
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inhibiting ERK1/2 and PI3K/AKT [10]. Anthocyanin is also able to suppress MAPK, Wnt/(3-catenin
signaling, and induce apoptosis [11-13]. Haskap (Lonicera caerulea L.), also known as blue honeysuckle,
is a berry fruit with abundant anthocyanin, particularly cyanidin-3-O-glucoside (C3G). Haskap berry
has a higher antioxidant capacity than other common fruits [14,15]. Recent studies have demonstrated
anti-inflammatory [16,17], antiarthritis [18], antiobesity [19], and antidiabetic [20] properties of haskap
berry. We have demonstrated that C3G-rich haskap berry extract can reduce NNK acetate-induced
DNA double-strand breaks and oxidative stress in healthy human bronchial epithelial (BEAS-2B) cells
in vitro [21]. The objective of this study was to investigate the chemopreventive ability of lyophilized
C3G-rich whole haskap berry powder (C3G-HB) against NNK-induced lung tumorigenesis in A/JCr
mice. The number of tumors, tumor area, and proliferative markers were used as parameters to detect
the chemopreventive ability of C3G-HB. We found that C3G-HB can suppress NNK-induced lung
tumorigenesis in vivo.

2. Results

Two mice from groups C3G-HB supplemented diet continuously before and after NNK-injection
(conti.-C3G-HB) and C3G-HB supplemented diet only after NNK-injection (post-C3G-HB) were
euthanized due to weight loss and eliminated from the study. Observations for symptoms of stress,
i.e., changes in fur color or texture, food consumption, and behavioral abnormalities such as hunched
posture, fast movements, and vocalization, were performed daily.

2.1. The Composition of C3G-HB

The nutritional composition of the C3G-HB cv. Tundra is presented in Table 1. C3G-HB is rich
with proteins (68%), fat (3.3%), and fiber (8%). The C3G content of the studied haskap berry sample
was 3.4%. Additionally, C3G-HB was rich in minerals, particularly manganese, magnesium, zinc,
and copper (Table 1).

Table 1. The nutritional composition of lyophilized powder of haskap berry cv. Tundra.

Nutrient % Mineral Content %
Dry matter 91.64 Potassium 1.175
Protein digestibility 67.76 Magnesium 0.056
Crude protein 4.86 Phosphorous 0.176
Bound protein 5.10 Calcium 0.105
ADIN 0.25 Sodium 0.016
Crude fat 3.33 Copper (mg/kg) 6.34
Acid detergent fiber 3.64 Manganese (mg/kg) <10.00
Neutral detergent fiber 4.28 Zinc (mg/kg) 7.74
Ash 2.57 Cyanidin-3-O-glucoside 3.4

All the parameters are presented in percentages unless the unit is indicated in front of the parameter in the table.
ADIN, acid detergent insoluble nitrogen.

2.2. The Response of Mice to C3G-HB Supplementation and NNK-Injection

Dietary supplementation of C3G-HB and NNK injection affects the body weight of mice (Figure 1A).
Body weight of naive mice was significantly higher (paired f-test, p < 0.0001) in comparison to the
control and no-C3G-HB groups. For instance, at the termination, the body weight of mice given
C3G-HB supplement and NNK was reduced by 3.5% (naive vs. control) and 7.6%, respectively (naive vs.
no-C3G-HB). Conversely, long-term C3G-HB supplementation significantly (p < 0.001) increased the
body weight of NNK-injected mice by 2% (no-C3G-HB vs. conti.-C3G-HB), and 3.2% (no-C3G-HB vs.
post-C3G-HB), respectively (Figure 1A). In fact, the weight loss in NNK-injected, no-C3G-HB mice
could be linked with their dietary intake as no-C3G-HB group had significantly lower feed intake
compared to the control (paired t-test, p < 0.0035) (Figure 1B).
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Figure 1. The effect of cyanidin-3-O-glucoside (C3G)-HB and 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) injection on the body weight of A/JCr mice. Naive mice (1 = 5) and NNK-injected
mice in group no-C3G-HB (1 = 10) were fed a regular mouse diet. Mice in the control (n = 5) and
NNK-injected (pre-C3G-HB, conti.-C3G-HB, and post-C3G-HB) (1 = 10) groups were fed with the
C3G-HB supplemented diet as presented in Figure 5. (A) Average body weight of the mice and (B)
Average food intake over the experimental period. The effect of C3G-HB dietary supplement and
NNK carcinogen injection on the body weight of mice was determined by paired t-test at & = 0.05.
No-C3G-HB, not given C3G-HB supplemented diet; Pre-C3G-HB, C3G-HB supplemented diet only
before NNK injection; Conti.-C3G-HB, C3G-HB supplemented diet continuously before and after NNK
injection; Post-C3G-HB, C3G-HB supplemented diet only after NNK injection.

2.3. Lung Tumorigenesis and Tumor Incidence

PET/MRI images confirmed the presence of tumors in the lungs of NNK-injected mice (Figure 2A).
The effect of C3G-HB dietary supplementation on lung tumorigenesis was determined by the
number of peripheral lung tumors (Figure 2B). The group no-C3G-HB mice, injected with NNK,
and fed the control diet, had an average of 14.1 + 1.7 tumors/mouse. NNK-injected mice in group
pre-, conti.-, and post-C3G-HB, that were given the C3G-HB supplement had 8.7 + 1.4, 10.2 + 1.2,
and 9.1 + 1.4 tumors/mouse, respectively, and a reduction of tumor multiplicity by 38.3%, 22.8%,
and 35.4%, respectively, in comparison to the no-C3G-HB group (Figure 2C). The inhibition of lung
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tumor multiplicity by continuous dietary supplementation of C3G-HB (conti.-C3G-HB) was not
statistically significant (p > 0.05) from no-C3G-HB group.
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Figure 2. The effect of C3G-rich haskap berry supplement (C3G-HB) on NNK-induced lung
tumorigenesis in A/JCr mice. Saline was injected as a sham for mice in naive and control groups.
A single intraperitoneal injection of NNK (100 mg/kg body weight) was used to induce lung tumors in
the rest of the mouse groups (pre-C3G-HB, conti.-C3G-HB, and post-C3G-HB). Naive mice were fed a
regular mouse diet. Mice in control and NNK-injected groups were fed the C3G-HB supplemented
diet, as presented in Figure 5. (A) The presence of lung tumors was confirmed by PET/MRI scan
and a representative comparison between naive and no-C3G-HB groups (1 = 3). (B) The number of
peripheral tumors was counted in each lung under a dissecting microscope (1 = 5 for naive and control
groups, and n = 10 for NNK-injected groups). (C) The effect of C3G-HB dietary supplement on lung
tumor multiplicity was analyzed by one-way ANOVA with Dunnett’s test at o = 0.05. No-C3G-HB,
not given C3G-HB supplemented diet; Pre-C3G-HB, C3G-HB supplemented diet only before NNK
injection; Conti.-C3G-HB, C3G-HB supplemented diet continuously before and after NNK injection;
Post-C3G-HB, C3G-HB supplemented diet only after NNK injection. * Indicate statistical difference at p
< 005 with mean + SD. NS, Results do not significantly different.

The tumor incidence was not affected by the consumption of the C3G-HB dietary supplement.
The tumor incidence of NNK-injected mice was 100% (10/10 and 9/9). Untreated mice (saline-injected) in
naive group; 2 out of 5 mice (0.4 + 0.2) and control; 1 out of 5 mice (0.2 + 0.2) showed one “spontaneous”
tumor on their lungs.

2.4. Lung Tumor Area

The lung tumor area was measured in three consecutive lung sections, representing three depths
(top, middle, and bottom) of the lungs (Figure 3). The H and E-stained sections revealed the internal
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tumor area and tumor characteristics. Tumor lesions were less differentiated and composed of cells
with higher nuclear crowding and cytological atypia. The H and E-stained sections indicated a
significantly higher (p < 0.0001) tumor area in the no-C3G-HB group that received NNK and the
control diet. The tumor area in each section was calculated using Image]J software. The tumor burden
in NNK-injected mice was 21.6 + 4.1. Tumor area was significantly reduced in NNK-treated mice
that received the C3G-HB-supplemented diet; 7.6 + 2.8 (pre-C3G-HB), 7.1 + 0.6 (conti.-C3G-HB),
and 6.9 + 0.6 (post-C3G-HB), and accordingly reduced by 64.7%, 67.3%, and 68.1%, respectively.
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Figure 3. The effect of C3G-HB dietary supplementation on lung tumor area in A/JCr mice. Lung tumors
were induced by a single intraperitoneal injection of NNK (100 mg/kg body weight). Saline was
injected as a sham for the mice in naive and control groups. Naive mice were fed a regular mouse
diet. Mice in control and NNK-injected groups were fed the C3G-HB supplemented diet, except for
the mice in no-C3G-HB group (refer to Figure 5). Formalin-fixed lung sections were stained with H
and E (3 sections/mouse). (A) The whole lung area was imaged, and the tumor area was measured
by Image] software. (B) Representative H and E-stained sections, 200x magnification. (C) One-way
ANOVA with Dunnett’s test at o« = 0.05 was used for data analysis to compare the treatment effect.
No-C3G-HB, not given C3G-HB supplemented diet; Pre-C3G-HB, C3G-HB supplemented diet only
before NNK injection; Conti.-C3G-HB, C3G-HB supplemented diet continuously before and after NNK
injection; Post-C3G-HB, C3G-HB supplemented diet only after NNK injection. * Indicate statistical
difference at p < 0 05 with mean + SD. NS, Results do not significantly different.

2.5. Expression of PCNA and Ki-67

The expression of proteins involved in cell proliferation, PCNA and Ki-67, was determined in lung
tissue (Figure 4). The cell proliferation markers, PCNA and Ki-67, were highly expressed (p < 0.0001)
in the lungs of NNK-injected mice (no-C3G-HB, pre-C3G-HB, conti.-C3G-HB, and post-C3G-HB)
relative to the saline-injected control mice (naive and control groups). The expression of PCNA
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was significantly higher compared to that of Ki-67. The level of PCNA and Ki-67 was significantly
(p <0.0001) reduced in the lungs of NNK-injected mice that were fed C3G-HB. As a percentage,
the expression of PCNA was decreased by 41% to 64% (Figure 4A) and Ki-67 by 33% to 57% (Figure 4B),

respectively. The results indicate a reduction of cell proliferation rate in lung tumors of mice fed with
C3G-HB dietary supplement.

Expression of PCNA

g
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NNK injected mice lungs
B - Ki-67

Expression of Ki-67

Naive Control

Saline injected mice lungs

No-C3G-HB Pre-HB Conti.-HB Post-HB

NNK injected mice lungs

Figure 4. The expression of PCNA and Ki67 in lung tumors. Tumors were imaged using Zeiss
Axioplan IT and Axiocam HRC color camera at 200 X magnification. The number of (A) PCNA and (B)
Ki-67 positive cells in each section (2 sections/mouse, 1 = 5) were counted using Image]J software and
presented as the expression in bar graphs. One-way ANOVA with Dunnett’s test at « = 0.05 and «
= 0.1 was used for data analysis. No-C3G-HB, not given C3G-HB supplemented diet; Pre-C3G-HB,
C3G-HB supplemented diet only before NNK injection; Conti.-C3G-HB, C3G-HB supplemented diet
continuously before and after NNK injection; Post-C3G-HB, C3G-HB supplemented diet only after
NNK injection. * Indicate statistical difference at p < 0.05 with mean + SD. NS, Results do not
significantly different.
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3. Discussion

We administered C3G-HB as a dietary supplement before, during, or after exposure to the
pro-carcinogen NNK to evaluate the chemopreventive and chemotherapeutic effect of C3G-HB against
NNK-induced lung tumorigenesis in A/JCr mice. The A/JCr mouse is recognized as an in vivo model
for investigating carcinogen-induced lung tumorigenesis [22]. These mice develop spontaneous lung
tumors over time [23]; hence, tumor observation in the naive (2/5 mice) and control (1/5 mice) groups is
not surprising. To the best of our knowledge, this is the first study to investigate the chemopreventive
effect of C3G-HB against NNK-induced lung tumorigenesis in vivo.

C3G is the most predominant anthocyanin in haskap berry extract. C3G represents about 90% of
anthocyanins in haskap berry. Our primary goal is to develop a nutraceutical from haskap berry for
use in preventing lung carcinogenesis. Developing pure C3G as a nutraceutical is not practical due to
the cost of purification and loss of consumer perception as a natural health product. Hence, we did
not test the effect of pure C3G; however, our previous in vitro study confirmed that pure C3G has a
similar effect as of the extracts of the C3G-HB, and reduced the carcinogen-induced DNA damage and
oxidative stress in BEAS-2B normal lung epithelial cells [21].

C3G-HB (6 mg of C3G in 0.2 g of lyophilized whole haskap berry power/mouse/day) significantly
(p < 0.05) reduced the NNK-induced lung tumor multiplicity, the most sensitive indicator of potency [24],
by 38% (pre-C3G-HB) and 35% (post-C3G-HB), respectively. However, administering C3G-HB
continuously before and after NNK injection was less effective (only 22%) compared to the pre- and
post-supplementation. In contrast, measurement of tumor area in histological samples revealed
over 65% reduction upon C3G-HB ingestion. Similarly, Khan and colleagues reported a reduction of
benzo(a)pyrene- and N-nitroso-tris-chloroethylurea-induced lung tumors by 53% and 74%, respectively,
in A/JCr mice that were fed with 0.2% w/v C3G-rich pomegranate juice [10]. At tumor initiation
stage, NNK is converted into electrophilic metabolites (via CYP450s enzymes) that covalently bind
with DNA to form bulky DNA adducts leading to lung tumorigenesis [25,26]. Our previous findings
confirmed that ethanolic and aqueous extracts of C3G-HB can attenuate the NNK-induced DNA
double-strand breaks, suppress oxidative stress, and induce DNA damage repair proteins in normal
lung epithelial BEAS-2B cells [21]. Oral administration of haskap berry attenuates oxidative stress in
mice [19] and restores oxidative defense mechanisms by activating catalase, superoxide dismutase,
glutathione peroxidase, and glutathione in mice that were exposed to ionizing radiation [27-29].
In addition, flavonoids have been reported to reversibly and irreversibly inhibit cytochrome 450
(CYP450) enzymes and interfere in xenobiotic metabolism [30]. The antioxidant activity of C3G-HB [21]
may have attenuated the NNK-related electrophilic metabolites and hence inhibited the formation
of DNA adducts that trigger lung tumorigenesis. Therefore, it is crucial to investigate the oxidative
defense mechanism of the C3G-HB and its effect on CYP450 enzyme activity in the future.

PCNA is necessary for DNA synthesis (a processivity factor of DNA polymerases) and DNA repair
(involved in nucleotide excision repair and base excision repair). PCNA is highly expressed during the
active cell cycle; G; phase, peaks at S-phase and declines during G,/M-phases. Ki-67 is expressed in
Gi-, S, and Gy-phases, but not in the Gp-phase of the cell cycle [31]. Similar to previous findings [3-5],
NNK induced lung cell proliferation, which is indicated by the highly expressed PCNA (12.7-fold) and
Ki-67 (10-fold) in lung tissues of the no-C3G-HB group comparison to the naive group. The C3G-HB
dietary supplementation reduced cell proliferation markers, PCNA (40-60%) and Ki-67 (30—-60%),
respectively. C3G, as a pure compound (250 and 500 uM) and in fruit extracts (0.2% w/v C3G-rich
pomegranate juice) inhibits cell proliferation through deactivating MAPK and PI3K/AKT signaling
pathways, which are activated by NNK at cancer progression [10,13,32]. Thus, it is necessary to study
the effect of C3G-HB in cell proliferation pathways to understand its tumor inhibitory mechanism.

Regardless of the feed intake, the C3G-HB supplement reduced the body weight of the mice by 3.5%
comparison to the regular diet (control vs. naive). C3G enhances energy metabolism by upregulating
brown adipose tissue mitochondrial function [33]. Ingestion of C3G-rich blood orange juice [34] and
purple sweet potato [35] results in reduced lipogenesis, including triglycerides through activation of
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adenosine monophosphate-activated protein kinase (AMPK) signaling pathways. Therefore, enhanced
metabolism and/or reduction of fat synthesis might account for the weight loss effect of C3G-HB in
control mice over the naive group. AMPK is also identified as a metabolic tumor suppressor which
reprograms cellular metabolism and prevent tumorigenesis [36]. Therefore, C3G-activated AMPK may
have regulated energy levels that inhibit cell proliferation. These results suggest the beneficial health
effect of C3G-HB against NNK-induced lung tumorigenesis in vivo.

In humans, C3G metabolism generates various metabolites such as C3G glucuronides, methylates
of the C3G, i.e., peonidin-3-glucoside, and simple phenolic acids including protocatechuic acid,
ploroglucinaldehyde, and hippuric acid [37-39]. Even though the metabolites of C3G are similar in
humans and mice, the clearance rate of C3G in humans is slower than in mice. In humans, C3G
metabolites are present in the blood plasma for < 48 h. In contrast, in mice, a major fraction of C3G
metabolites are excreted after 24 h [40,41]. Therefore, when considering C3G-HB as a nutraceutical for
use in humans, the absorption, distribution, metabolism, and elimination of C3G should be evaluated
using a properly designed human clinical study.

4. Materials and Methods

4.1. Materials

This study was performed at Dalhousie University’s animal care facility, following the
approval of the University Committee on Laboratory Animals (protocol 15-106). The carcinogen,
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, MW. 207.23 g/mol, Cat No. M325750) was
purchased from Toronto Research Chemicals Inc., Toronto, ON, Canada. Frozen haskap berry cv.
Tundra was obtained from LaHave Natural Farm, Blockhouse, NS, Canada. Female A/JCr albino mice
at 3—4 weeks age (n = 50) were purchased from Charles River Laboratories, Inc., Montreal, QC, Canada.

4.2. Preparation of C3G-HB and Analysis

Frozen haskap berries were lyophilized, ground to a fine powder, and stored at —80 °C.
A representative sample was analyzed to determine the nutrient composition (Harlow Institute,
Department of Agriculture, Truro, NS, Canada). C3G was quantified by high-performance liquid
chromatography and mass spectrophotometry (HPLC/MS/MS, Waters Limited, Mississauga, ON,
Canada) after extraction (1 mg/mL) using methanol containing 1% acetic acid and filtered through a
0.22 um nylon filter [20].

4.3. Preparation of Dietary Supplement

Ingestion of 1.5 g polyphenols/day for a healthy adult of 70 kg body weight is considered to be a
health-promoting dose [42,43]. A health-promoting C3G-HB dose, equivalent to the animal dose, was
calculated as follows [44]:

Animal Km Factor=

skl elelilh st 1
Human Km Factor 0

Human equivalent dose (mg/kg) = Animal dose (mg/kg) X
Km factor = body weight (kg)/body surface area (m?). The Km factors of mouse and adult human are
3 and 37, respectively [44].

Accordingly, the experimental diet/mouse/day consisted of 0.2 g C3G-HB (equivalent to 6 mg of
C3G/mouse/day) and 5% Splenda®mixed into regular mouse chow (Prolab®RMH 3000 from LabDiet,
St. Louis, MO, USA) and formed into a 2 g (dry weight) pellet. The control diet consisted of regular
mouse chow containing 5% Splenda®. C3G-HB powder was mixed thoroughly for 20 min to obtain a
homogeneous preparation for use in making pellets. Pellets were prepared every two days and stored
in sealed containers in the dark at 4 °C.
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4.4. Experimental Plan and Procedure

The experiment was designed to evaluate the early and late intervention of C3G-HB against
NNK-induced lung tumorigenesis (Figure 5). Mice were housed individually in filter-topped plastic
cages and maintained under 12-h light-dark cycles. After one week of adaptation, mice were randomly
divided into six groups, n = 5 for saline-injected naive and control groups and n = 10 for NNK injected
no-C3G-HB, pre-C3G-HB, conti.-C3G-HB and post-C3G-HB groups). Prolab® RMH 3000 diet and
distilled water were provided ad libitum. The C3G-HB or control pellets were given daily as a dietary
supplement. Briefly, mice in naive and no-C3G-HB groups were given control pellets, while the diet
of control, pre-C3G-HB, conti.-C3G-HB and post-C3G-HB groups was supplemented with C3G-HB
(Figure 5). Mice in pre-C3G-HB were fed the C3G-HB supplemented diet for three weeks, prior to NNK
injection and then switching to the control diet after NNK injection. Post-C3G-HB group was given
the control diet until the NNK injection and then switched to C3G-HB supplemented diet until the
end of the experiment. Three weeks after the start of dietary supplementation, a single dose of NNK
(100 mg/kg body weight in 0.2 mL saline) was injected into the peritoneal cavity of mice to induce
lung tumors. Mice in naive and control groups, received an equivalent volume of saline. Once a week,
body weight was measured until the end of the experiment.

@ 3wk qﬁ 22 weeks @

NNK/Saline

Saline-injected groups

Naive (5)
Control (5)

NNK-injected groups

No-C3G-HB (10)
Pre-C3G-HB (10)
Conti-C3G-HB (10)
Post-C3G-HB (10)
[l Adaptation period
[ Control diet
B C3G-HB supplement

Figure 5. Experimental protocol for investigating the chemopreventive ability of C3G-HB in
NNK-induced lung tumorigenesis in A/JCr mice. NNK (100 mg/kg body weight/mouse) or saline was
injected three weeks after the adaptation period; n = 5 in saline-injected groups, naive and control,
and n = 10 in NNK-injected groups (no-C3G-HB, pre-C3G-HB, conti.-C3G-HB and post-C3G-HB).
No-C3G-HB, not given C3G-HB supplemented diet; Pre-C3G-HB, C3G-HB supplemented diet only
before NNK injection; Conti.-C3G-HB, C3G-HB supplemented diet continuously before and after NNK
injection; Post-C3G-HB, C3G-HB supplemented diet only after NNK injection.

4.5. Lung Tumor Assays

4.5.1. Positron Emission Tomography-Magnetic Resonance Imaging (PET-MRI)

Before euthanizing mice, lung tumorigenesis was confirmed by PET-MRI at the Biomedical
Translational Imaging Center (BIOTIC) at the IWK Children’s Hospital, Halifax, NS, Canada. Briefly,
three mice from naive and no-C3G-HB groups were randomly selected and fasted for six hours and
then injected with 18F-fluorodeoxyglucose 100 uCi via the tail vein. After 30 min, the mice were
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anesthetized, and a PET-MRI scan was performed. Breathing pattern, heart rate, and body temperature
were monitored throughout the scanning period.

Twenty-two weeks after NNK treatment, mice were anesthetized with isoflurane. Blood samples
were collected by cardiac puncture, and a higher dose of isoflurane was used to sacrifice mice.
Dissected lungs were perfused and washed in phosphate-buffered saline (PBS) before being fixed
in 10% (v/v) acetate-buffered formalin. Peripheral lung tumors were enumerated using a dissecting
microscope. Lungs were embedded in paraffin, and paraffin-embedded tissues were stored for
histopathological examination.

4.5.2. Tumor Histology and Tumor Area

Paraffin-embedded lungs were cut into 5 um thick sections (50 tissue sections/lung) using a
microtome (Leica Rm 2255, Leica Biosystems, Concord, ON, Canada). Three sections representing
three areas of the lungs were selected at predetermined depths and stained with hematoxylin and eosin
(H and E). The H and E-stained lung sections were imaged under bright field microscopy (AxioPlan
11MOT AxioCam HRc, Carl Zeiss Canada Ltd., Toronto, ON, Canada), and lung tumor area was
quantified using Image]J software [45].

4.5.3. Immunohistochemistry

The expression of proliferating cell nuclear antigen (PCNA) and Ki-67 was evaluated by
immunohistochemistry (IHC). Briefly, paraffin sections were deparaffinized in xylene, rehydrated
through an ethanol solution gradient and washed carefully in running tap water. Antigen retrieval
was carried out by heating sections in 0.01 M citrate buffer (pH 6.0) for 30 min in the decloaking
chamber. Endogenous peroxidase activity was quenched by incubating the section in 3% H,O, in
Tris-buffered saline (TBS) for 10 min. Non-specific binding sites were blocked by incubation with rodent
block (M) from Biocare Medical, Pacheco, CA, USA. The sections were incubated overnight at room
temperature in a humid chamber with monoclonal antibodies against PCNA (1:6000 dilution) or Ki-67
(1:50 dilution). After several washes with TBS, the slides were incubated with anti-rabbit horseradish
peroxidase-conjugated secondary antibody (EnVision, Dako North America Inc.Carpinteria, CA, USA)
for 30 min, then washed three times with TBS and incubated with chromogen 3-diaminobenzidine
(DAB Chromogen kit, Biocare Medical, Pacheo, Ca, USA) for 3 min. The slides were carefully rinsed
under running tap water and counterstained with hematoxylin. The slides were observed under bright
field microscopy (AxioPlan 11IMOT AxioCam HRc, Carl Zeiss Canada Ltd., North York, ON, Canada)
at 200X magnification.

4.6. Statistical Analysis

The observed differences in the tumor multiplicity, tumor area, PCNA and Ki-67 expression were
tested for statistical significance using one-way Analysis of Variance (ANOVA). Tukey’s pairwise
comparison and Dunnett’s test with a 95% confidence interval was used for comparisons among
multiple groups. Minitab statistical software was used for data analysis.

5. Conclusions

In summary, we have demonstrated that dietary supplementation of C3G-HB can inhibit the
NNK-induced lung tumorigenesis in A/JCr mice. C3G-HB may be a promising dietary supplement to
suppress lung cancer development among high-risk populations such as smokers, possibly via effects
on critical cellular signaling pathways that regulate cell proliferation. Future studies of the effects of
C3G-HB on phase I and phase II metabolic enzymes and cell signaling pathways will elucidate the
mode of action of C3G-HB against lung carcinogenesis.
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Abstract: Despite decades of research to elucidate the cancer preventive mechanisms of aspirin and
flavonoids, a consensus has not been reached on their specific modes of action. This inability to
accurately pinpoint the mechanism involved is due to the failure to differentiate the primary targets
from its associated downstream responses. This review is written in the context of the recent findings on
the potential pathways involved in the prevention of colorectal cancers (CRC) by aspirin and flavonoids.
Recent reports have demonstrated that the aspirin metabolites 2,3-dihydroxybenzoic acid (2,3-DHBA),
2,5-dihydroxybenzoic acid (2,5-DHBA) and the flavonoid metabolites 2,4,6-trihydroxybenzoic acid
(2,4,6-THBA), 3,4-dihydroxybenzoic acid (3,4-DHBA) and 3,4,5-trihydroxybenzoic acid (3,4,5-THBA)
were effective in inhibiting cancer cell growth in vitro. Limited in vivo studies also provide evidence
that some of these hydroxybenzoic acids (HBAs) inhibit tumor growth in animal models. This raises
the possibility that a common pathway involving HBAs may be responsible for the observed cancer
preventive actions of aspirin and flavonoids. Since substantial amounts of aspirin and flavonoids
are left unabsorbed in the intestinal lumen upon oral consumption, they may be subjected to
degradation by the host and bacterial enzymes, generating simpler phenolic acids contributing
to the prevention of CRC. Interestingly, these HBAs are also abundantly present in fruits and
vegetables. Therefore, we suggest that the HBAs produced through microbial degradation of aspirin
and flavonoids or those consumed through the diet may be common mediators of CRC prevention.

Keywords: aspirin; flavonoids; cancer prevention; hydroxybenzoic acids; cell cycle; CDKs;
colorectal cancer

1. Introduction

Cancer is a global disease, and more than 1 million cases of colorectal cancers (CRC) are diagnosed
worldwide each year [1]. Due to the increasing prevalence of CRC in the recent years, there is an urgent
need to develop effective strategies for its prevention. Efforts to discover chemo-preventive drugs
have met with limited success although conventional drugs like aspirin have been shown to prevent
CRC. In addition, an increasing body of evidence suggests that consumption of fruits/vegetables rich
in phytochemicals can prevent the occurrences of CRC [2—4]. Interestingly, while aspirin is a widely
used synthetic “drug”, it is primarily a compound derived from the naturally occurring salicylic acid
that is abundantly present in plant sources [5]. Flavonoids are another class of phytochemicals found
in plants, fruits and vegetables that are also linked to a decrease in the occurrence of cancers [6-8].
Following the intake of aspirin or flavonoids, they are subjected to metabolism, both in the gut and liver,
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and this process produces several metabolites, some of which are hydroxybenzoic acids (HBAs) [9-12].
The chemistry and pathways of HBA generation have been well characterized; however, their role in
cancer prevention has not been extensively studied. In the recent years, there has been an increased
interest to understand their targets and roles in cancer prevention. This review aims to highlight the
potential role of HBAs, generated through aspirin and flavonoid metabolism, in CRC prevention.

In this review we provide a brief overview first on aspirin’s ability to prevent cancer, followed by
a discussion on the known roles of flavonoids in cancer prevention. We then explain the pathways
of aspirin and flavonoid degradation leading to the production of HBAs and the other sources of
these compounds commonly found in the diet. In addition, we have also highlighted the in vitro
and in vivo studies performed using HBAs, currently available in literature, demonstrating its
chemo-preventive/therapeutic potential against numerous cancers. Finally, we propose the “metabolite
hypothesis”, to explain the cancer preventive effects of aspirin and flavonoids through the generation
of HBAs.

2. Aspirin and Cancer Prevention

Aspirin has become one of the largest selling pharmaceutical compounds in the world since its
first clinical introduction by Bayer in 1899 [5]. In addition to its well-known analgesic, anti-pyretic
and anti-inflammatory actions, it has many beneficial health effects including the reduced risk for
cardiovascular disease and CRC upon regular consumption [13-15]. Aspirins efficacy to reduce CRC is
reported to be between 20%-40%, and the evidence for this effect comes from multiple epidemiological
and clinical studies which showed that its intake for 5 or more years reduces the risk associated
with colorectal adenomas and carcinomas [16-19]. This is also supported by animal studies where
aspirin has been shown to decrease chemically induced carcinogenesis in colorectal tissues [20,21].
These observations and evidences prompted the United States Preventive Services Task Force (USPSTE),
to recommend “initiating low dose aspirin use for the primary prevention of cardiovascular disease
and colorectal cancer in adults aged 50-59 years” in 2016 [22]. Additionally, in view of these compelling
evidences, numerous clinical trials have been launched to address its efficacy against CRC [18,23,24].
Though aspirin has been recommended for the primary prevention of CRC by the USPSTE, its role in
secondary and tertiary prevention has not been clearly established [25,26].

The intriguing aspect of aspirins ability to prevent CRC is that low doses (75-300 mg/day) are
as effective as higher doses (=500 mg/day) [27]. Interestingly, aspirin is also more effective against
CRC when compared to cancers of the other tissues [28,29]. Numerous theories have been proposed
to explain the potential pathways of cancer prevention by aspirin; however, a consensus has not
been reached. The most widely discussed among them is the “platelet hypothesis” that implicates
the inhibition of cyclooxygenase-1 (COX-1) enzymes in platelets as the contributing factor to cancer
prevention [14]. As COX-2 overexpression is an important step in colon tumorigenesis [30,31] and as
aspirin is more specific to COX-1 (IC5 1.67 uM) than to COX-2 (ICsy 278 uM), the direct inhibition of
COX-1 by low-dose aspirin is insufficient to explain its observed anti-cancer effects [18,32]. The platelet
hypothesis hence proposes that aspirin’s chemopreventive effects may be attributed to the sequential
inhibition of COX-1 and COX-2. The inhibition of COX-1 in platelets translates to prevention of both,
platelet activation and release of cytokines/growth factors/lipid mediators at the site of gastrointestinal
(GI) lesions, that eventually results in the inhibition of COX-2 expression in adjacent nucleated cells [14].
Though attractive, this hypothesis requires the orchestration of multiple events to exert the proposed
preventive effects and is yet to be conclusively proven. Apart from the platelet hypothesis, other theories
have been proposed including inhibition of mTOR signaling leading to the activation of AMP-kinase,
inhibition of Wnt signaling, inhibition of NF-kB, inhibition of polyamine synthesis and modulation
of EGFR expression, among others, and these have been reviewed extensively elsewhere [18,33-36].
A schematic of the pathways affected by aspirin is shown in Figure 1.
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Figure 1. Classical pathways and cellular targets known to be affected by aspirin and flavonoids, leading
to the prevention of various cancers. Aspirin and flavonoids affect numerous molecular pathways,
some of which overlap. Pathways affected by aspirin alone are indicated in the left, shared pathways
are shown in the middle, while pathways affected by flavonoids are shown in the right [6,13,14,33-42].

3. Flavonoids and Cancer Prevention

Epidemiological studies, short-term randomized controlled trials and preclinical studies in CRC
patients have provided strong evidence in support of the cancer-preventive properties of flavonoids [2,6,7,43].
Flavonoids are subdivided into 6 categories based on their chemical structure—flavonols, flavan-3-ols,
flavanones, flavones, anthocyanins and isoflavones [44]. These compounds are extremely sensitive to their
environment and undergo rapid degradation in the presence of increased temperature and fluctuating pH.
Additionally, they also degrade to simpler phenolic acids due to the actions of the gut microbes [44—47].
Most flavonoids are predicted to prevent the occurrence of cancer through various mechanisms that include
their antioxidant properties, enzyme-receptor inhibition, regulation of apoptosis and the modification of
signal transduction pathways which are described in several reviews. Interestingly, similar to aspirin,
these compounds are also known to downregulate Akt/mTOR pathway, induce mitochondrial mediated
apoptosis, inhibit NF-kB pathway, attenuate Wnt signaling, activate AMPK and suppress abnormal
epithelial cell proliferation [6,37,38]. Despite these findings, it still remains unclear if the primary mediators
of cancer prevention are the parent flavonoids or their degraded products. A schematic of the pathways
affected by flavonoids is shown in Figure 1.

4. HBAs Are Generated through Aspirin and Flavonoid Metabolism

The reported half-life of aspirin is about 20 min [48] and its metabolism either through cytochrome
P450 (CYP450) catalyzed reactions [9] or direct conjugation of salicylic acid by phase 2 enzymes [10] in
the liver has been well documented. Once absorbed, intact aspirin is partially hydrolyzed to salicylic
acid (half-life is 4-6 h) by esterases in the blood and liver [49]. Salicylic acid can then be directly
excreted (1%—-31%) or can be metabolized in a number of different ways for elimination through kidney
or bile. It undergoes conjugation with glycine to form salicyluric acid which accounts for 20%—65% of
the metabolites generated, whereas ether and ester glucuronides of salicylic acid constitute 1%—42%
of metabolites following conjugation with glucuronic acid [50]. Additionally, CYP450 enzymes in
the liver can also metabolize salicylic acid to 2,5-dihydroxybenzoic acid (2,5-DHBA; gentisic acid)
and 2,3-dihydroxybenzoic acid (2,3-DHBA; pyrocatechuic acid) that accounts for 1%—-8% of the dose.
2,5-DHBA can further undergo conjugation with glycine to form gentisuric acid [9]. Aspirin has
also been reported to be metabolized in the gut by the resident microflora. In this regard, Kim et al.
demonstrated the importance of human fecal microbiota to degrade aspirin to salicylic acid and
hydroxylated salicylic acids [12]. They showed that when rats were administered aspirin along with
ampicillin, the bioavailability of aspirin increased when compared to rats administered with aspirin
alone. Supporting this observation, a very recent study by Zhang et al., in 2019, also showed that
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administration of aspirin to rats following amoxicillin treatment decreased aspirin metabolism in
the intestine, as compared to rats treated with aspirin alone [51]. The authors of both studies have
suggested an important role for the intestinal microflora in the biotransformation of aspirin before
its absorption into circulation. It is also important to emphasize that intestinal epithelial cells also
express CYP450 enzymes [52], although their capability to generate these HBAs is not well studied.
A schematic of the HBAs generated from aspirin is shown in Figure 2A.

The degradation of flavonoids, on the other hand, can occur through changes in physical parameters
(like pH) [47], through microbial action in the gut before absorption [11,44], and through host metabolism
in the liver [53]. It is reported that the absorption of flavonoids is 1%-15% in the intestine, and that it
is extensively metabolized in the liver through conjugation reactions for subsequent elimination in the
body [46,54,55]. It is also reported that these conjugated intermediates may be returned to the intestine
through the bile, where it further undergoes deconjugation, subjecting them to further degradation through
microbial metabolism [11,56]. The basic backbone of flavonoids is highly conserved and comprises
of a benzene A-ring bound to a heterocyclic C-ring, which in turn is attached to a second benzene
B-ring (Figure 2B). Depending upon the class of flavonoids, these rings are appended with different
functional groups that confers their characteristic properties [57]. The functional groups, their number
and position on this backbone will also determine their stability and the metabolite(s) they generate [58].
Flavonoids are generally stable under acidic conditions but undergo rapid degradation to simpler
phenolic compounds under alkaline conditions (like in the intestine). Additionally, multiple studies
have documented the ability of gut microbes to degrade flavonoids into simpler phenolic acids, many of
which are HBAs. The most commonly observed HBAs include, 3,4-dihydroxybenzoic acid (3,4-DHBA;
protocatechuic acid), 3,4,5-trihydroxybenzoic acid (3,4,5-THBA; gallic acid), 4-hydroxybenzoic acid (4-HBA),
2,6-dihydroxybenzoic acid (2,6-DHBA), 2,4-dihydroxybenzoic acid (2,4-DHBA) and 2 4,6-trihydroxybenzoic
acid (2,4,6-THBA; phloroglucinol carboxylic acid) [11,44,46,47,55,59,60]. A schematic of the HBAs generated
from flavonoids is shown in Figure 2B.
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Figure 2. Metabolism of aspirin and flavonoids to generate hydroxybenzoic acids. (A) Aspirin metabolism
generates 2,3-dihydroxybenzoic acid (2,3-DHBA) and 2,5-DHBA through CYP450 reactions in the liver [61].
DHBAs have also been shown to be generated through microbial metabolism of aspirin/salicylic acid [12].
(B) Flavonoid metabolism generates metabolites 2,4,6-trihydroxybenzoic acid (2,4,6-THBA), 3,4-DHBA,
3,4,5-THBA, 4-HBA, 2,4-DHBA, 2,6-DHBA through microbial degradation in the intestine [11,45,56,58].
R-R5 represent various functional groups (example -hydroxy, -ketone, -hydrogen, -methoxy, etc.) that are
appended/attached to the flavonoid backbone to generate different groups of flavonoids.
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5. HBAs of Aspirin and Flavonoid Origin Exhibit Anti-Proliferative Effects in Cancer Cells

Studies carried out in our laboratory have demonstrated that aspirin metabolites 2,3-DHBA and
2,5-DHBA are capable of inhibiting Cyclin Dependent Kinase (CDK) enzyme activity and cancer cell
growth, suggesting their potential role in CRC prevention [62,63]. Our study also demonstrated that
2,5-DHBA was effective in inhibiting cell proliferation in HCT-116 and HT-29 cells [63]. It is important
to note that HCT-116 cells do not express COX-2 and HT-29 cells have inactive COX-2 [64], indicating
that a COX-independent mechanism is at play. Supporting our observations, an in vivo study by
Altinoz et al. also demonstrated enhanced survival in Ehrlich breast ascites carcinoma bearing mice
upon oral administration of 2,5-DHBA [65]. Interestingly, other direct targets including FGF-receptors
have also been identified for 2,5-DHBA [66].

Increasing evidences are now beginning to support the hypothesis that the degraded products are
more likely responsible for the cancer preventive actions of flavonoids than the parent molecules [47,55].
A study by Peiffer et al. showed that administration of 3,4-DHBA to rats effectively inhibited
NMBA-induced esophageal cancer [67]; in another study, it was demonstrated that 3,4,5-THBA
inhibited prostate tumor growth and progression in TRAMP mice [68]. Several other reports have also
documented that 3,4,5-THBA was effective in inducing apoptosis in a variety of cancer cells [59,69].
Experiments carried out in our laboratory have shown that 2,4,6-THBA inhibits cancer cell growth in
cells expressing a functional monocarboxylic acid transporter (MCT) SLC5A8 [57].

Although in these studies effective inhibition of cancer cell growth by these HBAs required
micromolar concentrations, it could be argued that the high levels of phenolic acid content observed
in the gut arising from flavonoid rich food or other dietary sources is achievable [56,70], and may
be sufficient to reach pharmacologically relevant concentrations to exert the observed inhibitory
effect. Similarly, salicylic acid generated from the hydrolysis of aspirin may also reach micromolar
concentrations in the gut as ~50% of orally administered aspirin is left unabsorbed in the GIlumen [71,72].
Hence, upon consumption of an 81 mg aspirin tablet, its concentration in the gut will be in the range
of 0.3 mM to 1.4 mM under fed (~750 mL GI volume) and fasting (~160 mL GI volume) conditions,
respectively [73]. It is important to note that not all HBAs are effective, as 4-HBA, 2,4-DHBA and
2,6-DHBA failed to inhibit cancer cell growth, suggesting that HBAs are selective in their modes of
action [57,63]. It is also crucial to highlight the role of transporters in the uptake of these HBAs. In this
regard, while the uptake of 2,4,6-THBA has been demonstrated to occur through the MCT SLC5A8 [57],
transporter requirement for other HBAs has not been determined. In addition, while our studies have
identified CDKs as potential direct targets for 2,4,6-THBA, 2,3-DHBA and 2,5-DHBA, the targets for
3,4-DHBA and 3,4,5-THBA are yet to be identified (Table 1).

Table 1. Table showing the source of the hydroxybenzoic acid (HBA) metabolites, their potential to
inhibit Cyclin Dependent Kinase (CDKs) and their ability to retard cancer cell growth.

Compound MI:tsfl;r;lliI te If/[l:::l);:ﬁ:le Inl?i]lziKtion Inhibition of Cancer Cell Growth Reference
2,3-DHBA + - + + [63]
2,5-DHBA + - + + [63]

2,4,6-THBA - + + + (in the presence of a functional SLC5A8) [57]

3,4,5-THBA - + - + [57,69]
3,4-DHBA - + - + [57,67]
2,4-DHBA - + - [63]
2,6-DHBA - + - - [63]

4-HBA - + - - [57]

6. Other Dietary Sources of HBAs

Published reports indicate that fruits and vegetables are rich sources of HBAs [74]. These HBAs
produced as secondary metabolites in plants, majorly as byproducts of the shikimate pathway, have
been implicated in plant defense against invading pathogens and also act as signaling molecules and
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antioxidants [3,74,75]. Salicylic acid, an HBA and the precursor for 2,3-DHBA and 2,5-DHBA, is widely
found in many foods [76-79] and it has been argued that consumption of the spices rich in salicylic
acid may account for low cancer incidence in rural India [77]. 2,3-DHBA and 2,5-DHBA are also
reported to be present in dietary sources which may provide a direct link between the consumption
of fruits and vegetable and reduced cancer risk. 2,3-DHBA is present in medicinal herbs such as
Madagascar rosy periwinkle, Boreava orientalis, fermented soy products, in a number of fruits such
as batoko plum, avocados and cranberries [75]. 2,5-DHBA is also found in abundance in plants and
vegetables such as grapes, citrus fruits, Hibiscus rosa-sinensis, sesame, avocados, batoko plum, kiwi
fruits, apple, bitter melon and black berries [75,80,81]. The flavonoid metabolite 3,4-DHBA is widely
distributed in buckwheat, mustard, kiwi fruits, blackberries, strawberries, chokeberries and mangoes.
Additionally, it is also present in chicory, olives, dates, grapes, cauliflowers and lentils. 3,4,5-THBA is
reported to be present abundantly in tea, grapes, berries and chestnut [75]. All of these HBAs that
have been demonstrated to be effective against cancer cell growth is also interestingly reported to be
present in red wine along with 2,4,6-THBA [82]. These reports suggest that the presence of these HBAs
of plant origin may have a positive effect on gut health that includes prevention of CRC.

7. The Metabolite Hypothesis—A Common Mechanism for Cancer Prevention

The unstable nature of flavonoids, the rapid hydrolysis of aspirin in the gut and the reports on
the cancer-preventive potential of their degraded products through inhibition of cancer cell growth
collectively suggest that the HBAs generated from flavonoids and aspirin may be key contributors to
their cancer prevention properties. Although the parent compounds may directly contribute to the
observed chemopreventive effects through other pathways already reported in literature (Figure 1),
we suggest that the contribution of HBAs should also be taken into account. Unabsorbed flavonoids
and aspirin/salicylic acid may act as substrates for the gut microbial enzymes to convert them into
simpler, pharmacologically active HBAs, like 2,3-DHBA, 2,5-DHBA from aspirin and 3,4-DHBA,
3,4,5-THBA and 2,4,6-THBA from flavonoids. The generation of such HBAs in the gut compel us
to propose a central role for these molecules in cancer prevention by aspirin, flavonoids and the
diet. As these HBAs are metabolites generated through biotransformation in the body and are also
secondary metabolites in plants with the capacity to inhibit cancer cell growth, we would like to refer
to this hypothesis as “metabolite hypothesis”. A model depicting the convergence of the pathways
generating HBAs from aspirin, flavonoids and diet through microbial/host enzymes is shown in
Figure 3. The chemopreventive ability of aspirin and flavonoids have been established through many
epidemiological studies and as the exact mechanisms of chemoprevention for these compounds have
not been clearly established, we are suggesting through this review, that HBAs may be contributing
to their chemopreventive actions. Though the data that was published previously on the ability of
HBAs to prevent cancer cell growth were performed with cancerous cell lines, and therefore are more
reflective of therapy than prevention, we believe that these observations can be extrapolated to cancer
prevention. However, the extent to which HBAs are generated from these compounds and their overall
contribution to the cancer prevention potential of the parent compounds require further investigation.
Cancer prevention by HBAs is relatively underexplored, and further investigations are required to
identify potential targets (intracellular vs. extracellular), their uptake mechanisms by cells, signaling
pathways and target gene expression. Such studies would have tremendous implications in developing
new strategies for cancer prevention.
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Figure 3. Metabolite hypothesis: Model depicting convergence of the pathways generating HBAs from
parent compounds through host/microbial enzymes. We propose that actions of HBAs, generated
through biotransformation of aspirin and flavonoids, retard rate of cell proliferation. This would provide
an opportunity for (i) immune surveillance, leading to the destruction of cancer cells, or (ii) DNA repair
in cells containing damaged DNA, providing genetic stability, both of which are important steps in the
prevention of cancer. While 2,4,6-THBA is likely to retard cell proliferation through CDK inhibition and
upregulation of p21€iP1 and p27KiP! the exact mechanisms of cell growth inhibition by other HBAs is
still not understood [57,63]. EGCG—Epigallocatechin gallate, C3G—Cyanidin-3-glucoside.

8. Conclusions

It has been established over the course of time that increased consumption of fruits and vegetables
has health benefits, making Hippocrates” dictum “Let food be your medicine and medicine your
food” all the more significant. Identification of polyphenols and phenolic acids commonly found
as a component of the diet has now led to the generation of nutraceutical and/or pharmaceutical
compounds that have revolutionized the health sector. Considering the increasing incidence of CRC
worldwide, it is now more important than ever to come up with viable preventive strategies against
CRC. We believe that HBAs merit further studies to understand their role in cancer prevention as the
proposed mechanism (metabolite hypothesis) involving HBAs is a simple and tenable explanation
for CRC prevention by both aspirin and flavonoids. Since intestinal epithelial cells are the first to
get exposed to HBAs following their consumption or metabolism (from aspirin/flavonoids), in our
view CRC prevention is likely to be a local effect. The colorectal tissues may thus have an anatomical
advantage as they are the first to get exposed to these HBAs, making them preferred targets, while those
HBAs absorbed into circulation may affect cancer development in other tissues as well. We believe
that effective cancer prevention requires the partnership between the parent compounds and the
right microbial species responsible for HBA generation. We also propose that the inter-individual
variability previously observed in many epidemiological studies [8,17,27] could be attributed to the lack
of an appropriate microbial ecology necessary for their degradation. Therefore, a strategy involving
supplementation of the diet with appropriate probiotics and aspirin/flavonoids, or directly consuming
HBAs may prove useful in CRC prevention.
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Abbreviations

CRC Colorectal cancers

COX Cyclooxygenase

CDK Cyclin dependent kinase
CYP450 Cytochrome P450

2,3-DHBA 2,3-dihydroxybenzoic acid
2,5-DHBA 2,5-dihydroxybenzoic acid
3,4-DHBA 3,4-dihydroxybenzoic acid

HBA
1C50
MCT

Hydroxybenzoic acid
Inhibitory Concentration -50%
Monocarboxylate transporter

3,4,5-THBA 3,4,5-trihydroxybenzoic acid
2,4,6-THBA 2,4,6-trihydroxybenzoic acid

FGF Fibroblast growth factor

GI Gastrointestinal

USPSTF United States Preventive Services Task Force
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Abstract: Grapes contain many flavonoid and non-flavonoid compounds with anticancer effects.
In this work we fully characterized the polyphenolic profile of two grape skin extracts (GSEs),
Autumn Royal and Egnatia, and assessed their effects on Polyunsaturated Fatty Acid (PUFA)
membrane levels of Caco2 and SW480 human colon cancer cell lines. Gene expression of
15-lipoxygenase-1 (15-LOX-1), and peroxisome proliferator-activated receptor gamma (PPAR-y),
as well as cell morphology, were evaluated. The polyphenolic composition was analyzed by
Ultra-High-Performance Liquid Chromatography/Quadrupole-Time of Flight mass spectrometry
(UHPLC/QTOF) analysis. PUFA levels were evaluated by gas chromatography, and gene expression
levels of 15-LOX-1 and PPAR-y were analyzed by real-time Polymerase Chain Reaction (PCR).
Morphological cell changes caused by GSEs were identified by field emission scanning electron
microscope (FE-SEM) and photomicrograph examination. We detected a different profile of flavonoid
and non-flavonoid compounds in Autumn Royal and Egnatia GSEs. Cultured cells showed an
increase of total PUFA levels mainly after treatment with Autumn Royal grape, and were richer in
flavonoids when compared with the Egnatia variety. Both GSEs were able to affect 15-LOX-1 and
PPAR-y gene expression and cell morphology. Our results highlighted a new antitumor mechanism
of GSEs that involves membrane PUFAs and their downstream pathways.

Keywords: flavonoids; non-flavonoids; membrane PUFAs profile; cell morphology; human colon
cancer cells
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1. Introduction

Grape (Vitis vinifera L.) is a fruit rich in polyphenols, bioactive compounds able to prevent the
occurrence of cancer, reduce tumorigenesis, and influence important cancer-related pathways [1-3].
The anticancer effects of polyphenols are closely related to their chemical structure and concentration,
as well as to the type of cancer [1,2]. Polyphenolic compounds are mainly divided into two groups:
flavonoids, based on the common C6-C3-C6 skeleton which consists of two phenyl rings (A and B)
linked by a heterocyclic ring (C), and non-flavonoids such as stilbenes (C6-C2-C6) and phenolic
acids (C6-C1) [3,4]. The most abundant classes of flavonoids present in the grape skin and seeds
include anthocyanins, flavonols, flavan-3-ols, and proanthocyanidins [5]. Flavonoids exist either as
glycosides with attached sugars or as aglycones with no attached sugars, and differ in the degree of
hydroxylation and substitution. These functional hydroxyl groups mediate the antioxidant effects of
flavonoids and their ability to interact with biological membranes [2,6]. Stilbenes, such as resveratrol,
are phytoalexins synthesized by plants in response to mechanical injury, UV irradiation, and fungal
attacks [5]. Benzoic acid and cinnamic acid represent the most common phenolic acids present in the
grape skin [7].

The phenolic composition of the grapes mainly depends on genotype but can be affected
by environmental factors and agronomic practices [5]. Several in vivo and in vitro studies have
demonstrated the antimetastatic effects of some polyphenolic compounds [8,9]. Mantena S. K. et al.
evaluated the chemoprotective efficacy of grape seed proanthocyanidins in both metastatic breast cancer
cells and in Balb/c mice, a mouse model of breast cancer obtained after subcutaneous implantation of the
highly invasive and metastatic 4T1 mouse breast cell line [10]. There are several mechanisms of action
through which grape polyphenols are able to inhibit the invasion and progression of metastasis [11-13].
These natural compounds can act on the structural components of the cytoskeleton, on cellular
adhesions, and on the composition of the membrane fatty acids [11,14].

Polyphenols are able to influence cell membrane fluidity and cell motility by the stearoyl-CoA
desaturase-1 (SCD1) enzyme activity, given by the oleic acid/stearic acid ratio [15,16]. The increase in
the oleic acid content in cell membranes, and consequently the up-regulation of SCD1 enzyme,
are known to stimulate the process of invasion and metastasis in human cancer cells [17,18].
Rearrangements in the lipidomic profile of the membrane are an important feature that distinguish
cancer cells, since phospholipids are directly involved in the morphological changes occurring in
tumorigenesis and tumor progression [16,19,20]. Moreover, it is now known that an imbalance
in the ratio of omega-6/omega-3 (n-6/n-3) Polyunsaturated Fatty Acids (PUFAs), in favor of n-6,
is associated with the development of chronic inflammatory diseases, including colon cancer [21,22].
Tumorigenesis of the colon is strongly influenced by the oxidative metabolism of PUFAs regulated
by different enzymes, as 15-lipoxygenase-1 (15-LOX-1) [23,24]. 15-LOX-1 enzyme is known to exert
antioxidant and antimetastatic action by activating peroxisome proliferator-activated receptor gamma
(PPAR-y) [25,26]. The preferred substrate for 15-LOX-1 is the essential fatty acid, namely linoleic
acid (LA). This n-6 fatty acid with its metabolite, the 13-HODE (13-S-hydroxyoctadecadienoic acid),
are down-expressed in human colon cancer [27].

Based on these assumptions, the main aims of the present study are: (1) to fully characterize the
polyphenolic content of two table grape skin extracts (GSEs), Autumn Royal, a seedless black grape
with healthy properties, and Egnatia, a new red seedless genotype obtained by breeding programs
carried out by our research group; (2) to evaluate the effects of two GSEs on the membrane PUFA
profile in two human colon cancer cell lines at different grade of differentiation, Caco2 and SW480;
(3) to evaluate in the same treated cells the gene expression of 15-LOX-1 enzyme and its downstream
factor PPAR-y, as well as the possible changes in cell morphology.
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2. Results and Discussion

2.1. Total Polyphenolic Content in Autumn Royal and Egnatia GSEs

The total content of polyphenols was determined in Autumn Royal and Egnatia GSEs by a
spectrophotometric assay. The results obtained confirmed that Autumn Royal is richer in total polyphenols,
expressed as milligrams of gallic acid equivalents per gram of dry weight of skin (GAE/g dw), than Egnatia
(53.10 + 1.99 mg GAE/g dw versus 37.45 + 0.73 mg GAE/g dw, p-value < 0.05, respectively) and that
the anthocyanins were the most represented polyphenols in both varieties [28]. Polyphenolic profiles
were determined by Ultra-High-Performance Liquid Chromatography/Quadrupole-Time of Flight mass
spectrometry (UHPLC/QTOF) analysis. Anthocyanins were identified by positive ionization (Figure 1),
the other polyphenols in negative ionization mode (Figure 2). Main MS/MS fragments and mean signal
intensity of the metabolites identified in the samples are reported in the supplementary materials (Table S1).
Positive and negative extract ion chromatograms (EIC), showing the signals of compounds identified,
are reported in the supplementary materials (Figures S1A and S1B, respectively). More than 100 flavonoid
and non-flavonoid compounds were identified in the both GSEs.

cyanidin acetylmonoglucoside

Autumn Royal

delphinidin acetylmonoglucoside
peonidin acetylmonoglucoside
petunidin acetylmonoglucoside

malvidin acetylmonoglucoside

cyanidin p-coumaroylmonoglucoside

din p-

peonidin p-coumaroylmonoglucoside
Egnatia petunidin p-coumaroylmonoglucoside

malvidin p-coumaroylmonoglucoside
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Figure 1. Anthocyanin composition of Autumn Royal and Egnatia table grape skin extracts expressed as
the relative percentages (%) of M** signals intensity in the positive-ion Ultra-High-Performance Liquid
Chromatography/Quadrupole-Time of Flight mass spectrometry (UHPLC/QTOF) chromatogram.

The anthocyanin profiles of Autumn Royal and Egnatia GSEs were very similar and
characterized by a higher percentage of anthocyanin-3-O-monoglucoside compounds (43% in both
samples) (Figure 1). These molecules have different antitumor effects depending on the B-ring
substituents [29]. Anthocyanins, whose structure contains an o-dihydroxy (catechol) B-ring, such as
cyanidin-3-O-monoglucoside and delphinidin-3-O-monoglucoside, are characterized by tumorigenesis
inhibition activity [30].
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Figure 2. Flavonoid and non-flavonoid composition of Autumn Royal and Egnatia table grape
skin extracts expressed as the relative percentages (%) of the total [M — H]~ signal intensity in
the negative-ion Ultra-High-Performance Liquid Chromatography/Quadrupole-Time of Flight mass
spectrometry (UHPLC/QTOF) chromatogram.

Signals of phenolic acids were relevant in both varieties (22% and 35% for Autumn Royal and
Egnatia, respectively), while total stilbene signals intensity was 2% in Autumn Royal and 5% in Egnatia
extracts (Figure 2). Both samples showed flavonols and flavanonols as main signals, with total signal
intensity 53% and 54% in Autumn Royal and Egnatia, respectively. In particular, high intensity of
the B-ring trisubstituted flavonols, such as myricetin and syringetin glycosides, was found. Instead,
signals of flavan-3-ols and proanthocyanidins were higher in Autumn Royal (23%) compared to
Egnatia extract (6%). Several studies showed that flavan-3-ol oligomers (proanthocyanidins) are potent
antioxidants and free radical scavengers also characterized by anticancer properties [31,32]. In our
previous study, we found a higher antioxidant activity in Autumn Royal compared to Egnatia, and this
result could also be due to the greater content of flavan-3-ols and proanthocyanidins found in Autumn
Royal GSEs [28].

Within each class of flavonoids, a structural variation exists in their basic 15-carbon skeleton,
leading to different physicochemical properties. An improvement in the antitumor biological activities
of flavonoids is due to the 3’- and 4’-hydroxyl groups (o-diphenol groups), known as catechol groups,
present on the B-ring [33]. Compared to the Egnatia variety, Autumn Royal presented a higher
catechol percentage, calculated by summing the intensities of the signals of those metabolites whose
structure includes one or more o-diphenol groups (100% versus 57.6%, respectively). Table 1 shows the
o-diphenol compounds identified in both GSEs.

The number and position of hydroxyl groups also influence the interactions of flavonoids with the
cell membrane lipid bilayer. The hydrophilic flavonoids, which contain more hydroxyl groups,
interact with the polar head groups by hydrogen bonds, inducing membrane rigidification.
On the contrary, the hydrophobic flavonoids pass through cell membranes, causing a modification of
their permeability and fluidity [6,34,35]. Therefore, the contribution of each phenolic compound can
be different, and their synergistic/antagonist interactions might influence their biological effects.
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Table 1. Catechol derivatives identified in Autumn Royal and Egnatia grape skin extracts (GSEs).

o-Diphenol Compounds

shikimic acid, methyl gallic acid, 5-hydroxy-ferulic acid, gallic acid

Phenolic acids glucoside, trans-caffeoyltartaric acid

Flavonols and quercetin glycosides, myricetin glycosides, laricitrin glycosides,
Flavanonols taxifolin-pentoside, dihydroquercetin-3-O-rhamnoside

(+)-catechin/(—)-epicatechin, (epi)gallocatechins, (—)-epicatechin

Flavan-3-ols and Proanthocyanidins gallate, procyanidins/prodelphinidins

Anthocyanins cyanidin glycosides, delphinidin glycosides, petunidin glycosides

2.2. Membrane PUFA Profile After GSE Treatment in Human Colon Cancer Cell Lines

To investigate the effects of Autumn Royal and Egnatia GSEs on the n-3 and n-6 PUFAs
membrane composition, Caco2 and SW480 human colon cancer cell lines were treated with increasing
concentrations of GSEs (20, 50 and 80 pg/mL), and the lipidomic profile was analyzed after 48 h of
treatment (Table 2a,b). The choice to use these GSEs concentrations and this experimental time (48 h),
was dictated by our previous study, in which we demonstrated that the greatest antiproliferative effect
of GSEs in Caco2 and SW480 cell lines was observed in these experimental conditions [16].

Compared to the untreated control group (CTR), in Caco2 cells, the treatment with Autumn
Royal and Egnatia GSEs caused an increase of both essential fatty acids (EFAs), linoleic acid (LA)
and «-linolenic acid (ALA), already starting from the concentration of 20 ug/mL (Table 2a), and these
increases did not correspond to a modification in the n-3 and n-6 fatty acids downstream pathways
(Table 2a). Moreover, the increase in total PUFA levels, already at the lowest concentration (20 pg/mL)
of both GSEs, was essentially due to the contribution of LA and ALA (Table 2a).

In the SW480 cell line, the treatment with Autumn Royal GSE increased LA levels at 20 pg/mL of
concentration, whereas for Egnatia GSE, a higher concentration (50 pg/mL) was necessary (Table 2b).
Compared to CTR, only a decrease in arachidonic acid (AA) levels was observed after exposure of
both GSEs at 50 pg/mL (Table 2b). As regards the n-3 PUFAs pathway, ALA levels were induced after
exposure to the two grape polyphenols, in particular after treatment with 80 pg/mL of Autumn Royal
GSE and 20 pg/mL of Egnatia GSE (Table 2b). The increase in total PUFAs obtained after Autumn
Royal treatment, at the concentration of 20 ug/mL, was due exclusively to the contribution of LA
(Table 2b). The reduction of AA levels found at the concentration of 50 ug/mL of Autumn Royal was
more pronounced than the increase of LA obtained at the same concentration of extract, thus balancing
the levels of total PUFAs at 50 and 80 ug/mL (Table 2b).

Moreover, no alteration in n-6/n-3 ratio levels was found in all two cell lines and with both
treatments (data not shown).

We used two human colon adenocarcinoma cell lines with different degrees of differentiation,
Caco2 and SW480, in order to investigate the variations of the membrane PUFA levels induced by the
quality of polyphenols contained in the two table grape varieties used. Cancer cells are in continuous
proliferation and need large quantities of fatty acids and phospholipids to generate new cellular
membranes [19,36]. Previously, we demonstrated the ability of Autumn Royal and Egnatia GSEs to
influence membrane fluidity in Caco2 and SW480, through the inhibition of the enzyme SCD1 [16].
This enzyme, that converts saturated fatty acids (SFAs) into monounsaturated fatty acids (MUFAs),
was reduced mainly in the Caco?2 cell line after GSEs treatment. In this study, we demonstrated that
Autumn Royal and Egnatia GSEs were also able to influence the membrane levels of total PUFAs.
Different basal levels of PUFAs were found in untreated Caco2 and SW80 cells, probably due to
cell type, developmental and growth stage of cells [37]. In SW480 cells with a lower degree of
differentiation, the high AA levels found contribute to increasing the total PUFAs levels present in
these cells, preparing the cellular pathways towards more inflammatory outcomes.
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Both GSEs induced the levels of EFAs, LA and ALA, in all two cell lines studied. EFAs are
important structural components of cell membranes that the animal cells must exclusively obtain from
their environment [37]. Therefore, the increase of LA and ALA detected in treated Caco2 and SW80
cells was certainly attributable to the fatty acids contained in the grape skins.

Several studies have shown that LA, y-linolenic acid (GLA), and dihomo-y-linoleic acid (DGLA)
have anticancer effects, unlike AA, which has been associated with the inflammation and with onset
of the tumor [38—41]. Treatment with increasing concentrations of both extracts increased LA levels
in SW480 cells. In addition, in these cell lines, both extracts led to a reduction in AA compared to
untreated cells, exerting an anti-inflammatory effect inside cells. As regards the n-3 fatty acids pathway,
no variation was observed. Hanikoglu A. et al. found differences in the reorganization of fatty acids
in cell membranes of two different breast cancer cell lines, MCF-7 and MDA-MB231, after treatment
with somatostatin, curcumin, and quercetin, alone or in combination [14]. Cancer cells, according to
the degree of differentiation, behave differently to treatment with drugs and/or natural compounds,
and this feature could explain the different response of SW480 to treatment with GSEs, with respect to
Caco2 cells.

2.3. Effects of GSE Treatments on the Gene Expression of 15-LOX-1 and PPAR-y in Human Colon Cancer Cell Lines

To better investigate the effects of Autumn Royal and Egnatia GSEs on membrane PUFA levels
and their antitumoral and antimetastatic action, the gene expression of 15-LOX-1 and PPAR-y,
markers involved in the onset of colorectal cancer (CRC), was studied. Figure 3 shows the effects
of increasing Autumn Royal and Egnatia GSE concentrations (20, 50, and 80 pg/mL) on the mRNA
levels of 15-LOX-1 (Figure 3a) and PPAR-y (Figure 3b) in Caco2 and SW480 cell lines after 48 h of
treatment. Compared to CTR, Autumn Royal GSE induced a significant up-regulation of 15-LOX-1
gene expression in both cell lines studied, starting from the lowest concentration (20 ug/mL) (Figure 3a).
Regarding treatment with Egnatia GSE, in Caco2 cells a higher concentration (80 ng/mL) was needed
to observe a statistically significant increase in the gene expression levels of 15-LOX-1 compared to
CTR (Figure 3a). For SW480 cells, the increase in the gene expression of 15-LOX-1 was already visible
at 50 ug/mL of Egnatia GSE (Figure 3a). 15-LOX-1, through its product 13-S-HODE, activates PPAR-y
by inhibiting colorectal tumorigenesis. Therefore, possible changes in PPAR-y gene expression after
exposure to increasing concentrations of GSEs were investigated. Compared to CTR, Autumn Royal
GSE treatment exerted an up-regulation of PPAR-y mRNA levels, starting from 20 pg/mL in both
Caco2 and SW480 cells (Figure 3b), whereas a higher concentration of Egnatia (80 ng/mL) was need to
obtain the same significant increase in PPAR-y gene expression (Figure 3b).

Carcinogenesis is known to be also caused by changes in PUFA levels of the cell membrane,
including colon cancer formation [19]. 15-LOX-1is able to oxygenate both n-3 and n-6 PUFAs. The main
substrate of 15-LOX-1 is represented by LA, leading to the formation of 13(S)-HODE that activates
PPAR-y, an antimetastatic and anti-inflammatory factor in CRC [26,27].

The increase in expression of 15-LOX-1 found in the cell lines studied after GSE treatment confirms
the antitumor effect exerted by these extracts, and the data obtained highlight a new mechanism of action
through which GSEs inhibit colon tumorigenesis. Previously, we demonstrated the ability of GSEs to
block cell migration and motility by inhibiting SCD1 and some components of the cytoskeleton [16].
The data obtained in this work show that the antiproliferative effect of GSEs also occurs through the
induction of the expression of 15-LOX-1 that can be used for therapeutic purposes in CRC.

Cimen I et al. have shown that 15-LOX-1 indirectly inhibits NF-kB through 13(S)-HODE-mediated
PPAR-y activation in HCT-116 and HT29 CRC cell lines, thus blocking cell proliferation [26]. Moreover,
again in HCT-116 and HT29 cell lines, the expression of 15-LOX-1 reduced the ability of cells to adhere
to fibronectin, thus inhibiting cell motility [42].
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Figure 3. (a) 15-LOX-1 gene expression levels detected in Caco2 and SW480 cells treated with increasing
concentrations (20, 50, 80 pg/mL) of Autumn Royal and Egnatia GSEs for 48 h of incubation; (b) PPAR-y
gene expression levels detected in Caco2 and SW480 cells treated with increasing concentrations
(20, 50, 80 ug/mL) of Autumn Royal and Egnatia GSEs for 48 h of incubation. All data are expressed
as mean + Standard Deviation (SD) of three consecutive experiments. p-value was determined by
ANOVA with Dunnett’s posttest. ** p < 0.03 and *** p < 0.01 versus untreated control group (CTR).

Previous in vitro studies have shown that grape extracts can act differently on proliferation and
apoptotic pathways [43,44]. These different biological effects of GSEs could depend both on the type
of cancer cell and on the different polyphenolic content of grape extracts [43,45,46]. In fact, it is
known that there are cell lines more sensitive to treatment with polyphenols than others in relation to
cellular differentiation degree. Moreover, certain flavonoids and non-flavonoids contained in grape
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extracts can act together synergistically to give particular antiproliferative effects on cancer cells [46,47].
These considerations suggest that the quality of the polyphenolic content in a grape cultivar is an
important factor that must be considered.

2.4. Autumn Royal and Egnatia GSEs Induce Cell Morphological Changes

Figures 4 and 5 show the cell morphology of Caco2 and SW480 cell lines, respectively, treated
with increasing concentrations of Autumn Royal and Egnatia GSEs (10, 20, 50, and 80 pg/mL) for 24
(T1) and 48 h (T2), analyzed by field emission scanning electron microscope (FE-SEM). To highlight the
cellular morphological differences before and after each time GSEs exposure, untreated cells were used
as control (CTR) at TO, T1, and T2 (Figures 4 and 5).

Caco2 CTR cells appeared firmly adherent and covered with abundant microvilli, with a visible
cytoplasm and at the center a notable nucleus region without shrinkage (Figure 4). Both at T1 and
T2, treatment with Autumn Royal GSE induced visible characteristic morphological changes, such as
shrinkage of membrane cells, starting from low concentrations of extract (10 pug/mL), showing a
typical state of cell suffering (Figure 4a). In comparison to CTR, the increase of the Autumn Royal
concentration induced evident and characteristic changes in the cells, as the cytoplasmic contraction
and cell membrane collapse. Moreover, at the highest concentrations of Autumn Royal GSE, it was no
longer possible to distinguish cell structures (Figure 4a). As regards the treatment with Egnatia GSE,
at T1, the maximum concentration (80 pg/mL) was necessary to observe clear signs of apoptosis,
while at T2, already at 50 ug/mL, membrane blebbing and cell shrinkage were noted (Figure 4b).

The FE-SEM micrographs reported in Figure 5 show the untreated controls (CTR) of the SW480 cell
line that appeared flat and adherent to the substrate with an evident central nucleus. The morphological
changes induced by Autumn Royal GSE on SW480 cells were visible at T1 starting from the highest
treatment concentrations (50 and 80 ug/mL), given that at the lowest concentrations the cells were
morphologically similar to the untreated cells (Figure 5a). At T2, the proapoptotic effect of the
polyphenols contained in Autumn Royal GSE was appreciated, starting from the lowest concentrations
(10 pg/mL) (Figure 5a). At the concentration of 80 ug/mL of GSE, the cellular structures did not
appear very detailed and appreciable, when compared to the CTR; in addition, the apparent break
of the surface of the cell membrane caused cell death (Figure 5a). Both at T1 and T2, SW480 cells
treated with low concentrations of Egnatia GSE were visibly adherent with a round and abundant
cytoplasm (Figure 5b). Furthermore, these cells were connected with neighboring cells and extended
in all directions. The higher concentrations of GSE (50 and 80 nug/mL) induced characteristic changes,
as well as the reduction of cell cytoplasm and a decrease of surface microvilli, which led to cellular
apoptosis (Figure 5b).

To our knowledge, this is the first study describing cell morphological changes induced by
polyphenols using FE-SEM micrographs. A previous study of Wang S. et al. demonstrated the ability
of Trollius chinensis flavonoids to induce apoptosis in human breast cancer MCF-7 cells using SEM
analysis [48]. In these cells treated with high concentrations of flavonoids, the microvilli on the
cellular surface completely disappeared and cell membranes collapsed. Other morphological changes,
in particular cell shrinkage and membrane blebbing, have been found in HCT-15 colon cancer cells after
treatment with diet-derived gallic acid [49]. However, our study confirms previous data obtained about
antiproliferative and proapoptotic effects in human colon cancer cell lines treated with both GSEs [28]
and, for the first time, demonstrates that the beneficial effects of GSE polyphenols are also due to their
ability to induce morphological changes in cancer cells, preventing their growth and proliferation.
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3. Materials and Methods

3.1. Preparation of the GSEs

Table grapes cultivar Autumn Royal, a seedless black grape variety, and Egnatia, a new red seedless
genotype, were planted and grown in Apulia region at the Research Center for Viticulture and Enology
of the Council for Agricultural Research and Economy (CREA-VE, Turi, BA, Italy). Grape samples
were harvested at maturity in summer 2019 and berries were randomly collected and frozen at —20 °C.
Approximately 100 frozen berries were manually peeled. To prepare the extracts, 250 mg of dry
skin powder were mixed with 5 mL extraction solution of ethanol:water:hydrogen chloride 37%
(70:30:1 v/v/v). After 24 h of complete darkness, the mixture was centrifuged, and the supernatant
recovered, concentrated in a SpeedVac concentrator (Savant®SPD131DDA, Thermo Fisher Scientific,
Waltham, MA, USA) for 90 min at 25 °C and 1.5 atmospheres of pressure and analyzed.

3.2. Total Polyphenolic Content

Total phenolic content was determined by Folin—Ciocalteu micro scale protocol with slight
modification, as previously described [50]. Briefly, 1 mL of water, 0.02 mL of extract sample, 0.2 mL of
the Folin reagent, and 0.8 mL of 10% sodium carbonate solution were mixed and brought to 3 mL.
The absorbance was measured at 765 nm after 90 min. Results were expressed as mg GAE/g dw using
calibration curves with standard gallic acid.

3.3. UHPLC/QTOF Mass Spectrometry

The extracts were three-fold diluted with HyO/CH3CN 95:5 (v/v) and analyzed using an
Ultra-High Performance Liquid Chromatography (UHPLC) Agilent 1290 Infinity coupled to Agilent
1290 Infinity Autosampler (G4226A) and Agilent 6540 accurate-mass Quadrupole-Time of Flight
(Q-TOF) Mass Spectrometer (nominal resolution 40.000) with Dual Agilent Jet Stream Ionization
source (Agilent Technologies, Santa Clara, CA, USA). For each sample, two analyses in both positive
and negative ionization mode by recording data in full scan acquisition mode were performed.
Chromatographic separation was performed by using a Zorbax reverse-phase column (RRHD SB-C18
3 x 150 mm, 1.8 um) (Agilent Technologies) and mobile phase composed by (A) 0.1% v/v aqueous
formic acid and (B) 0.1% v/v formic acid in acetonitrile. Gradient elution program: 5% B isocratic
for 8 min, from 5% to 45% B in 10 min, from 45% to 65% B in 5 min, from 65% to 90% in 4 min,
90% B isocratic for 10 min. Flow rate: 0.4 mL/min; sample injection: 10 uL; column temperature: 35 °C.
After each sample a blank composed by the two mobile phases 1:1 v/v was analyzed to check the
absence of false positives.

QTOF conditions used: sheath gas nitrogen 10 L/min at 400 °C; dehydration gas 8 L/min at
350 °C; nebulizer pressure 60 psi; nozzle voltage 0 kV (negative mode) and 1 kV (positive mode);
capillary voltage + 3.5 kV in positive and negative ion modes. Signals in the m/z 100-1700 range
at acquisition rate 2 spectra/s were recorded. Mass calibrations were performed with standard mix
G1969-85000 (Supelco Inc., Bellefonte, WA, USA), residual error for the expected masses between
+ 0.2 ppm. Negative ionization lock masses: TFA anion at m/z 112.9856 and HP-0921 at /z 966.0007
(ion [M + HCOOJ"); positive ionization lock masses: purine atn/z 121.0509 and HP-0921 at 111/z 922.0098.
MS/MS fragmentation of the parent ions selected in the 11/z 100-1700 range by using collision energies
between 20 and 60 eV. Acquisition rate: 2 spectra/s.

Data acquisition software Agilent MassHunter version B.04.00 (B4033.2). Data analysis performed
by using Agilent MassHunter Qualitative Analysis software B.05.00 (5.0.519.0). The overall identification
score of compounds was calculated by the weighted average of the isotopic pattern signals (exact masses,
relative abundances, m/z distances: Wmass = 100, Wapundance = 60, Wispacing = 50). Targeted identification
of metabolites was performed by using the homemade database GrapeMetabolomics [51].

46



Molecules 2020, 25, 3352

3.4. Cell Culture and Treatment

Human colon adenocarcinoma derived Caco?2 cell line (ATCC: HTB 37) (well-differentiated)
(G1-2) (from adenocarcinoma) and SW480 cell line (ATCC: CCL 228) (poorly-differentiated) (G3—4)
(from adenocarcinoma grades III-IV) were purchased from the American Type Culture Collection
(ATCC) Cell Bank (Manassas, VA, USA). Cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium, for Caco2 cells, and Dulbecco’s Modified Eagle Medium (DMEM) for SW480
cells. All cell culture medium and reagents were purchased from Gibco, Life Technologies Limited,
Paisley, UK. Culture medium was supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin and incubated at 37 °C in a humidified atmosphere
containing 5% COj in air. Autumn Royal and Egnatia GSEs were added to the medium at increasing
concentrations dissolved in 100 uL of solvent, composed by ethanol:water:hydrogen chloride 37%
(70:30:1 v/v/v) (Sigma Aldrich, Milan, Italy), whereas the cells of control group received the same
amount of the solvent. The cells were then incubated at 37 °C in a humidified 5% CO, incubator for 24
and 48 h.

3.5. Lipids Extraction and PUFAs Analysis

Cell membrane fatty acids were extracted after 48 h of Autumn Royal or Egnatia GSEs treatment
at 20, 50, and 80 pg/mL of concentrations. Untreated cells were used as control. Lipids from cell lysate
were extracted using the Folch extraction method with some modifications [52]. PUFA analysis was
assessed by a gas chromatograph (ThermoFisher Scientific, Focus GC, Milan, Italy) using ChromQuest
4.1 software (Thermo Fisher Scientific, Focus GC, Milan, Italy), as previously described [16].

3.6. RNA Extraction and Quantitative Real-Time PCR

After 48 h of treatment with Autumn Royal or Egnatia GSEs (20, 50, and 80 ug/mL), total RNA was
extracted from Caco2 and SW480 cells using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. The control sample was represented by untreated cells.
Samples were retro-transcribed and analyzed using real-time Polymerase Chain Reaction (PCR) for the
evaluation of 15-LOX-1 and PPAR-y expressions on a CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions. Table 3 shows
gene-specific primer sets used (Bio-Rad Laboratories); 3-actin gene was chosen as the reference gene.
The AACt method was used for relative quantification by CFX Manager software 2.1 (Bio-Rad Laboratories).

Table 3. Primers for quantitative real-time PCR.

Target Genes Gene Symbol Gene Aliases ID Assay
Arachidonate 15-lipoxygenase ALOX15 15-LOX-1, 15LOX-1 qHsaCED0045954
Peroxisome proliferator-activated CIMT1, GLM1, NR1C3,
receptor gamma PPARG PPARGI, PPARG2, PPARgamma ~ H1153CTD0011718
Actin, beta ACTB PS1TP5BP1 qHsaCED0036269

3.7. FE-SEM Investigation

Caco2 and SW480 cells were seeded on 1 cm? silicon chips (Ted Pella Inc., Redding, CA, USA) at a
density of 10* cells per well in eight-well chamber slides and, at a sub-confluent density, untreated control
cells (CTR) were fixed at TO. To observe cell morphological changes, cell lines were exposed to
increasing concentrations of Autumn Royal and Egnatia GSEs (10, 20, 50, and 80 pg/mL) for 24 (T1)
and 48 h (T2). Cell lines were treated as previously described [53]. Briefly, each experimental time
had a CTR group to highlight the cellular morphological differences before and after each time GSE
exposure. As regards fixation procedures, the cells were treated with 3% glutaraldehyde in PBS
for 1 h at 4 °C and then incubated for 1 h at room temperature in 1% osmium tetroxide (OsOy).
Samples were washed several times with 0.005 M of sodium cacodylate pH 7.2, and the dehydration
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was completed by passing the samples in increasing concentrations of acetone, from 20% to 100%,
for 10 min each step. After completing the drying, samples were coated with a thin Au film using a
sputter coater (208HR High Resolution Sputter Coater, Ted Pella Inc.). The fixed cells were observed by
using a Zeiss Sigma FE-SEM (Carl Zeiss, Oberkochen, Germany), equipped with an in-lens secondary
electron detector. The samples deposited on silicon chips were fixed to stainless-steel sample holders
by using double-sided carbon tape. A uniform Au metal coating of few nanometers was deposited on
the samples placed on silicon chips by using a turbomolecular pumped SC7620 Mini Sputter/Glow
Discharge System of Quorum Technologies (Quorum Technologies Ltd, Lewes, UK). The overall
FE-SEM measurements on the samples were acquired at constant Extra-High Tension (EHT) value of
3 kV and at working distance (WD) ranging from 1.8 to 3 mm. The FE-SEM micrographs presented
for each experiment were selected as representative of a series of images collected on each sample.
Each experiment was performed in triplicate.

3.8. Statistical Analysis

Data on total polyphenolic content of GSEs were analyzed by paired Student t-test. The significance
of the differences between the control and each treated experimental group was evaluated with one-way
analysis of variance (ANOVA) and Dunnett’s posttest. Differences were considered as statistically significant
with a p-value < 0.05. Data, expressed as mean + Standard Deviation (SD), were analyzed using STATA
statistical software, version 15.1 (StataCorp, 4905 Lakeway Drive, College Station, TX 77845, USA).

4. Conclusions

Our in vitro data wanted to emphasize the effects of table grape polyphenolic compounds on
some molecular mechanisms involved in tumorigenesis. Moreover, the lipidomic approach followed
in this study provided valuable information for understanding the protective effect of two GSEs
studied on human cell metabolism. Given their ability to influence cell morphology, the flavonoid and
non-flavonoid compounds present in table grapes could become a promising dietary source for cancer
prevention and treatment.
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Main MS/MS fragments and mean signal intensity of the metabolites identified in the samples.
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Abstract: Breast cancer stem cells (BCSCs) are responsible for tumor chemoresistance and recurrence.
Targeting CSCs using natural compounds is a novel approach for cancer therapy. A CSC-inhibiting
compound was purified from citrus extracts using silica gel, gel filtration and high-pressure
liquid chromatography. The purified compound was identified as tangeretin by using nuclear
magnetic resonance (NMR). Tangeretin inhibited cell proliferation, CSC formation and tumor growth,
and modestly induced apoptosis in CSCs. The frequency of a subpopulation with a CSC phenotype
(CD44*/CD24™) was reduced by tangeretin. Tangeretin reduced the total level and phosphorylated
nuclear level of signal transducer and activator of transcription 3 (Stat3). Our results in this study
show that tangeretin inhibits the Stat3 signaling pathway and induces CSC death, indicating that
tangeretin may be a potential natural compound that targets breast cancer cells and CSCs.

Keywords: tangeretin; cancer stem cells; Stat3; citrus; CD44*/CD24~; phytochemicals

1. Introduction

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer-related
death among females [1]. Triple-negative breast cancer (TNBC) accounts for approximately 10-15% of
all diagnosed breast cancers [2], and is defined as ER-, PR- and HER2-negative breast cancer. Women
with TNBC have a high risk of recurrence within three years of diagnosis, and the mortality rate
is increased for five years after diagnosis [3]. Cancer stem cells (CSCs) are relatively resistant to
chemotherapy, radiotherapy and hormone therapy [4]. CSCs have functional roles in self-renewal and
differentiation [5]. CSCs are responsible for the processes of cancer initiation, metastasis and cancer
relapse [6]. Therefore, breast CSCs may contribute to drug resistance and relapse [7]. The CD44"/CD24~
being the most common cell-surface phenotype of breast CSCs can facilitate invasion, migration and
proliferation [8].

Signal transducer and activator of transcription 3 (Stat3) plays a role in the inflammatory response
and is a member of the seven-member Stat protein family (Statl, 2, 3, 4, 5a, 5b, and 6) that is activated
by growth factors [9]. Stat3 undergoes alternative splicing into Stat3c (92 kDa) and the isoform Stat3f3
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(83 kDa). Stat3 plays a role in human oncogenesis. The activation of Stat3 signaling is associated
with proliferation, antiapoptotic effects and cellular transformation [10,11]. Additionally, Stat3 plays
a crucial role in differentiation under normal physiological conditions [6]. Inflammatory cytokines play
key roles in regulating the interaction between CSCs and the IL6 inflammatory feedback loop, leading
to the expansion of the CSCs population [12]. IL-8 interacts with the CXCR1 receptor on BCSCs (breast
cancer stem cells), which promotes their cellular activities such as self-renewal and invasion. IL-8
signaling is a key pathway for regulating BCSCs [13].

Citrus species are natural products containing phytochemicals, which are promising for
development into cancer therapies [14,15]. Citrus flavonoids, including nobiletin, hesperidin, tangeretin
and naringin, have many biological activities, including a strong antioxidant and radical scavenging
activity [16]. Tangeretin, also known as 4,5,6,7,8-pentamethoxyflavone, is a major compound in citrus
peels. It has been shown to possess a variety of pharmacological activities, including anti-oxidative,
anti-inflammatory and anticancer properties [17]. Inflammatory cytokine IL-6 plays an important
role in mediating the interaction between CSCs and the microenvironment, which can influence
tumor growth by regulating CSC subpopulations. However, no studies have shown the mechanisms
underlying the targeted effects of tangeretin on CSC formation and Stat3 signaling in BCSCs. In our
study, we showed that tangeretin had antiproliferative effects on breast cancer cells and reduced BCSC
proliferation or prevalence through a decrease in Sox2 expression by inhibiting Stat3 signaling.

2. Results

2.1. CSC Inhibitor Derived from Citrus

A CSC-inhibiting compound derived from citrus was purified by bioassay-guided isolation,
as shown in Figure 1A and Supplementary Figure S10. The compound was isolated using organic
solvent extraction, silica gel, gel filtration, TLC and preparatory HPLC. The isolated sample was
determined to be a single compound using HPLC (Figure 1B). We assayed mammosphere formation
using a purified sample (Figure 1C). The structural name of the purified compound was identified as
tangeretin (Figure 2).

A [ Extracted with MeOH (Citrus 1kg: methanol 4L) ]

c MDA-MB-231/mammosphere

Extraction with EtOAC: H,0 (1:1) ]

5i0, column chromatography eluted
with CHCI, : MeOH (20:1)

Eluted with MeOH

Prep. Thin layer chromatography ]

[
[
[ ephadex LH-20 col ]
[
I

High performance liquid chromatography ]

A
e \

Absorbance (mAU)
y
3
1

Time (min)
Figure 1. Purification protocol for a CSC inhibitor derived from citrus peels and a mammosphere
formation assay using a purified sample. (A) Flowchart for the isolation of the mammosphere inhibitor.
(B) HPLC chromatogram of the inhibitor purified from citrus. (C) Assay for mammosphere formation
in the presence of the HPLC-purified sample. Cancer cells were treated with the HPLC-purified sample.
Images show representative mammospheres, and were imaged by microscopy (scale bar: 100 pm).
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Tangeretin (4',5,6,7,8-
Pentamethoxyflavone)
Molecular formular: C,,H,,0,
Molecular weight: 372 (m/z 373.3 [M+H]*)

Figure 2. Chemical structure of the compound purified from citrus. Chemical structure of tangeretin.

2.2. Tangeretin Suppresses the Proliferation of MDA-MB-231 and MCF-7 Cells and the Formation
of Mammospheres

Breast cancer cells were incubated with various concentrations of tangeretin for 24 h.
The antiproliferative function of tangeretin was assayed. Tangeretin inhibited cell proliferation,
as shown in Figure 3A. To test whether tangeretin can suppress mammosphere formation, we treated
cancer cells with tangeretin. Tangeretin inhibited mammosphere formation, as shown in Figure 3B.
Tangeretin suppressed the migration and colony formation of cancer cell lines (Figure 3C,D). Our data
indicated that tangeretin inhibited cancer hallmarks (proliferation, migration and colony formation)
and mammosphere formation.
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Figure 3. The effects of tangeretin on cell proliferation and mammosphere formation. (A) MDA-MB-231
and MCEF-7 cells were treated with tangeretin for 24 h in a medium supplemented with 10% FBS.
The cytotoxicity of tangeretin was measured with an EZ-Cytox kit. (B) Tangeretin inhibits the formation
of mammospheres. To establish mammospheres, 1 x 10* MDA-MB-231 cells and 5 x 10* MCF-7 cells
were seeded in ultralow-attachment 6-well plates with CSC culture medium. The mammospheres were
incubated with increasing concentrations of tangeretin. Photos show representative mammospheres,
and were captured by microscopy (scale bar: 100 um). Mammosphere formation efficiency (MFE)
was examined. (C) The effect of tangeretin on the migration of breast cancer cells (MDA-MB-231 and
MCE-7 cells) was evaluated. Migration with or without tangeretin was captured at 0 and 24 h (scale bar:
100 pum). (D) Tangeretin inhibits colony formation by cancer cells. Breast cancer cells (MDA-MB-231
and MCEF-7 cells) were incubated and treated with tangeretin. Representative data were collected.
The data from triplicate experiments are represented as the mean + SD; * p < 0.05, ** p < 0.01.

2.3. Tangeretin Modestly Induces Apoptosis in Mammospheres and Inhibits Mammosphere Proliferation

Late apoptosis in mammospheres was modestly induced by 80 uM of tangeretin (Figure 4A).
Tangeretin reduced the transcript level of stem cell marker genes (Oct3/4, Sox2, and Nanog
gene) (Figure 4B). To test whether tangeretin suppresses mammosphere growth, we treated
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mammospheres with tangeretin and counted the number of cancer cells derived from mammospheres.
Tangeretin treatment inhibited mammosphere growth (Figure 4C). Our data showed that tangeretin,
which disregulates the Stat3/Sox2 signaling pathway, was essential for inhibiting the proliferation
of BCSCs.
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Figure 4. The effects of tangeretin on apoptosis and mammosphere growth. (A) Tangeretin modestly
induced apoptosis in mammospheres treated with tangeretin. We induced mammaosphere formation
and treated mammospheres with tangeretin. After treatment, apoptotic cells were examined using
Annexin V/PI staining. (B) Transcription levels of CSC markers, including the Nanog, Sox2 and Oct4
genes, determined in tangeretin- and DMSO-treated mammospheres using CSC marker-specific primers
and real-time PCR. -actin acts as an internal control. The data shown represents the mean + SD
of three independent experiments. * p < 0.05 vs. DMSO-treated control. (C) Tangeretin inhibited
mammosphere growth. Mammospheres with or without tangeretin were dissociated into single cells,
and the single cells were plated in 6 cm dishes in equal numbers. The cells were examined one, two and
three days later.

2.4. Tangeretin Decreases Tumor Growth In Vivo

As tangeretin has antiproliferative effects, we examined whether tangeretin suppresses tumor
formation in a nude mouse model. There was no significant body weight difference between control
and tangeretin-treated mice (Figure 5A). At each time point, the tumor volume (Figure 5B) and weight
(Figure 5C) of the tangeretin-treated nude mice were smaller than those of the untreated nude mice.
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Figure 5. The effect of tangeretin on tumor growth in a xenograft model. (A) MDA-MB-231 cells
(2 X 10 cells/mouse) were inoculated into the mammary fat pad of female nude mice and treated
with tangeretin (2.5 mg/kg) or DMSO (n = 6). Nude mice were intraperitoneally injected with/without
Tangeretin (2.5 mg/kg) once a week for a total of four time injections. The body weights of the
tangeretin-treated group were comparable to those of the control group. (B) Tumor volume was
calculated as (width? X length)/2 at the indicated time points. (C) The tumor weights of the control and
tangeretin-treated mice were assayed after sacrifice at day 35. The data are presented as the mean + SD
of three independent experiments. ** p < 0.05 versus the DMSO-treated control group.
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2.5. Tangeretin Treatment Modestly Reduces the CD44*/CD24~ Population Size

MDA-MB-231 and MCF-7 cells were treated with tangeretin, and we analyzed the BCSC
marker-expressing CD44*/CD24~ subpopulation. Tangeretin modestly reduced the CD44*/CD24~
cell population size from 84.1% to 56.8% in MDA-MB-231 cells and from 2.2% to 0.9% in MCF-7 cells
(Figure 6). This result shows that tangeretin reduces the frequency of a BCSC trait.
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Figure 6. The effect of tangeretin on the CD44M8"/CD241°W cell proportion. The CD44high/CD24low
subpopulation within an MDA-MB-231 and MCEF-7 cell population treated with tangeretin (80 uM)
or DMSO for 24 h was analyzed by flow cytometry. For flow cytometry analysis, 2 x 10* cells were
acquired. The gating was based on the binding of an antibody without tangeretin (red cross). The data
from triplicate experiments are represented as the mean + SD; ** p < 0.01.

2.6. Tangeretin Inhibits the Stat3 Signaling Pathway and Reduces the Sox2 Level in Mammospheres

To investigate the cellular mechanism by which tangeretin inhibits mammosphere formation,
we assessed the expression levels of Stat3 and pStat3 in mammospheres. Our results showed that
tangeretin decreased the total protein levels of Stat3 and pStat3 in BCSCs (Figure 7A). The protein
level of phospho-Stat3 was significantly reduced in the cytosol and nucleus of mammosphere cells.
The Stat3 protein level was also decreased, as shown in Figure 7B. Additionally, we investigated
Stat3 probe DNA binding to tangeretin-treated nuclear extracts by EMSA. We examined Stat3 probe
DNA binding to mammosphere nuclear proteins using a Stat probe. Tangeretin reduced Stat3 DNA
binding (Figure 7C, # 3). The specificity of Stat3 binding was determined using a self-competitor (100x)
(Figure 7C, #4) or a mutated Stat oligo (100x) (Figure 7C, # 5). The band indicated by arrows is Stat3 and
the specific DNA complex. To examine the effect on Stat3 on mammosphere formation, we performed
mammosphere formation using siRNA of Stat3. Our data showed that Stat3 reduction decreased
mammosphere formation (Figure 7D). To analyze the cellular function of tangeretin, after tangeretin
treatment, we checked the Sox2 level because Stat3 dimer activated Sox2 gene [18]. Our data showed
that tangeretin reduced the level of transcripts and protein of Sox2 (Figure 7E). Sox2 plays a role in
CSC progression [19]. Our data showed that the Stat3/Sox2 signal is important for mammosphere
formation. Our data showed that tangeretin, which disregulates the Stat3/Sox2 signaling pathway,
was essential for inhibiting the proliferation of BCSCs (Figure 8).
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Figure 7. Tangeretin regulates Stat3 signaling and Sox2 regulation. (A) The total levels of Stat3 and
pStat3 were measured in mammospheres composed of MDA-MB-231 cells and MCF-7 cells after
treatment with tangeretin (0 or 60 uM) for 48 h using western blotting. Total lysates were subjected to
immunoblot analysis with anti-Stat3 and anti-pStat3 antibodies. 3-actin was used as an internal control.
(B) The levels of Stat3 and pStat3 in the cytosolic and nuclear protein fractions were measured in
mammospheres composed of MDA-MB-231 cells after treatment with tangeretin for 48 h using western
blotting. Nuclear and cytosolic proteins were run on SDS-PAGE gels, followed by immunoblotting
with anti-Stat3, anti-pStat3, anti-B-actin and anti-Lamin B antibodies. (C) EMSA was used to analyze
mammosphere nuclear proteins after treatment with tangeretin. Nuclear extracts were reacted with a
Stat3 probe and subjected to 6% native PAGE. Lane 1: Stat3 probe; lane 2: nuclear extracts with the Stat3
probe; lane 3: tangeretin-treated nuclear proteins with the Stat3 probe; lane 4: nuclear proteins incubated
with a self-competitor oligo (100x); and lane 5: nuclear extracts incubated with a mutated-stat3 probe
(100x). The arrow indicates the DNA/Stat3 complex in the mammosphere nuclear lysates. (D) Effect
of Stat3 on mammosphere formation using siRNA of Stat3. Stat3-downregulated MDA-MB-231 cells
were cultured for seven days using mammosphere media. Images were obtained by microscrope at
100x magnification. (E) The transcriptional level of the Sox2 gene in MDA-MB-231 was determined in
tangeretin-treated mammospheres. A Sox2-specific primer was used for real-time RT-qPCR. Western
blot analysis of mammosphere under tangeretin. 3-actin served as an internal control. The data are
presented as the mean =+ SD of three independent experiments. ** p < 0.01 versus the DMSO-treated
control group.
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Figure 8. The proposed model for CSC death induced by tangeretin is shown.
3. Discussion

It has been postulated that high consumption of fruits can prevent more than 20% of all cancer
cases [20]. This preventive effect is predominantly mediated by phytochemicals interacting with
specific target proteins that play important roles in cancer [21-23]. Citrus, one of the most important
food sources of phytochemicals with health benefits, has many biological properties and controls
key pathways involved in pathologies such as cancer [24-26]. The combination CD44*/CD24~ has
emerged as the most important marker for BCSC isolation, and the CD24 population of MDA-MB-231
is low [27].

First, we purified a CSC inhibitor from citrus. Assay-based fractionation and several
chromatographic methods isolated one compound from a citrus powder, tangeretin. Tangeretin is the
major flavonoid of citrus. It also has antioxidant, anti-inflammatory and anticancer properties [17].
Tangeretin modestly induces apoptosis in bladder cancer cells through mitochondrial dysfunction [28].
Tangeretin and nobiletin induces G1 cell cycle arrest but not apoptosis in breast and colon cancers [29].
Nobiletin inhibits CD36-dependent tumor angiogenesis, migration, invasion and sphere formation
through the CD36/Stat3/Nf-Kb signaling axis [30,31]. Quercetin suppresses breast CSCs through
its inhibition of the PI3K/Akt/mTOR signaling pathway [32]. Despite numerous studies, there are
no studies on tangeretin-induced antiproliferative and anti-CSC effects. Our results showed that
tangeretin suppresses the proliferation of BCSCs. Tangeretin inhibited mammosphere formation in
breast cancer cells (Figure 3) and modestly induced apoptosis in CSCs (Figure 4).

Our data showed the reduction of CD44*/CD24~ subpopulation, mammosphere formation, colony
formation and tumor formation. It is known that tangeretin did not inflict damaging effects sufficient
to result in a reduced capacity to survive and proliferate. However, inhibition of the growth of breast
cancers without inducing cancer cell death may be advantageous in treating breast tumors. Breast
cancer cells resumed growth similar to untreated control within a day of tangeretin removal [29].
The Stat3 protein is essential for the maintenance of BCSCs [4]. The acetylated derivative of tangeretin
(5-AcTMF) had anticancer effects on human glioblastoma multiforme cells through blockade of Stat3
signaling [33]. Extracellular IL-8 protein is a factor for BCSCs formation [13]. We investigated Stat3
signaling under tangeretin treatment. Tangeretin suppressed the total protein levels of Stat3 and pStat3.
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The nuclear protein levels of Stat3 and pStat3 were also decreased by tangeretin. We assessed Sox2
transcript levels in BCSCs under tangeretin treatment and confirmed that the Sox2 mRNA level was
decreased in the treated samples. In addition, the protein level of Sox2 was decreased in treated cells
compared with control cells (Figure 7). Finally, tangeretin had an inhibitory effect on tumor growth in
a breast cancer xenograft model. The tangeretin-treated group had a smaller tumor size and lower
tumor weight than the control group.

In our study, tangeretin inhibited BCSC formation and targeted BCSCs by inhibiting the Stat3/Sox2
signaling pathway. Tangeretin is a possible therapeutic agent for breast cancer and BCSCs.

4. Materials and Methods

4.1. Reagents

Silica gel 60 and TLC plates were purchased from MERK (Darmstadt, Germany) and Sephadex
LH-20 was obtained from Pharmacia (Uppsala, Sweden). High-pressure liquid chromatography was
performed with a Shimadzu application system (Shimadzu, Kyoto, Japan). Cell viability was measured
using the EZ-Cytox Cell Viability Assay Kit (DoGenBio, Seoul, Korea). Tangeretin was obtained from
ChemFaces Co. (Hubei, China).

4.2. Plant Materials

Citrus peel was collected from Jeju Island, South Korea. The citrus peel was freeze-dried, and the
dried citrus was ground. The samples (No. 2017_030) were deposited in the Department of Biomaterials,
Jeju National University, JeJu-Si, South Korea.

4.3. Extraction and Isolation of an Inhibitor

Citrus powder was extracted with 100% methanol. The bioassay-based isolation protocol is
summarized in Figure 1A. The methanol extracts were mixed with water, and the methanol was
evaporated. The water-suspended samples were extracted with equal volumes of ethyl acetate.
The ethyl acetate-concentrated part was loaded onto a silica gel column (3 x 35 cm) and fractionated
with solvent (chloroform-methanol, 20:1) (Figure S1). The three parts were divided and assayed by
evaluating mammosphere formation. The #2 part potentially inhibited mammosphere formation.
The #2 part was loaded onto a Sephadex LH-20 open column (2.5 x 30 cm) and eluted in three fractions
(Figure S2). The three parts were obtained and assayed by evaluating mammosphere formation. Part #
3 showed inhibition of mammosphere formation. Part #3 was isolated using preparatory TLC (glass
plate; 20 X 20 cm) and developed in a TLC glass chamber. Individual bands were separated from
the silica gel plate. Each fraction was assayed by evaluating mammosphere formation (Figure S3).
The #1 fraction was loaded onto a Shimadzu HPLC instrument (Shimadzu, Tokyo, Japan). HPLC used
an ODS 10 x 250 mm C18 column (flow rate; 3 mL/min). The mobile phase was water and acetonitrile.
For elution, the acetonitrile proportion was initially set at 20%, increased to 80% at 20 min and finally
increased to 100% at 40 min (Figure S4).

4.4. Structural Analysis of the Purified Sample

The chemical structures of the isolated compounds were determined by mass and nuclear
magnetic resonance (NMR) measurements. The molecular weight was established as 372 by ESI-mass
spectrometry, which showed a quasimolecular ion peak at m/z 373.3 [M + H]* in the positive mode
(Figure S9). The 'H NMR spectrum in CDCl; exhibited signals due to four aromatic methine protons
at 6 7.86 (2H) and 7.01 (2H), which are attributable to a 1,4-disubstituted benzene, one aromatic singlet
methine at § 6.59, and five methoxy groups at  4.09, 4.01, 3.94, 3.93 and 3.87. In the 13C NMR spectrum,
there were 20 carbon peaks, including a carbonyl carbon at § 177.3; nine sp? quaternary carbons at
5162.3,161.2, 151.4, 148.4, 147.7, 144.0, 138.0, 123.8 and 114.8; five sp2 methine carbons at 5 127.7
(x2), 114.5 (x2) and 106.7; and five methoxy carbons at 5 62.2, 62.0, 61.8, 61.6 and 55.5 (Figure S5).
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All proton-bearing carbons were assigned by the HMQC spectrum, and the "H-"H COSY spectrum
established a partial structure, 1,4-disubstituted benzene (Figures S6, S7 and S9). The chemical structure
was determined to be from the HMBC spectrum, which exhibited long-range correlations from the
methine proton at & 6.59 to the carbons at § 177.3, 161.2, 123.8 and 114.8, and from the methine
protons at & 7.86 to the carbon at 6 161.2, implying that this compound was a polymethoxylated
flavone (Figures S8 and S9). Finally, long-range correlations from the five methoxy proton peaks to the
oxygenated sp? quaternary carbons established the structure of this compound as that of tangeretin
(Figure 2).

4.5. Culture of Breast Cancer Cells and Mammospheres

Two breast cancer cell lines, MCF-7 and MDA-MB-231, were purchased from the American Type
Culture Collection (Rockville, MD, USA) and maintained in DMEM supplemented with 10% fetal
bovine serum (FBS; HyClone Fisher Scientific, CA, USA) and 1% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific, CA, USA). Cancer cells (5 X 10* or 1 x 10*) were incubated in an ultralow-attachment
6-well plate with MammoCult™ culture medium (STEMCELL Technologies, Vancouver, BC, Canada).
All cells were cultured in a humidified 5% CO, incubator at 37 °C for 7 days. The formation of
mammospheres was assessed by the NICE program [34]. Mammosphere formation was examined by
examining mammosphere formation efficiency (MFE) (%) [35].

4.6. Cell Viability Assay

MDA-MB-231 cells (2 x 10* cells/well) were seeded in a 96-well plate for 24 h and treated with
various concentrations (0, 5, 10, 20, 40, 60 and 80 uM) of tangeretin for 24 h in a medium with 10% FBS
(proliferation assay). Then, we followed the manufacturer’s protocol for the EZ-Cytox Kit (DoGenBio,
Seoul, Korea). The OD at a wavelength of 460 nm was measured using a GloMax® Explorer microplate
reader (Promega, Madison, WI, USA).

4.7. Colony Formation Assay

MDA-MB-231 and MCE-7 cells (2 x 10° cells/well) were seeded in a 6-well plate, treated with
different concentrations of tangeretin in DMEM and maintained for 7 days at 37 °C in a 5% CO,
incubator. The grown colonies were washed with 1x PBS three times, fixed for 10 min using 3.7%
formaldehyde, treated for 20 min and stained for 20 min with 0.05% crystal violet.

4.8. Wound-Healing Assay

MDA-MB-231 cells were seeded in a 6-well plate at 2 x 10° cells/well. A scratch was made by
using a microtip after the cells had grown into a monolayer. After the cells were washed two times
with 1x PBS, the cancer cells were cultured with tangeretin in fresh DMEM for 24 h. Photomicrographs
of the wounded areas were acquired using a light microscope [36].

4.9. Flow Cytometry Analysis

After incubating with tangeretin for 24 h, cancer cells were dissociated using 1x trypsin/EDTA.
We used a previously described method [36]. In total, 1 x 10° cells were cultured with anti-CD44-FITC
and anti-CD24-PE antibodies (BD, San Jose, CA, USA) on ice for 30 min. The cancer cells were
centrifuged and washed two times with 1x FACS buffer and analyzed on an Accuri C6 (BD, San Jose,
CA, USA).

4.10. Gene Expression Analysis

Total RNA was extracted from cancer cells and purified, and real-time RT-qPCR was performed
using a real-time One-step RT-qPCR kit (Enzynomics, Daejeon, Korea). We used a previously described
method [37]. The specific primers are listed in Table S1.
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4.11. Western Blot Analysis

Protein samples were extracted from mammospheres and cancer cells. After electrophoresis
on a 12% SDS-PAGE gel, proteins were transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Burlington, MA, USA). The membranes were blocked in Odyssey blocking buffer at
room temperature for 1 h and then incubated overnight with primary antibodies. The antibodies
were anti-phospho-Stat3, anti-lamin B (Cell Signaling, Danvers, MA, USA), anti-Stat3, anti-Sox2 and
anti-B-actin (Santa Cruz Biotechnology, Dallas, TA, USA). After membranes were washed three times
using Tris-buffered saline/Tween 20, all membranes were incubated with IRDye 680RD- and IRDye
800W-labeled secondary antibodies for 1 h at room temperature, and the signal images were determined
with an Odyssey CLx (LI-COR, Lincoln, NE, USA).

4.12. Electrophoretic Mobility Shift Assays (EMSAs)

Nuclear proteins were prepared as described previously [38]. EMSAs were performed with
an Odyssey Infrared EMSA kit (LI-COR, Lincoln, NE, USA) according to the manufacturer’s instructions.
IRDye 700-labeled forward and reverse strands of the Stat3 oligonucleotide were annealed. The IRDye
700-labeled Stat3 oligonucleotide was incubated with nuclear extracts in a final volume of 20 uL at room
temperature for 20 min. The samples were electrophoresed on a 6% polyacrylamide nondenaturing
gel, and EMSA data were visualized on an ODYSSEY CLx system (LI-COR, Lincoln, NE, USA).

4.13. Xenograft Transplantation

Twelve female nude mice were injected with two million MDA-MB-231 cells with or without
an additional tangeretin (2.5 mg/kg) injection. Tumor volume was estimated for 35 days using the
formula (width? x length)/2. The mouse experiments were performed as described previously [39].
Animal care and animal experiments were performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee (JNU-IACUC; Approval Number 2017-003) of
Jeju National University. Female nude mice (4 weeks old) were purchased from OrientBio (Daejeon,
South Korea) and cultured in mouse facilities for 1 week.

4.14. SiRNA of Stat3

To examine the inhibitory function of Stat3 on mammosphere formation, breast cancer cells were
transfected with siRNAs targeting human Stat3 (Bioneer, Daejeon, South Korea). The Stat3 siRNAs
(NM_1145658) and a scrambled siRNA were purchased from Bioneer (Daejeon Cor., South Korea).
For siRNA transfection, cancer cells were cultured and transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The protein levels of Stat3 were
determined via immunoblot analysis.

4.15. Statistical Analysis

All data were analyzed with GraphPad Prism 7.0 software (GraphPad Prism, Inc., San Diego, CA,
USA). All data from three independent experiments are reported as the mean + standard deviation (SD).
Data were analyzed using one-way ANOVA. A p-value of less than 0.05 was considered significant.

5. Conclusions

A CSC-inhibiting compound from citrus extracts was purified using silica gel, gel filtration,
TLC, and HPLC. The compound was identified as tangeretin. Tangeretin inhibited cell proliferation,
CSC formation and tumor growth, and modestly induced apoptosis in CSCs. The size of the CSC
subpopulation (CD44"/CD24~) was reduced by tangeretin. Tangeretin reduced the total level and
phosphorylated nuclear level of Stat3 Tangeretin decreased the transcript levels of Sox2 and Sox2
protein in mammospheres. Our results in this study show that tangeretin inhibits the Stat3/Sox2
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signaling pathway and induces CSC death, indicating that tangeretin may be a potential natural
compound targeting breast cancer.

Supplementary Materials: The following are available online. Specific primer sequences for real-time RT-PCR
are described in Table S1. Isolation and structure analysis of CSC inhibitor are described at Figures S1-S9.
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Abstract: Chalcones are interesting candidates for anti-cancer drugs due to the ease of their synthesis
and their extensive biological activity. The study presents antitumor activity of newly synthesized
chalcone analogues with a methoxy group on a panel of canine lymphoma and leukemia cell
lines. The antiproliferative effect of the 2’-hydroxychalcone and its methoxylated derivatives was
evaluated in MTT assay after 48 h of treatment in different concentrations. The proapoptotic activity
was studied by cytometric analysis of cells stained with Annexin V/FITC and propidium iodide
and by measure caspases 3/7 and 8 activation. The DNA damage was evaluated by Western blot
analysis of phosphorylated histone H2AX. The new compounds had selective antiproliferative activity
against the studied cell lines, the most effective were the 2’-hydroxy-2",5"-dimethoxychalcone
and 2’-hydroxy-4',6’-dimethoxychalcone. 2’-Hydroxychalcone and the two most active derivatives
induced apoptosis and caspases participation, but some percentage of necrotic cells was also observed.
Comparing phosphatidylserine externalization after treatment with the different compounds it was
noted that the addition of two methoxy groups increased the proapoptotic potential. The most active
compounds triggered DNA damage even in the cell lines resistant to chalcone-induced apoptosis.
The results confirmed that the analogues could have anticancer potential in the treatment of canine
lymphoma or leukemia.

Keywords: chalcones; apoptosis; DNA damage; anticancer activity; canine cancer cell lines

1. Introduction

The search for novel natural or synthetic compounds with potential antitumor activity is one
of the major goals of contemporary oncology. The research involves both known compounds with
proven biological activity as well as newly synthesized molecules that are structural analogues
of biologically active substances already used in the treatment of cancer. Interest is aroused by
compounds that may constitute the basis of chemotherapy in the future, as well as compounds that
may support therapy or sensitize cancer cells to classic cytostatic drugs. Because the high toxicity of
many anticancer substances (particularly bone marrow toxicity) significantly reduces the effectiveness
of the treatment, to maximize the efficacy and reduce adverse effects, chemotherapy is usually based
on a combination of drugs with various molecular mechanisms of action and different side effects.
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With regard to this principle, research focusing on the antitumor activity of new natural compounds
or their derivatives is highly justified. Such a potentially interesting group of compounds may be
chalcones, an essential group of natural compounds classified as flavonoids [1]. Their typical structural
feature is an open, «,f3-unsaturated three-carbon fragment connecting two aromatic rings [2]. They are
yellow [3] and commonly occur in the world of plants: in citrus fruits, vegetables and spices [4,5].
Chalcones (1-(2’-hydroxyphenyl)-3-phenylprop-2-en-1-ones) and their derivatives are often obtained
from natural sources or as a result of chemical synthesis [6,7]. The most commonly used chemical
synthesis method is the Claisen-Schmidt condensation of the corresponding aromatic aldehyde and
2’-hydroxyacetophenones in alkaline or acid catalysis [8-10].

The great interest in chalcones is influenced by the ease of synthesis of these compounds and
the extensive biological activity characteristics they exhibit: in particular antiviral, anthelmintic,
antibacterial, antiprotozoal, insecticidal, antiulcer, cytotoxic, and anticancer [11-13]. Due to the
confirmed therapeutic effect of chalcones on human cancer, we decided to check their activity against
canine cancer cells.

Cancer in dogs is a major challenge in modern veterinary medicine and research into the search
for new cancer therapies is highly needed [14]. On the other hand, of the various animal species that
develop cancer (e.g., cats, horses, rabbits, ferrets), dogs turned out to be the most appropriate model
for comparative research due to their body size, life expectancy, cancer incidence and sharing of living
conditions with humans. Moreover, dogs together with mice and rats, are popular laboratory animals
necessary for different types of toxicological studies [15].

In conclusion, the presented study examined the antitumor activity of new chalcone analogues
with the methoxy group on selected canine lymphoma and leukemia cell lines. After the hydroxyl group,
the methoxy group is the second most commonly identified group in natural flavonoid compounds,
and because of this, we decided to test a series of chalcones containing a different amount and places
of methoxy group substitution. The cytotoxic, antiproliferative and proapoptotic effects of newly
synthesized compounds were analyzed. The study showed that the obtained analogues could have
anticancer potential in the treatment of canine lymphoma or leukemia.

2. Results

2.1. Chalcone Analogues with the Methoxy Group Have Selective Antiproliferative Activity on Canine Cancer
Cell Lines

First, an assay was performed to determine whether the tested chalcones have antiproliferative
activity against normal cells, and if the position of the substituents in the structure has an influence
on the potency of such effects. The study showed that normal cells, represented by the NIH/3T3 and
J774E.1 cell line, were less sensitive to the antiproliferative action of the tested chalcones than cancer
cells. The IC50 value (concentration that inhibits the proliferation of 50% of cells) was determined only
for two compounds in case of the NIH/3T3 cell line and four compounds in case of the J77.4.E cell
line. These four compounds (1, 2, 6 and 7) proved to be the most active also in research with the use of
cancer cell lines. The curves showing the inhibition of normal cell growth by individual compounds
are shown in Figure 1A,B.

While the tested compounds did not show a significant inhibitory effect on the growth of normal
cells, their potency in relation to cancer cell lines was visibly different. All the tested compounds had a
particularly strong effect on the CLBL-1 cell line, representing the most common type of lymphoma
in dogs—diffuse large B-cell lymphoma (DLBCL). Other B lymphocytes, from chronic lymphocytic
leukemia (CLB70) were also more sensitive than the others. Natural killer (NK) cells obtained from the
rare and refractory form of canine lymphoma were found to be the most resistant. Similarly, but slightly
more strongly, the tested compounds acted on the GL-1 cell line, representing canine acute leukemia.

Detailed results in the form of a table containing IC50 values for all tested compounds on all
tested cell lines are presented in Table 1. Growth inhibition curves of canine cancer cell lines are shown
in Figure 1C-F. % start a new page
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Figure 1. Concentration-dependent curves presenting the effects of the tested chalcones on viability of
normal (A,B) and canine cancer cell lines (C-F) after 48 h of incubation with different concentrations
of the individual chalcones (1.5, 3.125, 6.25, 12.5, 25 and 50 uM). The values are means from three

independent experiments.
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2.2. Chalcone Analogues with the Methoxy Group, at Least Partially, Kill Cancer Cells through Apoptosis

The substances with the strongest activity in the MTT test were selected for further research on the
nature of cell death induced by the studied compounds. To determine the type of cell death induced by
the tested chalcones, in the first place, the assay for detection of early signs of apoptosis, which is the
externalization of phosphatidylserine, was performed. The study used the two cell lines which were
the most sensitive to the tested compounds: CLBL-1 and CLB70 and the compounds with the strongest
action: 2’-hydroxy-2",5”-dimethoxychalcone (compound 6), 2’-hydroxy-4’,6’-dimethoxychalcone
(compound 7) and initial compound (compound 8). It was shown that cell death takes place by
apoptosis, as confirmed by the statistical analysis of the results. After 48 h of incubation with the
tested chalcone analogues at relatively low concentrations of 5 and 10 uM (concentrations harmless to
normal cells), both the CLBL-1 and CLB70 cells were found to have a positive reaction with Annexin V,
which is evidence of phosphatidylserine externalization and thus the ongoing process of apoptosis.
As a result of the actions of the tested compounds, in addition to the population of apoptotic cells, the
presence of cells that have already lost the integrity of the cell membrane was found (such a population
of cells can also be referred as necrotic). The presence of cells staining positively with propidium
iodide, a compound permanently staining the DNA of dead cells, can be explained by the relatively
long incubation time used in the study (some of the cells that died by apoptosis had already lost their
integrity too). Another explanation assumes that apoptosis is only one of the processes that cells
undergo under the influence of the tested chalcones. Detailed results and representative dot plots are
shown in Figure 2.
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Figure 2. Percentage of annexin V positive (apoptotic) cells after 48 h of incubation with the culture
medium alone (0) or 5 and 10 uM of the tested chalcones. On the right: representative dot-plots of
annexin V/PI staining. The values are means of four independent experiments. * Considered significant
in comparison to the control (p < 0.05).

To better explain the type of cell death that cancer cells undergo after treatment with the tested
compounds, specific assays were carried out to determine the activity of caspases—the most important
enzymes involved in the process of apoptosis. By flow cytometry, it was found that in CLBL-1
and CLB70 cells, after treatment with the tested chalcones, activation of the effector caspase 3 and
initiator caspase 8 occur. The observed activation of caspase 3, the most important caspase in the
caspase-dependent pathway of apoptosis was not massive and covered only a small percent of cells
(about 15%). This result confirms the induction of apoptosis in the cells, but at the same time, indicates
that apoptosis is not the only type of cell death of cells treated with the tested compounds. This
result is consistent with the result of the Annexin V staining, in which similar percentage of necrotic
cells was observed. 2’-Hydroxy-2",5” -dimethoxychalcone (6) and initial compound activated caspase
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3 the most strongly, whereas 2’-hydroxy-4’,6’-dimethoxychalcone (7) had a slightly weaker effect.
More pronounced activation of caspase 3 occurred in the CLBL-1 cell line. Similar results were obtained
for caspase 8, which was more strongly activated in the CLBL-1 cells, showing a statistically significantly
higher level after treatment with all three compounds. Detailed results along with representative
histograms are presented in Figure 3 (caspase 3 activation) and Figure 4 (caspase 8 activation).
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Figure 3. Percentage of cells with active caspase 3/7 after 48 h of incubation with the culture medium
alone (0) or 5 and 10 uM of the tested chalcones. On the right: representative histograms for caspase
3/7 activation. The values are means of four independent experiments. * considered significant in

comparison to the control (p < 0.05).
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Figure 4. Percentage of cells with active caspase 8 after 48 h of incubation with the culture medium
alone (0) or 5 and 10 uM of the tested chalcones. On the right: representative histograms for caspase
8 activation. The values are means of four independent experiments. * considered significant in

comparison to the control (p < 0.05).
2.3. Tested Chalcone Analogues Trigger DNA Damage in Canine Lymphoma/Leukemia Cell Lines

Because the degree of apoptosis induction detected in Annexin V binding assay was lower than
expected and did not correlate perfectly with the results of cytotoxicity tests, we decided to check
the level of DNA damage as additional marker of potentially lethal events in the cells (leading to
cell death and the initiation of the apoptosis process). The study showed that the incubation of
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CLB70, CNK89 and even the resistant GL-1 cell lines with 2’-hydroxy-2",5”-dimethoxychalcone
(6), 2’-hydroxy-4’,6’-dimethoxychalcone (7) and initial 2’-hydroxychalcone (8) provoked the DNA
damaged manifested by increased histone H2AX phosphorylation. Detailed results are presented in
Figure 5.
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Figure 5. Western blot analysis for phosphorylated H2AX of CNK89, CLB70 and GL-1 cell lines after
48 h of incubation with different concentrations (5 and 10 M) of compound 6-8 (A-C).

3. Discussion

The aim of the presented study was to obtain chalcone analogues with better anticancer properties
compared to the parent compound. Because a significant problem in the use of various flavonoids
is their poor availability, it was decided to focus on improving properties such as the ability to enter
the cell. Therefore, the modification that was made was to create analogues containing a methoxy
group instead of a hydroxyl group. Such a change can have a dual effect. Often, the conversion of a
hydroxyl to a methoxy group results in a decrease in the biological activity of the flavonoid compound
in vitro [16,17]. On the other hand, it was proven that methoxylated flavonoids have the ability to
easily penetrate the cells [18]. For example, it was demonstrated that after transferring lung cell lines
to the medium containing dimethoxyflavones, within five minutes, the cells accumulated 30-50 times
more test compounds than were present in the surrounding buffer [19]. The intracellular transport of
5,7-dimethoxyflavone was approximately 10-fold higher than that of chrysin (5,7-dihydroxyflavone).
Moreover, chrysin was rapidly metabolized by the human liver (S9 fraction), with no parent compound
remaining after a 20-min incubation. In contrast, 5,7-dimethoxyflavone was metabolically stable
over the whole 60-min time-course studied [20,21]. Better absorption and distribution, as well as the
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prolonged metabolism of methoxylated flavonoids, makes them even more promising compounds.
Furthermore, their oral bioavailability exceeds the bioavailability of hydroxylated flavonoids, which
makes them easy to administer [22]. Based on the knowledge of this phenomenon, we decided to
create derivatives with a methoxy group and see how such modification affects the antitumor activity
in vitro.

In our research, we first decided to check whether the obtained analogues show selective
antiproliferative activity against cancer cells. As shown in Figure 2, it turned out that in fact,
canine leukemia/lymphoma cells are more sensitive to the action of the obtained chalcones than
the normal cell lines used in the study. The potency of the antiproliferative activity of the
tested compounds was higher in relation to the cancer cell lines, but the same compounds that
most strongly inhibited the proliferation of cancer cells were also the most toxic to normal cells.
These compounds were: 2’-hydroxy-2"-methoxychalcone (1), 2’-hydroxy-3"’-methoxychalcone (2),
2’-hydroxy-2",5""-dimethoxychalcone (6) and 2’-hydroxy-4’,6’-dimethoxychalcone (7), the most active
of which were the last two. Analyzing the differences in the chemical structure of individual compounds,
at this stage of research, it can be concluded that the presence of two methoxy groups, regardless of their
position, is responsible for the strength of the cytotoxic activity on normal cell lines. Regarding cancer
cell lines, the differences in the potency of all four compounds mentioned above are too small to find
conclusions. It seems, however, that the strongest antitumor activity is shown by compounds containing
one methoxy group, but only in the position 2 or 3 of the B ring. Derivatives containing a methoxy group
in 4 position or containing 3 or more such groups — are characterized by weaker antiproliferative activity.
Looking at the table with IC50 values, one more interesting fact can be seen—the lowest IC50 value
was observed in relation to the CLBL-1 cell line, for the parent compound—2’-hydroxychalcone (8).
This effect was observed only for the CLBL-1 cell line and this value does not differ statistically from
the values for 2’-hydroxy-2",5"”-dimethoxychalcone (6) and 2’-hydroxy-4’,6’-dimethoxychalcone (7).
The explanation for this observation may be the fact that the CLBL-1 cell line was characterized by
very strong sensitivity to all the tested compounds, therefore it is impossible in this case to capture
the influence of small differences in the structure of the compounds on their activity against this
cell line. However, the observed high sensitivity of the CLBL-1 cell line to the flavonoids may be a
valuable therapeutic indication. This cell line was obtained from a dog with the most common type of
lymphoma, and if it reflects the sensitivity of the cells of this type of disease then it may be possible to
consider more thorough studies on the potential use of this group of compounds in therapy in dogs.

The proapoptotic effect of flavonoids or specifically chalcones is still a frequently discussed subject
of scientific research. Numerous scientific reports describe the different strengths and mechanisms
of proapoptotic action of compounds from this group [23-26]. In our research, we focused not
on studying the mechanism of the induced apoptosis, but on comparing the strength with which
various methoxy derivatives of chalcones induce suicidal cell death. Comparing proapoptotic
activity 2’-hydroxy-2",5"”-dimethoxychalcone (6), 2’-hydroxy-4’,6’-dimethoxychalcone (7) and initial
2’-hydroxychalcone (8) it was noted that the presence of methoxy groups in positions 2 and
5 in the B ring, affects the potency of the proapoptotic action of the obtained derivatives.
2’-Hydroxy-2",5” -dimethoxychalcone (6) showed a clearly stronger proapoptotic activity than the
parent compound both in the annexin V and in caspase 3/7 and 8 activity tests. In the case of the
CLBL-1 cell line, this difference was less visible, and in relation to caspase 8 the parent compound
more strongly caused its cleavage. The presence of two methoxy groups, but at positions 4’ and 6’
(compound 7) also increased the proapoptotic activity compared to the parent compound, as clearly
seen in studies using the CLB70 cell line. However, this difference could not be confirmed by test
using the CLBL-1 cell line. Another important observation was that the potency of the cytotoxic
activity of the obtained derivatives with the methoxy group observed in the MTT test significantly
exceeded that observed in the apoptosis tests. Because the MTT assay assesses the antiproliferative
activity of the tested compounds, it can be concluded that the obtained chalcone derivatives strongly
inhibited the proliferation of canine lymphoma/leukemia cells and the induction of apoptosis itself was
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slightly weaker. Such action of various chalcones has already been described. In addition to apoptosis,
the compounds belonging to the chalcones have also been found to cause cell cycle arrest, which
may be both the cause and the effect of the proapoptotic action of this group of compounds [27-30].
Because the mechanism of antitumor action of chalcones, apart from inhibiting cell proliferation and
induction of apoptosis, also includes regulation of cell survival, invasiveness or angiogenesis [31,32],
we decided to additionally check how the introduction of the methoxy group impact DNA damage.
One of the mechanisms identified for this action is related to the chalcones’ ability to selectively target
of the ubiquitin-proteasome system (UPS) [31,32]. Published evidence suggests that the presence
of an «,3-unsaturated carbonyl group is the key molecular determinant conferring UPS- and DUBs
(deubiquitinating enzymes)-inhibitory activity of different chalcones [33]. Because DUBs are crucial in
regulating a variety of cellular pathways, including cell growth and proliferation, apoptosis, protein
quality control, DNA repair and transcription [34], the ability to inhibit them is an important feature of a
potential anti-cancer compound. Inhibiting DUBs activity impairs 20S proteasome proteolytic activities
and the cellular deubiquitinating enzymes, leading to increased accumulation of ubiquitinated proteins
and consequently causes endoplasmic reticulum stress and cell death [35,36]. The effect may be also
DNA damage. In the present study it has been clearly demonstrated that both the parent compound
and the two strongest derivatives cause DNA damage observed as an increase in histone H2AX
phosphorylation. Despite the use in this assay of cell lines (CNK89 and GL-1) slightly less sensitive
to the action of chalcones it cannot be unequivocally stated that the obtained derivatives acted more
strongly than the parent compound. Such observations can be explained by the lack of influence of
methoxy groups on the formation of DNA damage (the presence of an «,[3-unsaturated carbonyl group
is rather responsible for such action) and the fact that the observed DNA damage was to some extent
an effect of the ongoing apoptosis. However, the strength and extent of the DNA damage found, even
in the cancer cell lines more resistant to chalcones, indicates that at least in part, the DNA damage was
the cause of the death of the canine lymphoma/leukemia cells.

4. Materials and Methods

4.1. Compounds

The chalcone analogues used in the study are numbered from 1 to 8. All were obtained
via a Claisen-Schmidt condensation of an appropriate 2-hydroxyacetophenone and a substituted
benzaldehyde dissolved in methanol in an alkaline environment at high temperature according to the
procedure described previously [37-39]. The structures of the tested chalcones are shown in Figure 6.
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Figure 6. General scheme for the synthesis of chalcones and structures of obtained methoxy derivatives.
The numbering of carbon atoms has been placed on compound 8.
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The resulting compounds were characterized by the following NMR spectral data (Supplementary
Materials Figures 51-529):

2’-Hydroxy-2""-methoxychalcone (1). TH NMR (600 MHz) (CDCl3) & (ppm): 3.94 (s 3H, -OCH3), 6.94 (td,
1H, ] = 7.8, 0.6 Hz, H-5'), 6.96 (d, 1H, | = 8.8 Hz, H-3""), 7.01 (t, 1H, | = 7.5 Hz, H-5""), 7.04 (dd, 1H,
J=83,0.6 Hz, H-3’),7.41 (ddd, 1H, ] = 8.6, 7.9, 1.5 Hz, H-4""), 7.49 (t, 1H, ] =8.8, 7.8, 1.4 Hz, H-4'); 7.65
(dd, 1H, | = 7.6, 1.3 Hz, H-6""), 7.78 (d, 1H, ] = 15.6 Hz, H-2), 7.93 (dd, 1H, ] = 8.0, 1.3 Hz, H-6'), 8.23 (d,
1H, ] = 15.6 Hz, H-3); 12.95 (s, 1H, -OH). 13C NMR (151 MHz, CDCl3) & = 55.73 (-OCHj3), 111.45 (C-3"),
118.67 (C-3’), 118.88 (C-5'), 120.33 (C-1’), 120.94 (C-2), 120.94 (C-5""), 123.76 (C-1""), 129.77 (C-6'), 129.84
(C-6"),132.34 (C-4"), 136.28 (C-4"), 141.27 (C-3), 159.17 (C-2""), 163.71 (C-2’), 194.44 (C-1).

2'-Hydroxy-3"-methoxychalcone (2). TH NMR (600 MHz) (CDCl3) & (ppm): 3.87 (s, 3H, -OCH3), 6.95
(ddd, 1H, J = 8.1, 7.1, 1.1 Hz, H-5'), 6.99 (dd, 1H, | = 8.2, 2.4 Hz, H-4""), 7.04 (dd, 1H, ] = 8.4, 0.9 Hz,
H-3’),7.17 (dd, 1H, ] =2.2,1.1 Hz, H-2""),7.27 (d, 1H, | = 7.7 Hz, H-6""), 7.36 (t, 1H, ] = 7.9 Hz, H-5"),
751 (ddd, 1H, | = 8.5,7.2, 1.3 Hz, 1H, H-4'), 7.64 (d, 1H, ] = 15.5 Hz, H-2), 7.89 (d, 1H, | = 15.5 Hz, H-3),
7.92 (dd, 1H, ] = 8.1, 1.4 Hz, H-6"), 12.80 (s, 1H, -OH). 13C NMR (151 MHz, CDCl3) § = 55.55 (-OCHj3),
113.87 (C-2""),116.76 (C-4""), 118.80 (C-3"), 119.01 (C-5"), 120.16 (C-1"), 120.58 (C-2), 121.43 (C-6"), 129.81
(C-6),130.19 (C-5"), 136.12 (C-1""), 136.58 (C-4") 145.53 (C-3), 160.14 (C-3"), 163.75 (C-2’), 193.86 (C-1).

2'-Hydroxy-4""-methoxychalcone (3). TH NMR (600 MHz) (CDCl3) & (ppm): 3.87 (s, 3H, -OCH3), 6.94
(ddd, 1H, ] =8.1,7.1, 1.0 Hz, H-5"), 6.94-6.97 (m, 2H, H-3"", H-5""), 7.02 (dd, 1H, | = 8.3, 0.8 Hz, H-3’),
7.49 (ddd, 1H, ] =8.5,7.1,1.5 Hz, H-4"),7.54 (d, 1H, | = 15.4 Hz, H-2), 7.63 (m, 2H, H-2"", H-6""), 7.90
(d, 1H, | = 15.0 Hz, H-3), 7.93 (dd, 1H, | = 8.0, 1.3 Hz, H-6’), 12.95 (s, 1H, -OH). 13C NMR (151 MHz,
CDCl3) 6 = 55.59 (-OCH3), 114.66 (C-3",-5""), 117.74 (C-2), 118.72 (C-3’), 118.89 (C-5’), 120.26 (C-1"),
127.49 (C-1"),129.67 (C-6"), 130.69 (C-2", C-6"), 136.28 (C-4’), 145.50 (C-3), 162.17 (C-4"), 163.69 (C-2’),
193.82 (C-1).

2'-Hydroxy-3" 4" 5" -trimethoxychalcone (4). "M NMR (600 MHz) (CDCl3) & (ppm): 3.91 (s, 3H,
C-4"-OCH3), 3.94 (s, 6H, C-3"-OCH; and C-5"-OCHj3), 6.89 (s, 2H, H-2"" and H-6""), 6.96 (ddd, 1H,
J=8.0,7.2,1.0 Hz, H-5'), 7.04 (dd, 1H, ] = 8.4, 1.0 Hz, H-3"), 7.51 (ddd, 1H, ] = 8.3, 7.1, 1.4 Hz, H-4"),
754 (d, 1H, ] = 15.4 Hz, H-2), 7.85 (d, 1H, ] = 15.5 Hz, H-3), 7.93 (dd, 1H, ] = 8.1, 1.5 Hz, H-6'), 12.84 (s,
1H, -OH). 3C NMR (151 MHz, CDCl3) § = 56.42 (C-2""-OCHj; and C-6"-OCHj), 61.19 (C-4-OCHa),
106.08 (C-2”, C-6""), 118.81 (C-3"), 118.95 (C-5'), 119.41 (C-2), 120.16 (C-1'), 129.74 (C-6"), 130.20 (C-1""),
136.52 (C-4’), 140.97 (C-4""), 145.79 (C-3), 153.68 (C-3", C-5""), 163.73 (C-2’), 193.67 (C-1).

2'-Hydroxy-4',6',3" 4" 5" -pentamethoxychalcone (5). 'TH NMR (600 MHz) (CDCl3) & (ppm): 3.84 (s, 3H,
C-4/-OCHs), 3.90 (s, 3H, C-4”"-OCHs), 3.91 (s, 3H, C-6'-OCH3), 3.91 (s, 6H, C-2”’-OCH3 and C-6"-OCHj),
596 (d, 1H, | = 2.3 Hz, H-5), 6.11 (d, 1H, | = 2.3 Hz, H-3"), 6.84 (s, 2H, H-2"", H-6""), 7.70 (d, 1H,
J =15.5Hz, H-3),7.80 (d, 1H, ] = 15.5 Hz, H-2), 14.31 (s, 1H, -OH). 3C NMR (151 MHz, CDCl5) § = 55.75
(C-4’-OCH3), 55.94 (C-6'-OCH3), 56.27 (C-2"-OCH; and C-6""-OCH3), 61.15 (C-4"-OCH3), 91.46 (C-5'),
93.97 (C-3'), 105.69 (C-2, C-6""), 106.45 (C-1'), 127.06 (C-2), 131.28 (C-1""), 140.21 (C-4""), 142.54 (C-3),
153.54 (C-3”,C-5"),162.53 (C-6"), 166.34 (C-4"), 169.56 (C-2’), 192.49 (C-1).

2'-Hydroxy-2" 5" -dimethoxychalcone (6). 'H NMR (600 MHz) (CDCl3) & (ppm): 3.83 (s, 3H, C-5”-OCHj),
3.90 (s, 3H, C-2"-OCHjs), 6.90 (d, 1H, ] = 9.0 Hz, H-3""), 6.94 (ddd, 1H, ] = 9.0, 7.2, 0.9 Hz, H-5'), 6.97 (dd,
1H, ] = 9.0, 3.1 Hz, H-4"), 7.02 (dd, 1H, | = 8.4, 1.0 Hz, H-3'), 7.17 (d, 1H, ] = 3.1 Hz, H-6""), 7.49 (ddd,
1H, ] = 8.3,7.1, 1.5 Hz, H-4"), 7.75 (d, 1H, ] = 15.6 Hz, H-2), 7.92 (dd, 1H, ] = 8.1, 1.6 Hz, H-6"), 8.19 (d,
1H, | = 15.6 Hz, H-3), 12.92 (s, 1H, -OH). 3C NMR (151 MHz, CDCl3) 6§ = 56.02 (C-5"-OCHs), 56.27
(C-2"-OCHj,), 112.63 (C-3""), 114.32 (C-6""), 117.80 (C-4""), 118.70 (C-3'), 118.91 (C-5), 120.31 (C-1"),
121.17 (C-2), 124.31 (C-1""), 129.85 (C-6"), 136.34 (C-4'), 141.05 (C-3), 153.65 (C-5""), 153.73 (C-2), 163.71
(C-2'),194.35 (C-1).

2'-Hydroxy-4',6'-dimethoxychalcone (7). "H NMR (600 MHz) (CDCl3) § (ppm): 3.83 (s, 3H, C-4’-OCH3),
3.92 (s, 3H, C-6'-OCHj), 5.97 (d, 1H, ] = 2.4 Hz, H-5'), 6.11 (d, 1H, ] = 2.4 Hz, H-3'), 7.36-7.43 (m, 3H,
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H-3", H-4", H-5"), 7.58-7.62 (m, 2H, H-2", H-6""), 7.79 (d, 1H, ] = 15.6 Hz, H-3), 7.91 (d, 1H, ] = 15.6 Hz,
H-2), 14.29 (s, 1H, -OH). 13C NMR (151 MHz, CDCl3) § = 55.72 (C-4”"-OCHs), 55.99 (C-6'-OCHjs), 91.41
(C-5"),93.93 (C-3"), 106.47 (C-1"), 127.66 (C-2), 128.48 (C-2"" and C-6""), 129.00 (C-3"" and C-5), 130.18
(C-4""), 135.70 (C-1""), 142.45 (C-3), 162.64 (C-6'), 166.37 (C-4'), 168.53 (C-2’), 192.77 (C-1).

2’-Hydroxychalcone (8). TH NMR (600 MHz) (CDCls) & (ppm): 3.94 (s 3H, -OCHz), 6.94 (td, 1H, ] = 7.8,
0.6 Hz, H-5"), 6.96 (d, 1H, | = 8.8 Hz, H-3"), 7.01 (t, 1H, ] = 7.5 Hz, H-5""), 7.04 (dd, 1H, ] = 8.3, 0.6 Hz,
H-3'), 7.41 (ddd, 1H, ] =8.6,7.9, 1.5 Hz, H-4""), 7.49 (t, 1H, ] =8.8,7.8, 1.4 Hz, H-4"); 7.65 (dd, 1H, ] = 7.6,
1.3 Hz, H-6"), 7.78 (d, 1H, ] = 15.6 Hz, H-2), 7.93 (dd, 1H, ] = 8.0, 1.3 Hz, H-6'), 8.23 (d, 1H, ] = 15.6 Hz,
H-3); 12.95 (s, 1H, -OH). 3C NMR (151 MHz, CDCls) & = 55.73 (-OCH3), 111.45 (C-3""), 118.67 (C-3'),
118.88 (C-5'), 120.33 (C-17), 120.94 (C-2), 120.94 (C-5""), 123.76 (C-1"), 129.77 (C-6'), 129.84 (C-6""), 132.34
(C-4""),136.28 (C-4"), 141.27 (C-3), 159.17 (C-2""), 163.71 (C-2’), 194.44 (C-1).

4.2. Cell Lines and Cell Culture

The study involved the following normal, non-cancerous NIH/3T3 (fibroblasts) and J774E.1
(macrophages) murine cell lines and a panel of canine cancer cell lines: CLBL-1 (B-cell lymphoma),
GL-1 (B/T-cell leukemia), CLB70 (B-cell chronic lymphocytic leukemia) and CNK89 (NK-cell lymphoma).
The NIH/3T3 and J774E.1 cell lines were bought from the American Type Culture Collection (ATCC,
Rockville, MD, USA). CLBL-1 was obtained from Barbara C. Ruetgen from the Institute of Immunology,
Department of Pathobiology, University of Veterinary Medicine, Vienna, Austria [40], GL-1 was
obtained from Yasuhito Fujino and Hajime Tsujimoto from the University of Tokyo, Department of
Veterinary Internal Medicine [41,42] while CLB70 [43] and CNK89 (Grudzien et al., in press) were
established in our laboratory.

The cell lines were maintained in RPMI 1640 (J774E.1, NIH/3T3, CLBL-1 and GL-1) (Institute of
Immunology and Experimental Therapy, Polish Academy of Sciences, Wroctaw, Poland) or Advanced
RPMI (Gibco, Grand Island, NY, USA) (CLB70 and CNK89) culture medium supplemented with 2 mM
L-glutamine (Sigma Aldrich, Steinheim, Germany), 100 U/mL penicillin, 100 pg/mL streptomycin
(Sigma Aldrich, Steinheim, Germany), and 10-20% heat-inactivated fetal bovine serum—FBS (Gibco,
Grand Island, NY, USA).

4.3. Cell Proliferation Assay

The cell proliferation was determined using the MTT test (Sigma Aldrich, Steinheim, Germany).
In brief, 1 x 10* (NIH/3T3 and J77.4.E) or 1 x 10° (canine cancer cell lines) cells per well were seeded
in a 96-well-plate (Thermo Fisher Scientific, Denmark), and the tested chalcones were added in the
increasing concentrations (1.5, 3.125, 6.25, 12.5, 25 and 50 uM). After incubation for 48 h, 20 puL of MTT
solution (5 mg/mL) were added to each well. After the contents dissolved, the optical density of wells
was measured with a microplate reader (Spark, Tecan) at a reference wavelength of 570 nm. The values
were means from three independent experiments (three wells each).

4.4. Western Blotting

For Western blot analysis the cells were seeded in a total of 5 x 10° cells per 25 cm? cell culture
flasks and two selected concentration of the compounds were added. After 48 h incubation the cells
were harvested, rinsed with cold PBS, suspended in a lysis buffer (50 mM Tris—-HCI pH 7.5, 100 mM
NaCl, 1% NP-40 and protease inhibitors set) and incubated for 20 min on ice. The suspensions were
centrifuged at 10,000 rpm at 4 oC for 12 min. Then, a sodium dodecyl sulfate (SDS) sample buffer was
added to clear supernatants, and the samples were boiled at 95 oC for 5 min and subjected to SDS-PAGE
on 10-15% gel. For the tests, the resolved proteins were transferred to a PVDF membrane (Millipore,
Billerica, MA, USA), using Semidry Transfer Cell (Bio-Rad, Hercules, CA, USA). After the transfer, the
membrane was blocked overnight with 1% casein in TBS at 4 oC, and then incubated with primary
antibody (dilution 1:2000) (Santa Cruz Biotechnology, USA) at room temperature for 1 h, followed
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by secondary horseradish peroxidase-labelled antibody (Dako, Denmark). The bound antibodies
were visualized using ChemiDoc Touch Instruments (BioRad, Hercules, CA, USA). The anti-yH2A X
(ab26350) antibody was from Abcam (Cambridge, UK) while the anti-$ actin (C-4) antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

4.5. Apoptosis Assays by Flow Cytometry

After seeding at the same density as for cytotoxicity tests in 96-well plates (TPP, Trasadingen,
Switzerland) the cells were incubated for 48 h with two selected concentrations of the tested chalcones
(5 and 10 uM). For the phosphatidylserine externalization and membrane integrity test, cells were
collected, suspended in a binding buffer and stained with Annexin V-FITC and PI (final PI concentration
1 pug/mL). To evaluate caspases 3/7 and 8 the cells were harvested, washed twice with PBS and
stained according to the manufacturer’s instructions. Briefly, for active caspase 3/7 detection
CellEventCaspase-3/7 Green Detection Reagent was added to the samples. For the detection of
active caspase 8, FITC-IETD-fmk was added to the samples and the cells were incubated for 0.5 h.
Then, the cells were washed twice and re-suspended in wash buffer. Flow cytometric analysis was
immediately performed using a flow cytometer (FACS Calibur; Becton Dickinson, Biosciences, San Jose,
CA, USA). CellQuest 3.1f. Software (Becton Dickinson, San Jose, CA, USA) was used for data analysis.

4.6. Statistical Analysis

All data are shown as means with standard deviations (SD). Statistical differences were analyzed
using one-way ANOVA followed by Tukey’s multiple comparison test. Statistical analysis was
performed with STATISTICA version 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA).
The results were considered significant at p < 0.05.

5. Conclusions

Modification of the chemical structure of 2’-hydroxychalcone leads to the formation of a derivatives
with various antitumor activity in vitro. Such modification consists of creation the analogues containing
a methoxy group instead of a hydroxyl group caused both a reduction and an increase in the antitumor
strength of the action depending on the number of groups added and their positions. However, the
basic mechanism of action did not change, and all the derivatives obtained exerted antiproliferative
and proapoptotic activity and, have the capacity to induce DNA damage, but to varying degrees.
The cytotoxic effect of the parent compound and derived derivatives was stronger in relation to cancer
cell lines than to normal ones. Further research is needed into the possibility of using chalcones as an
adjuvant treatment of canine lymphoma or leukemia.

Supplementary Materials: The following are available online. Figure S1: 'H NMR spectral of 2’-hydroxy-2"'-
methoxychalcone (1) (CDCI3, 600 MHz), Figure S2: Part of the 'H NMR spectral 2’-hydroxy-2”-methoxychalcone
(1) (CDCI3, 600 MHz), Figure S3: 13C NMR spectral of 2’-hydroxy-2"-methoxychalcone (1) (CDCI3, 151 MHz),
Figure S4: COSY spectral of 2’-hydroxy-2"'-methoxychalcone (1) (CDCI3, 151 MHz), Figure S5: HSQC spectral
of 2’-hydroxy-2"/-methoxychalcone (1) (CDCI3, 151 MHz), Figure S6: 'H NMR spectral of 2’-hydroxy-3"'-
methoxychalcone (2) (CDCI3, 600 MHz), Figure S7: Part of the 'H NMR spectral 2’-hydroxy-3"-methoxychalcone
(2) (CDCI3, 600 MHz), Figure S8 '3C NMR spectral of 2’-hydroxy-3"-methoxychalcone (2) (CDCI3,
151 MHz), Figure S9: HSQC spectral of 2’-hydroxy-3"'-methoxychalcone (2) (CDCI3, 151 MHz), Figure S10:
"H NMR spectral of 2’-hydroxy-4-methoxychalcone (3) (CDCI3, 600 MHz), Figure S11: Part of the
TH NMR spectral 2’-hydroxy-4"-methoxychalcone (3) (CDCI3, 600 MHz), Figure S12: 13C NMR spectral
of 2’-hydroxy-4"-methoxychalcone (3) (CDCI3, 151 MHz), Figure S13: COSY spectral of 2’-hydroxy-4"'-
methoxychalcone (3) (CDCI3, 151 MHz), Figure S14: HSQC spectral of 2’-hydroxy-4"’-methoxychalcone
(3) (CDCI3, 151 MHz), Figure S15: 'H NMR spectral of 2’-hydroxy-3",4" 5" -trimethoxychalcone (4)
(CDCI3, 600 MHz), Figure S16: Part of the 'H NMR spectral 2’-hydroxy-3" 4" 5"-trimethoxychalcone
(4) (CDCI3, 600 MHz), Figure S17: 13C NMR spectral of 2’-hydroxy-3",4",5"-trimethoxychalcone (4)
(CDCI3, 151 MHz), Figure S18: COSY spectral of 2’-hydroxy-3",4”,5"”-trimethoxychalcone (4) (CDCI3,
151 MHz), Figure S19: HSQC spectral of 2’-hydroxy-3",4”,5”-trimethoxychalcone (4) (CDCI3, 151 MHz),
Figure S20: TH NMR spectral of 2’-hydroxy-4’,6’,3",4” 5" -pentamethoxychalcone (5) (CDCI3, 600 MHz),
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Figure S21: Part of the 'H NMR spectral 2’-hydroxy-4’,6',3" 4" 5"-pentamethoxychalcone (5) (CDCI3,
600 MHz), Figure S22: 13C NMR spectral of 2’-hydroxy-4’,6",3” 4" ,5”-pentamethoxychalcone (5) (CDCI3,
151 MHz), Figure S23: HSQC spectral of 2’-hydroxy-4',6,3",4",5"”-pentamethoxychalcone (5) (CDCI3,
151 MHz), Figure 524 HMBC spectral of 2’-hydroxy-4',6’,3” 4" 5" -pentamethoxychalcone (5) (CDCI3, 151 MHz),
Figure S25: 'H NMR spectral of 2’-hydroxy-2",5”-dimethoxychalcone (6) (CDCI3, 600 MHz), Figure S26:
Part of the 'H NMR spectral 2’-hydroxy-2”,5"-dimethoxychalcone (6) (CDCI3, 600 MHz), Figure S27:
1BC NMR spectral of 2’-hydroxy-2”,5”-dimethoxychalcone (6) (CDCI3, 151 MHz), Figure S28: COSY
spectral of 2’-hydroxy-2",5”-dimethoxychalcone (6) (CDCI3, 151 MHz), Figure S29: HSQC spectral of
2’-hydroxy-2",5"”-dimethoxychalcone (6) (CDCI3, 151 MHz).
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Abstract: Flavonoids, quercitrin, isoquercitrin (IQ), and afzelin, were isolated from ethyl acetate
fraction of Acer okamotoanum. We investigated anti-obesity effects and mechanisms of three flavonoids
from A. okamotoanum in the differentiated 3T3-L1 cells. The differentiated 3T3-L1 cells increased
triglyceride (TG) contents, compared with non-differentiated normal group. However, treatments of
three flavonoids from A. okamotoanum decreased TG contents without cytotoxicity. In addition,
they showed significant down-regulation of several adipogenic transcription factors, such as
y-cytidine-cytidine-adenosine-adenosine-thymidine/enhancer binding protein -«, -3, and peroxisome
proliferator-activated receptor-y, compared with non-treated control group. Furthermore, treatment
of the flavonoids inhibited expressions of lipogenesis-related proteins including fatty acid synthase,
adipocyte protein 2, and glucose transporter 4. Moreover, IQ-treated group showed significant
up-regulation of lipolysis-related proteins such as adipose triglyceride lipase and hormone-sensitive
lipase. In addition, flavonoids significantly activated 5'-adenosine monophosphate-activated protein
kinase (AMPK) compared to control group. In particular, IQ showed higher inhibition of TG
accumulation by regulation of pathways related with both adipogenesis and lipolysis, than other
flavonoids. The present results indicated that three flavonoids of A. okamotoanum showed anti-obesity
activity by regulation of adipocyte differentiation, lipolysis, and AMPK signaling, suggesting as an
anti-obesity functional agents.

Keywords: Acer okamotoanum; afzelin; isoquercitrin; obesity; quercitrin

1. Introduction

Obesity has been associated with various degenerative diseases, such as cardiovascular disease,
type 2 diabetes mellitus, atherosclerosis, and Alzheimer’s disease [1,2]. The environmental factors
such as consumption of food and lifestyle play the most important role among other causes of obesity,
in particular, excessive energy intake leads to increase of the adipose tissue and accumulation of
triglyceride (TG) [3]. Adipose tissue acts energy metabolism by secreting adipokines, but its excessive
expansion is closely related to the development of obesity [4]. The differentiation of preadipocytes
(adipogenesis) results in intracellular lipid accumulation in adipose tissue of patients with obesity [5].

Adipogenesis is the process to become adipocytes mature from preadipocytes, and it is regulated
by adipogenic key transcription factors including family of CCA AT/enhancer-binding proteins (C/EBPs)
and peroxisome proliferator-activated receptors (PPARs) [6]. During adipogenesis process, adipogenic
key transcription factors enhance the lipogenic enzymes such as fatty acid synthase (FAS) and
adipocytes protein 2 (aP2) [7,8]. Lipolysis is the process that hydrolyzes TG and diglyceride by
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activation of hydrolyzing enzymes including hormone-sensitive lipase (HSL) and adipose triglyceride
lipase (ATGL), resulting in the production of fatty acids and glycerol [9]. In addition, lipolysis is
decreased by over-expression of adipogenic key transcription factors in the adipogenesis [9]. Moreover,
phosphorylation of 5’-adenosine monophosphate-activated protein kinase (AMPK) is important
for progression of obesity [10]. Therefore, many researchers are focused on treatment of obesity
by regulation of AMPK pathway [10,11]. Recently, anti-obesity agents are popular and attracted
much attention, but they have several side effects including diarrhea, headache, and gastrointestinal
discomfort [12]. Therefore, finding of natural products without side effects for anti-obesity agents by
inhibition of adipogenesis and promotion of lipolysis is one of strategies to prevent and treat obesity.

Acer okamotoanum is widely distributed in Ulleung-do, Republic of Korea, as one variety of
Korean endemic species [13]. A. okamotoanum has been reported to exert some biological activities
such as anti-oxidant, anti-hypertension and immune improvement effect [14-16]. A. okamotoanum
contains biological compounds such as cleomiscosin A and C, gallic acid, and B-amyrin [17].
We previously isolated flavonoids such as quercitrin (QU; quercetin-3-rhamoside), isoquercitrin
(IQ; quercetin-3-glucoside), and afzelin (AF; kaempferol-3-rhamoside) from ethyl acetate (EtOAc)
fraction of A. okamotoanum [18]. Therefore, in the present study, we investigated anti-obesity effects
of three flavonoids from A. okamotoanum including QU, IO, and AF in the differentiated 3T3-L1 cells.
In addition, molecular mechanisms related to anti-obesity effects of flavonoids from A. okamotoanum
on adipogenesis and lipolysis was also observed.

2. Results

2.1. Effects of Flavonoids from A. okamotoanum on Differentiation of Preadipocytes and Lipid Accumulation

We investigated cytotoxicity of flavonoids from A. okamotoanum at the doses (1-10 pg/mL) in
the 3T3-L1 adipocytes. As shown in Figure 1, treatment of three flavonoids at concentrations up to
10 pg/mL had no significant cytotoxicity on 3T3-L1 adipocytes, compared with non-treated normal
group. Therefore, we used flavonoids at the concentration up to 10 pg/mL in this study.
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Figure 1. Effects of flavonoids from Acer okamotoanum on the cell viability in 3T3-L1 adipocytes.
The 3T3-L1 adipocytes were pretreated with various concentrations (1-10 pg/mL) of flavonoids from
A. okamotoanum for 72 h. Data are expressed as the mean + standard deviation. NS: Non-significance;
QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.

To evaluate the effects of flavonoids from A. okamotoanum on differentiation of preadipocytes
and lipid accumulation, we conducted Oil Red O staining, and then visualized cell morphology
by light microscopy (Figure 2). The control group showed cell differentiation and lipid droplets
induced by treatment of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin (MDI), compared
with normal group. However, treatment of three flavonoids such as QU, IQ, and AF at 10 ug/mL
inhibited differentiation of preadipocytes and lipid droplets production, compared with control group.
In particular, IQ inhibited more effectively differentiation and lipid droplets among other flavonoids.
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Figure 2. Effects of flavonoids from Acer okamotoanum on cell differentiation in differentiated 3T3-L1 cells.
Adipocyte differentiation was induced by treatment with 3-isobutyl-1-methylxanthine, dexamethasone,
and insulin (MDI) media in the absence or presence of flavonoids from A. okamotoanum during 2 days.
The MDI media was then replaced with insulin media, and it was changed four times for every 2 days.
The cells were confirmed by light microscopy (magnification, X100) (A). Cells were fixed and stained
with Oil Red O staining to visualize the lipid droplets by light microscopy (magnification, x100) (B).
Normal group indicates non-differentiated cells, whereas control group indicates the differentiated
cells by treatment of MDI media. QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.

We also measured intracellular TG contents by Oil Red O quantification (Figure 3).
Non-differentiated normal group showed 7.64% TG contents, while control group showed 100.00% of
TG contents. On the other hand, TG content of the flavonoids-treated groups such as QU, 1Q, and AF
at 10 ug/mL is decreased to 83.30%, 18.88%, and 90.17%, respectively. In particular, IQ-treated group
inhibited accumulation of TG the most effectively.

Relative contents of TG (%)

o Lo H
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Figure 3. Effects of flavonoids from Acer okamotoanum (10 pug/mL) on intracellular triglyceride (TG)
accumulation in differentiated 3T3-L1 cells. Adipocyte differentiation was induced by treatment with
MDI media in the absence or presence of flavonoids from A. okamotoanum during 2 days. The MDI
media was then replaced with insulin media, and it was changed four times for every 2 days. Data
are expressed as the mean + standard deviation. = Means with different letters indicate significant
differences (P < 0.05) by Duncan’s multiple range test. Normal group indicates non-differentiated cells,
whereas control group indicates the differentiated cells by treatment of MDI media. U: Undifferentiation;
D: Differentiation; QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.

2.2. Effects of Flavonoids from A. okamotoanum on Expressions of Adipogenic Key Transcription Factors

To confirm the effects of flavonoids such as QU, IQ, and AF on adipogenic key transcription
factors, we measured the protein expressions of C/EBPs family such as C/EBP«, C/EBPf3, and PPARs
family including PPARy. As shown in Figure 4, MDI-stimulated control group cells significantly
increased these adipogenic key transcription factors such as C/EBPx, C/EBPf, and PPARYy. In the
C/EBPs family expressions, IQ- and AF-treated group showed significant down-regulation of C/EBP«x
and C/EBPf levels, compared with control group. In PPARs expression, three flavonoids-treated group
significantly decreased PPARY level compared with control group. Especially, the treatment of IQ
inhibited protein expressions of both C/EBPs and PPARs family.
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Figure 4. Effects of flavonoids from Acer okamotoanum (10 ug/mL) on adipogenic key transcription
factors in differentiated 3T3-L1 cells. Adipocyte differentiation was induced by treatment with MDI
media in the absence or presence of flavonoids from A. okamotoanum during 2 days. The MDI media
was then replaced with insulin media, and it was changed four times for every 2 days. Data are
expressed as the mean + standard deviation. ¢ Means with different letters indicate significant
differences (P < 0.05) by Duncan’s multiple range test. 3-actin was used as a loading control. Relative
expression levels were normalized to the 3-actin levels and the normal group. Normal group indicates
non-differentiated cells, whereas control group indicates the differentiated cells by treatment of MDI
media. U: Undifferentiation; D: Differentiation; QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.

2.3. Effects of Flavonoids from A. okamotoanum on Lipogenesis-Related Protein Expressions

To examine the effects of flavonoids such as QU, IQ, and AF on lipogenesis-related protein
expressions, we carried out the measurement of protein expressions such as FAS, aP2, and glucose
transporter 4 (GLUT4). In our results (Figure 5), the stimulation of MDI significantly increased the
lipogenesis-related protein expressions such as FAS, aP2, and GLUT4. Treatment with 10 ug/mL
of three flavonoids including QU, IQ, and AF resulted in significant down-regulation of protein
expressions involved in lipogenesis. In addition, treatment with IQ showed higher decrease in protein
expressions of FAS and aP2, whereas QU- or IQ-treated group showed down-regulation of GLUT4
protein expression.

2.4. Effects of Flavonoids from A. okamotoanum on Lipolysis-Associated Proteins

As shown in Figure 6, we examined the effects of flavonoids including QU, IQ, and AF on
protein expressions associated with lipolysis such as ATGL and HSL. The protein expression of
ATGL was significantly decreased by MDI stimulation, whereas ATGL expression was increased by
treatment of QU or IQ in the differentiated 3T3-L1 cells. In addition, MDI stimulation significantly
decreased phosphorylation of HSL, compared with MDI-non-stimulation. However, treatment with
1Q significantly increased phosphorylation of HSL in the differentiated 3T3-L1 cells. In particular, IQ
significantly up-regulated lipolysis- associated protein expressions, both ATGL and HSL.
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Figure 5. Effects of flavonoids from Acer okamotoanum (10 pug/mL) on lipogenesis-related protein
expressions in differentiated 3T3-L1 cells. Adipocyte differentiation was induced by treatment with
MDI media in the absence or presence of flavonoids from A. okamotoanum during 2 days. The MDI
media was then replaced with insulin media, and it was changed four times for every 2 days. Data
are expressed as the mean + standard deviation. 24 Means with different letters indicate significant
differences (P < 0.05) by Duncan’s multiple range test. 3-actin was used as a loading control. Relative
expression levels were normalized to the 3-actin levels and the normal group. Normal group indicates
non-differentiated cells, whereas control group indicates the differentiated cells by treatment of MDI
media. U: Undifferentiation; D: Differentiation; QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.
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Figure 6. Effects of flavonoids from Acer okamotoanum (10 pg/mL) on lipolysis associated protein
expressions in differentiated 3T3-L1 cells. Adipocyte differentiation was induced by treatment with
MDI media in the absence or presence of flavonoids from A. okamotoanum during 2 days. The MDI
media was then replaced with insulin media, and it was changed four times for every 2 days. Data
are expressed as the mean =+ standard deviation. >4 Means with different letters indicate significant
differences (P < 0.05) by Duncan’s multiple range test. 3-actin was used as a loading control. Relative
expression levels were normalized to the 3-actin levels and the normal group. Normal group indicates
non-differentiated cells, whereas control group indicates the differentiated cells by treatment of MDI
media. U: Undifferentiation; D: Differentiation; QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.
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2.5. Effects of Flavonoids from A. okamotoanum on Activation of AMPK Signaling

We further investigated the effect of flavonoids on AMPK signaling pathway. The expressions of
AMPK and ACC phosphorylation were determined by western blotting (Figure 7). The levels of AMPK
phosphorylation was significantly lower in differentiated 3T3-L1 cells. On the other hand, treatment
with flavonoids including QU and IQ showed significant high levels of AMPK phosphorylation
compared with control group. In addition, three flavonoids-treated groups also significantly elevated

the levels of ACC phosphorylation, indicating that three flavonoids up-regulated downstream target
of AMPK pathway.
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Figure 7. Effects of flavonoids from Acer okamotoanum (10 pg/mL) on AMPK signaling in differentiated
3T3-L1 cells. Adipocyte differentiation was induced by treatment with MDI media in the absence or
presence of flavonoids from A. okamotoanum during 2 days. The MDI media was then replaced with
insulin media, and it was changed four times for every 2 days. Data are expressed as the mean =+ standard
deviation. 2 Means with different letters indicate significant differences (P < 0.05) by Duncan’s multiple
range test. -actin was used as a loading control. B-actin was used as a loading control. Relative
expression levels were normalized to the $-actin levels and the normal group. Normal group indicates
non-differentiated cells, whereas control group indicates the differentiated cells by treatment of MDI
media. U: Undifferentiation; D: Differentiation; QU: Quercitrin; IQ: Isoquercitrin; AF: Afzelin.

3. Discussion

Obesity is caused by an excessive accumulation of lipid in adipose tissue. Adipocytes function
for lipid homeostasis and energy balance by storing TG or releasing free fatty acids [19]. However,
abnormal increase in number and size of differentiated adipocytes from preadipocytes has resulted
in obesity by increasing of adipose tissue mass [20]. To prevent obesity, balance of adipogenesis and
lipolysis in adipocytes plays important roles. Inhibition of preadipocyte differentiation as well as
inductions of lipolysis has been focused on therapeutic strategies for treating obesity [21]. In particular,
differentiation of 3T3-L1 preadipocytes induced by MDI media showed the characteristics of mature
adipocyte in the growth, metabolism, and lipid accumulation [22]. Therefore, 3T3-L1 preadipocyte is
widely used as an obesity-related study.

Recently, various dietary supplements are focused on the treatment of obesity. In particular, safe
and effective natural products have been used worldwide as preventive agents for obesity and its
related metabolic diseases [23]. A. okamotoanum is an endemic natural product and contains various
bioactive compounds such as flavonoids [13]. We previously isolated three flavonoid glycosides such
as QU, IQ, and AF from EtOAc fraction of A. okamotoanum [18]. QU and IQ are quercetin containing
rhamnoside and glucoside, respectively, and AF is kaempferol with rhamnoside. However, anti-obesity
effect and mechanisms of these flavonoids from A. okamotoanum including QU, IQ, and AF have not
been investigated. In this study, we investigated the effects of flavonoids from A. okamotoanum on
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lipid accumulation, adipogenesis, lipolysis, and AMPK signaling under differentiated 3T3-L1 cells.
Differentiated 3T3-L1 cells induced by MDI media showed significant increase of lipid accumulation,
compared with non-differentiated 3T3-L1 cells. However, treatment of three flavonoids significantly
decreased contents of TG. It indicated the promising role as an anti-obesity agent by inhibition of
lipid accumulation.

To determine the concentration of flavonoids, the cytotoxicity assay was carried out. Three
flavonoids used in the present study had no significant cytotoxicity up to concentrations of 10 pg/mL
(Figure 1). We previously investigated that three flavonoids had no cytotoxicity up to concentrations
of 50 pg/mL in 3T3-L1 cells (data not shown). In addition, previous studies examined anti-adipogenic
effects of IQ at concentrations of 5-100 uM in 3T3-L1 cells, indicating no cytotoxicity under higher
concentrations used in this study [24,25]. Therefore, in this study, inhibition of triglyceride accumulation
by flavonoids was probably related to regulation of adipogenesis from 3T3-L1 preadipocytes to
differentiated 3T3-L1 cells without cytotoxicity. In addition, we designed experimental schedule in
measurement of cytotoxicity with reference to previous other studies [26,27].

C/EBPs and PPARs family are essential factors for adipogenesis [6]. Adipogenesis accelerates
differentiation of preadipocytes into adipocytes, resulting in intracellular lipid accumulation [5,6].
During early stage of adipogenesis, cAMP agonist (IBMX) and glucocorticoids (dexamethasone)
in the MDI directly induce expression of C/EBPf3 [28,29]. C/EBPf induced by MDI activates the
expression of two major adipogenic transcription factors such as C/EBPx and PPARy [30]. C/EBPx
is intimately related to PPARYy activity, and also deficiency of C/EBP« in the adipocytes inhibits
adipogenesis [28,31]. PPARY is a nuclear receptor related with differentiation of adipose tissue, and
it regulates the transcription of target genes associated with lipid homeostasis [32]. In addition, it
is widely known that differentiated 3T3-L1 cells by treatment with MDI activate adipogenic key
transcription factors including C/EBP«, C/EBPf, and PPARy [29]. In our results, we confirmed that
differentiated 3T3-L1 cells showed up-regulation of adipogenic key transcription factors including
C/EBPa, C/EBPf3, and PPARY, whereas treatment with flavonoids showed down-regulation of these
adipogenic transcription factors. In particular, IQ-treated group in differentiated 3T3-L1 cells reduced
more effectively the expressions of three adipogenic transcription factors including C/EBP«, C/EBP3,
and PPARy than other flavonoids. It indicated that IQ could inhibit the lipid accumulation by
down-regulations of the adipogenic transcription factors.

Adipogenic key transcription factors such as C/EBPs and PPARs family activate the adipocyte
specific proteins such as FAS, aP2, and GLUT4. C/EBPx and PPARy activation is known to
regulate the lipid metabolism-related genes such as FAS and aP2 [33]. FAS is one of the lipogenesis
associated enzymes to facilitate the synthesis and cytoplasmic storage of massive amounts of TG
during differentiation process [7,8]. C/EBPs activate expression of GLUT4, that is required during
insulin-dependent glucose uptake [34,35]. Expression of GLUT4 is increased by activation of adipogenic
key transcription factor such as C/EBP« in adipocyte differentiation [36]. Previous study reported
that decrease of C/EBP« inhibited expression of GLUT, which would decrease glucose transport in
adipocytes [36,37]. In our study, treatment of IQ decreased the expression of C/EBPx and GLUTA4.
Therefore, IQ inhibited the accumulation of TGs by decreasing C/EBPo-activated GLUT4 expression.
GLUT4 is a member of glucose transporter in adipose tissue, and involved in the insulin-stimulated
glucose uptake [38,39]. On the basis of these evidences, the inhibitory effect of IQ on TG accumulation
is related to GLUT4 by regulation of C/EBPx expressions. In addition, differentiated 3T3-L1 cells
treated with IQ effectively reduced expressions of aP2 and FAS by down-regulation of adipogenic key
transcription factors among other flavonoids.

Lipolysis in the adipose tissue is regulated by ATGL and HSL that promote lipolysis by acting
on the lipid droplet [9]. Expression of ATGL initiates lipolysis by cleaving the fatty acid from
triacylglycerol, and then HSL catalyzes the hydrolysis of diacylglycerol [40]. Translocation of HSL is
regulated by increase of cAMP and activation of protein kinase A, especially regulation of HSL is a
major rate-limiting step in adipocytes during lipolysis [40,41]. Therefore, activation of ATGL and HSL
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are the strategy for treatment of obesity by activation of lipolysis. In this study, QU and IQ significantly
up-regulated expression of ATGL. Furthermore, differentiated 3T3-L1 cells treated with IQ significantly
elevated ATGL as well as phosphorylation of HSL. These results indicated that QU and IQ promote
lipolysis by regulation of ATGL and HSL.

AMPK is a common regulator of lipid metabolism in adipocytes [10,42]. AMPK involves in
various lipid metabolisms such as adipogenesis, lipolysis, glucose uptake, fatty acid 3-oxidation, and
adipokine secretion in the adipose tissue [42]. In the adipogenesis, activation of AMPK can inhibit
adipocyte differentiation via reductions of transcription key factors such as PPARy and C/EBP« [43,44].
It has been reported that activation of AMPK directly down-regulated adipogenic key transcription
factors and inhibited adipocyte differentiation [43,44]. In the lipolysis process, activation of AMPK
promotes lipolysis by phosphorylation of HSL and ATGL, resulting in fatty acid degradation [10,45].
In addition, AMPK enhances inactivation of ACC by phosphorylation and decrease in the free
fatty acid production [11]. ACC is known as reduction of fatty acid synthesis and elongation in
adipocytes [46,47]. Therefore, activation of AMPK leads to attenuation of adipogenesis and increase
of lipolysis, thereby regulation of AMPK signaling pathway plays important roles for prevention
and treatment of obesity [48]. In our study, IQ-treated group significantly increased phosphorylation
of both AMPK and ACC among other flavonoids from A. okamotoanum in the differentiated 3T3-L1
cells. Therefore, we suggest that IQ effectively suppresses the adiopgenesis and promotes lipolysis via
regulation of AMPK pathway, resulting in inhibition of lipid accumulation.

Dietary flavonoids from natural products have anti-obesity effects via regulation of various
molecular pathways [49]. Flavonoids are the most abundant polyphenols in natural products, and
they can be classified into six groups including flavones, flavonols, flavanones, flavanonols, flavanols,
and antocyanin [50]. Dietary flavonoids from natural products exert anti-obesity effects via regulation
of various molecular pathways in 3T3-L1 cells [49]. Flavones such as apigenin, balcalein, and lueteolin
inhibited lipid accumulation by downregulation of adipogenesis, activation of AMPK, reduction
of Akt-C/EBPa-GLUT4 signaling-medicated glucose uptake, and inflammatory responses [35,51,52].
Flavanones including hesperitin and naringin exert antiobesity effects via activating PPAR and
up-regulating adiponectin in 3T3-L1 cells [53]. Anthocyanidins isolated from black soybean such
as cyanidine, peonidin, and its glucoside reduced preadipocyte differentiation. Flavan-3-ols such
as epigalloocatechin gallate in the green tea inhibited adipogenesis via regulation of Wnt/f-catenin
pathway in 3T3-L1 cells [49].

In our study, flavonoids from A. okamotoanum including QU, 1Q, and AF are classified as flavonols.
Flavonols including quercetin, kaempferol, and rutin are flavonoids with a ketone group in onions,
tomatoes, apples, and berries [50]. Flavonols such as quercetin, kaempferol, and its glycosides inhibited
adipogenesis or promoted AMPK signaling in adipocytes [54,55]. In comparison of aglycone and its
glycosides, quercetin glucoside showed strong activity in reduction of lipid accumulation and inhibited
adipogenic factors such as C/EBP-$, -«, and aP2 than its aglycone, quercetin [54]. Wnt/p-catenin
signaling is mandatory in adipogenesis, and it inhibited preadipocyte differentiation by regulation of
(3-catenin [25]. Lee et al. reported that IQ suppressed the adipogenesis in 3T3-L1 cells via the inhibition
of Wnt/-catenin signaling, regulation of lipid metabolism-related factors such as PPARy, C/EBP«,
SREBP-1, adiponectin, resistin, visfatin, and improvement of insulin resistance [54,56]. In addition,
our results indicated the inhibitory effect of lipid accumulation of flavonoids from A. okamotoanum
including QU, IQ, and AF, in particular IQ, by regulation of adipogenesis, lipolysis, and AMPK
signaling. 1Q has hydroxyl group at R1 position and glycosylated glucoside at R2 position. We suggest
that presence of hydroxyl group at R1 position and glycosylation of glucoside at R2 position are higher
anti-obesity effects compared with flavonols non-linked hydroxyl group at R1 and glucoside at R2
such as QU and AF. Previous study demonstrated that extract of A. okamotoanum leaf inhibited the
anti-adipogenesis via down-regulation of PPARy and C/EBP« [14]. However, anti-obesity effects and
molecular mechanisms of flavonoids isolated from A. okamotoanum have not been demonstrated. This
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study indicated that the flavonoids of A. okamotoanum, in particular IQ, exerted anti-obesity effects by
regulation of adipogenesis and lipolysis.

4. Materials and Methods

4.1. Sample Preparation

The isolation and identification of three flavonoids such as QU, IQ, and AF were based on our
previous study [18]. In brief, A. okamotoanum was obtained from Ulleung-do, Gyeongsangbuk-do,
Korea. A voucher specimen has been deposited at the Department of Plant Science and Technology,
Chung-Ang University, Anseong, Korea (Voucher No. LEE 2014-04). Aerial parts of A. okamotoanum
(995.4 g) were extracted with methanol (MeOH) by filtering and evaporation in vaccum. EtOAc fraction
of A. okamotoanum (35.0 g) was partitioned from MeOH extract, and then the fraction of A. okamotoanum
was isolated by silica gel column chromatography. Three flavonoids were identified as QU, IQ, and AF
by 'H-NMR, 13C-NMR, and MS data. In addition, quantitative analysis of three flavonoids such as QU
(48.26 ug/g), IQ (5.84 ug/g), and AF (2.66 ug/g) was determined by HPLC/UV using 0.45 uM syringe
filter. These three flavonoids including QU, IQ, and AF were isolated from A. okamotoanum of EtOAc
fraction [18]. Figure 8 and Table 1 expressed the structures of three flavonoids from A. okamotoanum
such as QU, IQ, and AF.

Figure 8. The structures of flavonoids from Acer okamotoanum.

Table 1. The Flavonoids from Acer okamotoanum.

Compound Ry R,
QuU OH O-Rhamnoside
1Q OH O-Glucoside
AF H O-Rhamnoside

4.2. Reagents

Fetal bovine serum (FBS), bovine calf serum (BCS), Dulbecco’s modified eagle medium (DMEM),
penicillin-streptomycin, and trypsin-EDTA solution were purchased from Welgene (Daegu, Korea).
Dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), and insulin were purchased from Sigma Aldrich
(St. Louis, MO, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was
acquired from Bio Basic (Toronto, ON, Canada), dimethyl sulfoxide (DMSO) was purchased from Bio
Pure (Burlington, ON, Canada), and primary and secondary antibodies were purchased from Cell
Signaling Technology (Beverly, MA, USA).

4.3. Cell Culture and Differentiation

The mouse 3T3-L1 preadipocytes were purchased from American Type Culture Collection
(Maryland, OH, USA). The cells were grown in DMEM supplemented with 10% BCS and 1%
penicillin-streptomycin, at 37 °C in 5% CO, atmosphere incubator (Thermo Electron Corporation,
Milford, MA, USA). The differentiation was induced by 0.5 mM IBMX, 1 uM dexamethasone, and 5
ug/mL insulin in DMEM containing 10% FBS (MDI media) under the presence or absence of flavonoids
including QU, IQ, and AF. After 2 days, MDI media was replaced with DMEM supplemented with
10% FBS and 5 ug/mL insulin (insulin media). After during 8 days, the cell culture media was replaced
with insulin media 4 times every 2 day.
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4.4. Cell Viability

The cell viability was evaluated using a MTT assay [57]. The 3T3-L1 preadipocytes were seeded
at a density of 1 X 10° cells/mL in the 24 well plate, and incubated for 24 h. Flavonoids such as QU, IQ,
and AF were treated in the wells at various concentrations (1, 2.5, 10 ug/mL), respectively, and then
incubated at 37 °C for 72 h. Cell culture media was removed, and then MTT solution was added in the
wells. The formazan crystals were dissolved in DMSO and the absorbance was measured at 540 nm
using microplate reader (Thermo Fisher Scientific, Vantaa, Finland).

4.5. Oil Red O Staining

After 8 days of differentiation, differentiated 3T3-L1 cells were washed with phosphate buffered
saline (PBS), fixed with 10% formalin for 10 min and washed with PBS and 60% isopropanol. The
fixed cells were stained with 0.6% Oil Red O solution for 20 min in the dark, washed 4 times with PBS
and 60% isopropanol. The lipid droplets within the differentiated 3T3-L1 cells were visualized and
photographed by microscopy. For quantitative analysis under Oil Red O staining was carried out by
eluting with 100% isopropanol and measuring absorbance at 500 nm [58].

4.6. Western Blot Analysis

The differentiated 3T3-L1 cells were harvested using a cell scraper, lysed with
radioimmunoprecipitation assay buffer containing protease inhibitor cocktail at 4 °C for 1 h. The
protein concentration was determined using Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of extracted proteins were separated on 8-13% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred onto a polyvinylidene fluoride membrane. The each membrane was
blocked 5% skim milk at room temperature for 1 h, and then incubated primary antibodies such as
(-actin, C/EBP«x, C/EBPf3, PPARY, FAS, ap2, GLUT4, ATGL, phospho-HSL, HSL, phospho-AMPK,
AMPK, phospho-acetyl-CoA carboxylase (ACC), and ACC at 4 °C for overnight. The next day, each
membrane was washed with PBS-T, and then incubated with secondary antibodies at room temperature
for 1 h. The protein bands were activated with enhanced chemiluminescence solution, visualized with
Davinch-chemi™ Chemiluminescence Imaging System (Core Bio, Seoul, Korea), and quantified with
Image-] program (National Institutes of Health, Bethesda, MD, USA).

4.7. Statistical Analysis

Values are expressed as mean + standard deviation (SD). SPSS software (IBM SPSS Inc., Chicago,
IL, USA) was used to perform statistics analysis. The results were compared by one-way analysis
of variance (ANOVA) followed by Duncan’s multiple range analysis among the groups using SPSS
program. Statistically significance was considered as P < 0.05.

5. Conclusions

In conclusion, this study demonstrated that three flavonoids from A. okamotoanum such as
QU, IQ, and AF suppressed adipogenesis by inhibition of adipogenic key transcription factors and
lipogenesis-related proteins, resulting in decrease of TG accumulation in differentiated 3T3-L1 cells.
In addition, flavonoids from A. okamotoanum promoted lipolysis by down-regulation of lipolytic genes
expressions. In particular, IQ effectively suppressed adipogenesis and induced lipolysis by regulation
of AMPK signaling among other flavonoids of A. okamotoanum. The present study suggests that
the flavonoids from A. okamotoanum can be the promising agents for the prevention and treatment
of obesity.
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Abstract: B. monnieri extract (BME) is an abundant source of bioactive compounds, including saponins
and flavonoids known to produce vasodilation. However, it is unclear which components are the
more effective vasodilators. The aim of this research was to investigate the vasorelaxant effects
and mechanisms of action of saponins and flavonoids on rat isolated mesenteric arteries using the
organ bath technique. The vasorelaxant mechanisms, including endothelial nitric oxide synthase
(eNOS) pathway and calcium flux were examined. Saponins (bacoside A and bacopaside I), and
flavonoids (luteolin and apigenin) at 0.1-100 1M caused vasorelaxation in a concentration-dependent
manner. Luteolin and apigenin produced vasorelaxation in endothelial intact vessels with more
efficacy (Emax 99.4 + 0.7 and 95.3 + 2.6%) and potency (ECsp 4.35 + 1.31 and 8.93 + 3.33 uM) than
bacoside A and bacopaside I (Emax 83.6 £ 2.9 and 79.9 + 8.2%; ECsy 10.8 + 5.9 and 14.6 + 5.4 uM).
Pretreatment of endothelial intact rings, with L-NAME (100 uM); an eNOS inhibitor, or removal of
the endothelium reduced the relaxant effects of all compounds. In K*-depolarised vessels suspended
in Ca?*-free solution, these active compounds inhibited CaClp-induced contraction in endothelial
denuded arterial rings. Moreover, the active compounds attenuated transient contractions induced by
10 uM phenylephrine in CaZ*-free medium containing EGTA (1 mM). Thus, relaxant effects occurred
in both endothelial intact and denuded vessels which signify actions through both endothelium and
vascular smooth muscle cells. In conclusion, the flavonoids have about twice the potency of saponins
as vasodilators. However, in the BME, there is ~20 X the amount of vaso-reactive saponins and thus
are more effective.

Keywords: luteolin; apigenin; bacoside A; bacopaside I; vasorelaxation

1. Introduction

Bacopa monnieri (L.) Wettst. or Brahmi, is an Ayurvedic medicine traditionally used as a
memory enhancer. Along with memory improvement, it is known to promote mental health,

Molecules 2019, 24, 2243; d0i:10.3390/molecules24122243 97 www.mdpi.com/journal/molecules
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as a neurotonic and cardiotonic agent. B. monnieri extract (BME) clearly has a cognitive enhancing
potential and neuroprotective effects [1-16]. It has been shown to be antioxidant in rat brain [17,18]
and to possess several pharmacological actions such as anti-depressant [19-21], anti-dementia [9],
anti-cholinesterase [8,9], anti-hyperglycaemic [22] and anti-hyperlipidaemia [23]. B. monnieri appears
to be non-toxic using haematological and blood biochemical diagnostics [24-26]. BME demonstrated
cardioprotection, improved coronary blood flow, and protection against myocardial ischemia
reperfusion injury [27,28]. Our recent work showed that BME acted as a vasodilator by releasing
nitric oxide (NO) from endothelium and inhibiting Ca?* influx and Ca?* release from the sarcoplasmic
reticulum (SR). These mechanisms mediated an acute decrease in blood pressure [29]. Also, daily oral
BME (40 mg/kg) in rats for 8 weeks showed a significant increase in cerebral blood flow [30], which
implies cerebrovascular dilation.

BME contains an abundance of bioactive compounds. They include dammarane-type triterpenoid
saponins, jujubogenin and pseudojujubogenin glycosides. These saponins are predominantly
bacopaside 1 and bacoside A, a mixture of bacoside A3z, bacopaside II, jujubogenin isomer of
bacopasaponin C, and bacopasaponin C [31-33]. Other than saponins, flavonoids, essentially luteolin
and apigenin are also present in B. monnieri [10,34-36]. Bacoside A3z and bacopaside II relax rat
mesenteric arteries [29] but the mechanism(s) of their relaxation are presently unknown. The flavonoids
found in B. monnieri also relax rat aortae [37—41] but these experiments used a variety of protocols and
vascular preparations. Therefore, it is important to make a side-by-side comparison of these flavonoids
with the B. monnieri saponins using a resistance vessel type. For this we choose the mesenteric artery
which better exemplifies actions on regional blood flow and systemic blood pressure than the aorta.
This work provides evidence to clarify the effective B. monnieri components for vasorelaxation which
could be related to the improvement of blood flow or memory enhancement.

2. Results

2.1. Vasorelaxant Effects of the B. monnieri Active Compounds

Mesenteric arteries of rats were isolated and mounted in an organ bath via intraluminal wire
hooks connected to a force transducer. The vessels were pre-contracted with 10 uM phenylephrine
(PE), before adding B. monnieri compounds including flavonoids (luteolin and apigenin), bacopaside I,
and the saponin mixture (bacoside A) at 0.1-100 uM. B. monnieri compounds caused vasorelaxation of
endothelial intact arteries (+EC) in a concentration-dependent manner (Figure 1) with ECsy and Epax
values shown in Table 1.

Luteolin
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== Bacoside A
KR
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Figure 1. Relaxations induced by luteolin, apigenin, bacoside A, and bacopaside I (0.1-100 uM) and
vehicle (DMSO) in endothelial intact mesenteric arteries precontracted with phenylephrine (10 uM).
Values are mean + SEM of 6-9 individual arterial rings. *** indicates p < 0.001 comparing relaxation
for each compound with the control (DMSO) using two-way ANOVA (n = 6-9). Lines were fitted by
non-linear regression.
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Table 1. The ECsy and Emax of B. monnieri active compounds on relaxation of endothelial intact rat

mesenteric arteries.

p-Value Whole

Active Compounds ECso (uM) Emax (%) n Graph Curves
Flavonoids Luteolin 4.35 +1.31 99.4 +0.7 6 -
Apigenin 8.93 +3.33 953 +2.6 9 NS
Saponins Bacoside A 10.8 £5.9 83.6 £2.9 tt 7 <0.05t
Bacopaside I 146 +54 799 +82+ 7 <0.01 +t+
Vehicle DMSO - 174 £3.1 ++ 7 <0.01 ++

Significantly different compared with luteolin + p < 0.05, 1 p < 0.01 using unpaired Student’s f-test (n = 6-9).

2.2. Mechanisms of Vasorelaxation by B. monnieri Compounds

All the B. monnieri compounds caused vasorelaxation in both endothelial intact (+EC) and
endothelial denuded (-EC) mesenteric arterial rings. The relaxations were reduced by the removal of
endothelium, implying that these compounds acted via an effect on endothelial vasodilators. However,
the compounds still produced some vasorelaxations of the endothelial denuded arterial rings due to a
direct action on vascular smooth muscle cells. For intact vessels, L-NAME (inhibitor of endothelial
NO synthase; eNOS inhibitor), also reduced the vasorelaxations (Figure 2, Table 2). These reductions
suggest that some or all the vasorelaxations were mediated through production and release of NO by
endothelial cells.

(b) o0

% Relaxation

EX Ty 80 - =O= -EC
) ®E%
+EC plus L-NAME <8 +EC plus L-NAME Ll
100 T T
0.1 1 10 100 0.1 1 10 100
log [Luteolin], pM log [Apigenin], pM
(o) 0
20
=
'2 40 -
g
= Ed
3
J 604 -@ +EC P
59 e
0= -EC
04 O -EC 30 4 I
-8 +EC plus L-NAME =B +EC plus L-NAME
100 T T T 100 T T T
0.1 il 10 100 0.1 1 10 100
log [Bacoside A], pM log [Bacopaside I], uM

Figure 2. Cumulative concentration-response curves of (a) luteolin, (b) apigenin, (c) bacoside A and (d)
bacopaside I in concentrations (0.1-100 uM) in endothelial intact (+EC), denuded (-EC) mesenteric
arterial rings and endothelial intact vessels pre-incubated in L-NAME (100 uM). The graphs are
expressed as %relaxation of vessel pre-contracted with 10 uM PE. Values are mean + SEM of 6-9
individual arteries. ** p < 0.01, *** p < 0.001 each compound compared with intact vessels (+EC) using
two-way ANOVA (n = 6-9).
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Table 2. The EC5y and Emax of B. monnieri compounds on relaxations of endothelial intact (+EC),
denuded (-EC) mesenteric arterial rings or endothelial intact arteries with L-NAME.

Active Compounds ECs0 (uM) Emax (%) n
Luteolin
+EC 4.35+1.31 99.35 + 0.66 6
-EC 21.90 £5.86 + 82.42 +4.65 tt 6
+EC plus L-NAME 14.99 +3.56 + 90.85 + 5.85 6
Apigenin
+EC 8.93 +£3.33 95.27 +2.61 9
-EC 12.80 + 2.54 98.81 + 1.19 8
+EC plus L-NAME 25.62 + 3.38 tt 94.40 + 2.10 7
Bacoside A
+EC 10.81 +£5.95 83.60 + 2.86 7
-EC 14.50 + 6.30 37.90 +£4.72 tt 6
+EC plus L-NAME 33.81 £ 625t 33.16 + 8.41 tt 5
Bacopaside I
+EC 14.63 + 5.36 79.94 + 8.17 7
-EC 17.29 +4.75 58.97 £ 7.05t 7
+EC plus L-NAME 25.38 +4.33 58.45 +4.21t 7

Comparison of ECsp or Emax of each component +EC vs. -EC or +EC plus L-NAME. t p < 0.05, tt p < 0.01 using
unpaired Student’s t-test.

2.3. B. monnieri Compounds and Ca®* Influx

Voltage-operated Ca?* channels (VOCCs) were activated by depolarising denuded vessels with
80 mM K* in Ca?*-free Krebs’ solution. Then vascular contraction elicited by CaCl, accumulatively
added at increasing concentrations (0.01-10 mM). In the same vessel, the protocol was repeated by
pre-incubation with 10 uM B. monnieri compounds for 15 min and these CaCl,-induced contractions
were inhibited and seen as a rightward shift of the plots and reduced Epax from control (Figure 3).
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Figure 3. CaClp-induced contractions of denuded mesenteric arteries pre-incubated in high K*,
CaZ*-free media in the conditions of pre-incubation with DMSO (negative control), 10 uM bacopaside
I, 10 uM luteolin, 10 uM apigenin, and 1 uM nicardipine (positive control). Y-axis, % contraction
compared to the contraction achieved with the highest Ca?* concentration during the initial run without
a B. monnieri compound in the same vessel. Values are mean + SEM of 4-6 individual arteries. ** p <
0.01 each of the active compounds compared to DMSO using two-way ANOVA (n = 4-6).

The maximum contraction (Emax) of control, bacopaside I, luteolin and apigenin were 100 + 1.3,
81.9 + 1.7, 72.0 + 6.7 and 40.2 + 3.5%, respectively. Positive control, L-type Ca?*-channel blocker,
nicardipine (1 uM) completely abolished this CaCl,-induced vasoconstriction (Figure 3).
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2.4. B. monnieri Compounds and Intracellular Ca>* Release

The release of intracellular Ca?* from the sarcoplasmic reticulum is another important trigger of
vascular contraction. Denuded arterial rings were pre-incubated in Ca?*-free Krebs’ solution for 10 min
and then 10 uM PE added thereby eliciting a transient contraction. Then the protocol was repeated
with the same arterial ring in the presence of the test compounds (control, apigenin, luteolin, bacoside
A and bacopaside I) producing reduced contractions (98.8 + 1.2, 50.1 + 8.5, 54.3 + 14.9,85.8 + 7.2 and
66.2 + 2.9%, respectively) (Figure 4). Luteolin, apigenin and bacopaside I caused significant decrease
in PE-induced contraction compared to the vehicle control (p < 0.001, <0.01 and <0.001, respectively).

100+
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401

% Contraction to PE

204
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Figure 4. PE-induced contraction induced by Ca* release from sarcoplasmic reticulum of endothelial
denuded mesenteric arteries in the presence of DMSO (control), 10 uM of luteolin, apigenin, bacoside A
and bacopaside I. The data is % contraction to 10 uM PE induced contraction compared to contractions
produced by the initial protocol without test compound. Values are mean + SEM of 5-6 individual
arteries. ** p < 0.01, *** p < 0.001 each of the active compounds compared with control using unpaired
Student’s t-test (n = 5-6).

3. Discussion

This is the first study comparing the vasodilatory mechanisms elicited by saponins (particularly
bacoside A and bacopaside I) and the principal flavonoids (luteolin and apigenin) were the most potent
(ECs0 4.4 and 8.9 uM) (Figure 1). However, these are present in BME at only about 1/20th the contents
of the bacoside A saponins and bacopaside I (Figure S1 and Table S1) [42]. Thus in terms of the overall
actions of the complete BME, the saponins would be expected to make a larger contribution to the
vasorelaxation than the flavonoids.

However, higher potency of aglycone flavonoids compared to saponin glycosides may be due
to sugar moieties interfering with the molecule interacting with the binding sites responsible for the
vasorelaxation as suggested by previously, i.e., lipophilic groups in the ring skeleton of flavonoids
increased their vasorelaxant activity [43]. This provides a basis for study of the molecular mechanisms
of vasorelaxation of flavonoids.

We investigated the mechanisms of flavonoid- and saponin-induced relaxation by endothelial
denudation in mesenteric arterial rings which impaired vasorelaxation (Figure 2). Role of NO was
investigated using the eNOS inhibitor (L-NAME) with the test compounds. L-NAME increased ECsg
and reduced Epax which imitated the effect of endothelial denudation, suggesting the relaxation was
mainly medicated by NO. This accords with observations made by Jin et al. that a cyclooxygenase
(COX) inhibitor did not affect the relaxation induced by apigenin [44], and consistent with our previous
study of B. monnieri extract, where indomethacin had no effect on vasorelaxation [29]. There were some
important concentration dependent differences between flavonoids and saponins. Firstly, denudation
or blockade of eNOS reduced the effect of bacoside A more than bacopaside I, luteolin and apigenin.
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Perhaps this was a reflection of bacoside A being a mixture of saponins. However, curiously the
responses of luteolin and apigenin to denudation and L-NAME where the latter had a greater effect.

Vascular smooth muscle express plasma membrane L-type Ca®* channels that allow depolarisation
dependent Ca2* entry to trigger contraction. All three compounds (luteolin, apigenin and bacopaside
I) tested in denuded vessels depressed this mechanism of contraction that can also explain in part, the
vasorelaxant effect. But here, apigenin appeared to be more effective than luteolin while it was less
effective in relaxation studies suggesting some heterogeneity in the mechanism of flavonoid action.

Ca®* release from intracellular stores also regulates contraction via inositol trisphosphate (IP3)
or ryanodine receptors (RyR) associated channels in the SR membranes. IP; associated channels are
commonly activated by plasma membrane G-protein coupled receptors including o -receptors which
are activated by PE. RyR channels are activated by Ca?* itself. The three pure compounds also inhibited
Ca?* released from stores which can account for at least some vasorelaxation of vessels precontracted
by PE. However, the bacoside A was without clear effect again suggesting some heterogeneity between
the four test substances. Other Ca?*-channels may also be involved, for example T-channels and TRP
channels, especially TRPC4 which is activated by «;-receptor activation.

K* channels also play a role in regulation of vascular tone, i.e., voltage-dependent K* (Ky) channels
open upon depolarization of the plasma membrane in vascular smooth muscle cells, and thus inhibits
Ca?* influx through VOCCs, resulting in vasodilation [45]. Jiang et al. also reported that luteolin
inhibited Ca?* channels, inhibited release of stored Ca2* while K* channels were activated, specifically
via Karp, Kca, Ky and Kig [40] therefore the effects of apigenin, bacoside A and bacopaside I involving
K* channels deserve further investigation. Our findings support those of Si et al. that luteolin can
directly act on vascular endothelial cells, by inducing eNOS phosphorylation at Ser1177, leading
to NO production [41]. The flavonoids evoke relaxations and also protect endothelial dependent
vasorelaxation against oxidative stress [44,46,47] and diabetes [48], however vasoprotective effects of
saponins needs further comprehensive investigation.

4. Materials and Methods

4.1. General Information

Tissues were from male Wistar rats (200-300 g) which were obtained from Nomura Siam
International Co. Ltd. (Bangkok, Thailand). Experiments were approved by the Naresuan University
Animal Care and Use Committee (NUACUC), protocol number NU-AE 600710. The rats were housed
under the environmental conditions at 22 + 1 °C, 12-h light and dark cycle, fed with standard rodent
diet and tap water in Naresuan University Center for Animal Research (NUCAR) according to the
guidelines for care and use of laboratory animals (Institute of Laboratory Animal Research, eighth
edition 2011. Rats were anesthetized by intraperitoneal injection of thiopental sodium (100 mg/kg BW)
and killed. The mesenteric arteries were excised, cleaned of surrounding loose connective tissue and
cut into rings of 3-5 mm width. In some experiments, endothelial cells were mechanically removed by
gently rubbing the lumen with a stainless steel wire. The mesenteric rings were mounted on a pair of
intraluminal wires in organ chambers containing physiological Krebs” solution (mM): NaCl, 122; KCI,
5; [N-(2-hydroxyethyl) piperazine N’-(2-ethanesulfonic acid)] HEPES, 10; KH,POy, 0.5; NaH,POy, 0.5;
MgCly, 1; glucose, 11; and CaCly, 1.8 (pH 7.3), at 37 °C and aerated [29,49-51]. The vessel segments
were allowed to equilibrate for 1-h at a resting tension of 1-1.3 g during which the solution was
replaced every 15 min. Changes in isometric tension were measured using force transducer lever (CB
Sciences Inc., Milford, MA, USA) connected to a MacLab A/D converter (Chart V7; A.D. Instruments,
Castle Hill, NSW, Australia), stored and displayed on a personal computer. Following stabilization, the
arterial rings were tested for viability by the application of 10 uM PE. Upon development of a steady
contraction, the endothelium status was tested with 10 uM ACh. The vessel was considered endothelial
intact when the ACh induced >70% relaxation. After establishing the status of the endothelium, the
rings were then rinsed with Krebs” solution for 30 min and one of the following protocols was initiated.
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Luteolin (lot 126M4061V) and apigenin (lot WE445301/1) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Bacoside A (lot 00002005-003) and bacopaside I (lot 00002002-T17H) were purchased
from ChromaDex, Inc. (Irvine, CA, USA).

4.2. Vasorelaxant Effects of B. monnieri Active Compounds on Endothelial Intact Arteries

Following stabilization, endothelial intact rings of mesenteric arteries were pre-contracted with
10 uM PE. After the contraction had become constant, the B. monnieri active compounds (0.1-100 pM),
including luteolin, apigenin, bacoside A or bacopaside I were added cumulatively.

4.3. Vasorelaxant Effects of B. monnieri Active Compounds on Endothelial Denuded Arteries

Successful endothelial denudation was confirmed by the absence of relaxation upon addition of
10 uM ACh. For investigation of the role of endothelium in 0.1-100 uM B. monnieri active compounds
(luteolin, apigenin, bacoside A or bacopaside I) induced vasorelaxation, endothelial denuded arteries
were used. The data of effect of active compounds were presented as %relaxation.

4.4. Study of Vasorelaxant Mechanisms of B. monnieri Active Compounds via eNOS Pathway

The role of the endothelial relaxing factor, NO, in B. monnieri active compounds (luteolin, apigenin,
bacoside A or bacopaside I) induced vasorelaxation were evaluated in endothelial intact ring pre-treated
with N G-nitro—L-arginine methyl ester (L-NAME, 100 uM), an inhibitor of eNOS, for 30 min prior to
10 uM PE exposure.

4.5. Study of Vasorelaxant Mechanisms of B. monnieri Active Compounds on Extracellular Ca®* Influx

Endothelial denuded mesenteric arteries were equilibrated in Ca?*-free Krebs’ solution (containing
(mM): ethylene glycol-bis (8-aminoethyl ether)-N,N,N,N tetra acetic acid (EGTA), 0.01; NaCl, 122; KCI,
5, HEPES, 10; KH,POy, 0.5; NaH,POy, 0.5; MgCl,, 1 and glucose, 11 (pH 7.3)) for 30 min followed
by replacing with Ca®*-free Krebs’ solution containing 80 mM K* for 10 min which depolarizes the
vascular smooth muscle cells, thus opening VOCCs. Various concentrations of CaCl, were then added
(0.01-10 mM) in a logarithmic progression. After obtaining the maximum response, the baths were
washed out and replenished with Ca®*-free Krebs’ solution for 30 min. The Ca?*-free 80 mM K*
solution was then re-applied following pre-incubation for 10 min with either: 10 M active compounds
or 1 uM nicardipine (antagonist of VOCCs). Concentration-response curves to cumulative addition
of CaCl, were then repeated and compared with maximum contraction evoked by previous control
CaCl, challenges.

4.6. Study of Vasorelaxant Mechanisms of B. monnieri Active Compounds on Intracellular Ca®* Release

To stimulate initial Ca2* loading of the SR Ca?* stores, endothelial denuded mesenteric arteries
were exposed to 80 mM K* solution for 5 min, and then washed out with Ca®*-free Krebs’ solution
containing 1 mM EGTA for 10 min. The arterial rings were then challenged with 10 uM PE (acting
through phospholipase C/IP3 signaling) which release Ca?* from the SR thereby eliciting a transient
contraction [29]. The same protocol was then repeated to ensure that similar transient contractions to
PE could be obtained. Then, the arterial rings were challenged again with 80 mM K* solution for 5 min,
and washed out with Ca*-free Krebs’ solution containing 1 mM EGTA and 10 1M active compounds
for 10 min. The arterial rings were again challenged with 10 uM PE. The PE-induced contractions were
compared in the presence or absence of active compounds.

4.7. Statistical Analyses

Statistical analyses used GraphPad Prism version 5.00 for Windows, (GraphPad Software Inc., La
Jolla, CA, USA). Data from each concentration-effect curve was analysed using non-repeated two-way
ANOVA. Curve fitting in the figures was generated by the same software using non-linear regression.
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EC5p and Epmax were compared using unpaired Student’s t test. Values are expressed as mean + SEM.
A p-value < 0.05 was considered significant. ‘n’ is the number of vascular rings used, each ring
originating from a different animal.

5. Conclusions

This study demonstrated that B. monnieri active components, including both saponins and
flavonoids, produced vasodilatory effects on rat isolated mesenteric arteries partially via endothelial
dependent release of vasodilators and also by direct effects on vascular smooth muscle cells via
blockade of Ca?* influx and its release from SR. This study for the first time reports the comparative
vasodilatory effects of saponins and flavonoids found in B. monnieri extract. However, B. monnieri
extract, flavonoids i.e., luteolin and apigenin would be more potent vasodilators but saponins have a
greater effect because of their greater contents. Accordingly, the clinical benefits on enhanced blood
flow and cognitive function may arise from a combination of flavonoids and particularly the saponins.

Supplementary Materials: Supplementary materials are available online. Figure S1: Representative HPLC-UV
chromatogram of mixed seven standards at 20 pg/mL for 1 and 2 and 100 pg/mL for 3-7 (A) and Brahmi extract
(2 mg/mL) (B); luteolin (1), apigenin (2), bacoside A3 (3), bacopaside II (4), bacopaside X (5), bacopasaponin C (6)
and bacopaside I (7), Table S1: Amount of each compound in 95% ethanolic extract of Brahmi analyzed by HPLC.
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Abstract: The anti-aging activity of many plant flavonoids, as well as their mechanisms of action,
have been explored in the current literature. However, the studies on the synergistic effects between
the different flavonoid compounds were quite limited in previous reports. In this study, by using a
high throughput assay, we tested the synergistic effects between different citrus flavonoids throughout
the yeast’s chronological lifespan (CLS). We studied the effect of four flavonoid compounds including
naringin, hesperedin, hesperitin, neohesperidin, as well as their different combinations on the CLS of
the yeast strain BY4742. Their ROS scavenging ability, in vitro antioxidant activity and the influence
on the extracellular pH were also tested. The results showed that neohesperidin extended the
yeast’s CLS in a concentration-dependent manner. Especially, we found that neohesperidin showed
great potential in extending CLS of budding yeast individually or synergistically with hesperetin.
The neohesperidin exhibited the strongest function in decreasing the reactive oxygen species (ROS)
accumulation in yeast. These findings clearly indicated that neohesperidin is potentially an anti-aging
citrus flavonoid, and its synergistic effect with other flavonoids on yeast’s CLS will be an interesting
subject for future research of the anti-aging function of citrus fruits.

Keywords: citrus flavonoids; neohesperidin; anti-aging activity; chronological lifespan; synergistic
effect

1. Introduction

Aging, a complex and multifactorial biological process, can be defined as a gradual loss of
physiological and psychological integrity, leading to gradual deterioration in almost all functions
and the increased vulnerability to death [1]. A treatment that targets the multiple factors and/or
pathways within the aging process is good candidate for study. At present, the trend of population
aging is gradually increasing. Because of this trend in population, it is of great practical significance
to find effective ways to slow aging or improve the healthy state of aging. The anti-aging activity of
phytochemicals has been studied by the researchers from a wide variety of disciplines. Many different
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plant compounds have been suggested to have direct/potential anti-aging activity in the existing
literature [2-5].

The budding yeast Saccharomyces cerevisiae has played a leading role as a model organism for
studying evolutionarily conserved mechanisms, which are relevant to human aging and age-related
diseases [6]. There are two types of lifespan in yeast, namely replicative lifespan (RLS) [7] and
chronological lifespan (CLS) [8]. RLS is defined as the number of daughter cells a mother cell can
produce before cell budding ceases [9], whereas CLS is the length of time budding yeast cells survive
after undergoing a nutrient depletion-induced arrest of the cell cycle in stationary phase [10]. RLS
and CLS can serve as models for proliferating and non-proliferating tissues in higher eukaryotes,
respectively [6].

The longstanding and successful use of herbal drug combinations in traditional medicine inspired
us to study the synergistic effect of phytochemicals that have healthy functions. Nowadays, synergy
assessment has become a key area in medical research in order to enhance the efficiency of treatments
and affect not only one single target, but several targets [11]. Previous investigations have shown that
naringin, hesperidin, hesperetin and neohesperidin, widely distributed in citrus fruits, possess multiple
biological activities relevant to anti-aging, and the detailed information of these phytochemicals are
presented in literature [12-21]. However, the phytochemicals were less evaluated as combinations.
At least, the ternary combinations of them were rarely reported. Meanwhile, the effect of neohesperidin
on CLS of the budding yeast BY4742 was not revealed before.

In order to reveal the flavonoid combinations function on extending the CLS of the budding yeast
BY4742, four flavonoid compounds, their binary and ternary combinations effect on CLS of yeast
BY4742, and their ROS scavenging ability and in vitro antioxidant activity were also tested in the
present work. Meanwhile, the extracellular pH values of yeast treated with the four compounds were
detected since extracellular acidification of the culture medium might cause intracellular damage in
the chronologically aging population [22].

2. Results

2.1. Neohesperidin Extended Yeast Lifespan in a Concentration-Dependent Manner

DMSO was universally used as a solvent for the water-insoluble drugs, and different concentrations
of DMSO variably affected the growth of the yeast [23]. Therefore, we firstly screened the appropriate
DMSO concentration. As shown in Figure 1 (A), there was no significant difference of yeast lifespan at
0.2% and 0.4% DMSO in the culture medium when compared with the control, while the lifespan at
0.6% and 0.8% DMSO were significantly decreased. To eliminate the influence of solvent in experiments,
we set the final medium concentration of DMSO to 0.2% for carrying out the following experiments.

High-throughtput assays were used for rapid quantification of the CLS for the merit of the yeast
chronological aging model [24,25]. Therefore, we employed this method to screen four citrus flavonoids
(naringin, hesperidin, hesperetin and neohesperidin) for their anti-aging activity. We determined the
longevity efficacy of the four phytochemicals in a range of doses, from 0 M to 100 M. From the
result, it was found out that neohesperidin exhibited a potential to extend the CLS of BY4742 at 0.1 uM,
while other three compounds could not increase the cell survival at the set concentrations (Figure 1B).
For the convenience of combinatorial experiments, here the concentrations of A, B, C and D as 100,
0.1, 0.1 and 0.1 uM were chose, respectively. Namely, for the next combinational assays, A (100 uM
naringin), B (0.1 uM hesperidin), C (0.1 uM hesperetin) and D (0.1 uM neohesperidin) were used.

The cumulative time of processing is thought to be an important factor for influencing cell growth.
In accordance with this hypothesis, our data implied that the four flavonoid compounds did not
influence the cell growth instantly after adding in 24 h at different processing times (Figure 2). Because
the growth curves of yeast treating with A, B, C and D were almost the same as the control ones.
This also showed that the four compounds did not inhibit the yeast cell growth. However, when the
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processing was started at day 2, the growth survival rates/CLS could change during long-lasting period
(Figure 3).
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Figure 1. (A) Effect of different concentrations of dimethyl sulfoxide (DMSO) on lifespan of yeast
BY4742. (B) Effect of different concentrations of the four flavonoid compounds on lifespan of yeast
BY4742. AUC means area under the curve. The data was expressed as the mean values + standard
error of mean (SEM), n = 3. One-way ANOVA'’s Sidak’s multiple comparisons test by GraphPad Prism
7.00 was used. (* p < 0.05, *** p< 0.001).
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Figure 2. The growth curves of yeast BY4742 when treating with the four flavonoid compounds at
different time at selected concentrations (100 uM A, 0.1 uM B, 0.1 uM C, and 0.1 uM D). The number of
the day means the time of culturing in aging medium. And the growth curves were detected instantly
after adding the compounds. The experiment was repeated three times. (A: naringin; B: hesperidin;

C: hesperetin; D: neohesperidin).
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Figure 3. (A) The survival rates of yeast BY4742 under the treatment of different compounds and
their combinations from day 2 to day 20, they were measured every two days. The survival rate was
calculated as follows. Where tOD= 0.3, 2day is the time that OD value of day 2 age-point reaches 0.3
in the outgrowth curves. The initial age-point (day 2) is defined to be 100% viability and the relative

survival percent of each successive age-point can be calculated as follows: Vi = ZA%“ x 1001 = days,
Din
Dt), represent the average doubling time. The survival integral (SI) for each well is defined as the area
n
under the survival curve (AUC) and can be estimated by the formula: SI =}, (W)(dayn —day,_1),
2

where day, is the age point, such as days 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20. (B) The effect of the
four flavonoid compounds, their binary and ternary combinations on chronological lifespan in yeast
BY4742 at their beneficial concentrations. AUC means area under the curve. One-way ANOVA
multiple comparisons. The data was expressed as the mean values + standard error of mean (SEM),
n=4.*p<0.05 " p<0.0001. A (100 uM naringin), B (0.1 uM hesperidin), C (0.1 uM hesperetin), D
(0.1 uM neohesperidin).

2.2. Neohesperidin Positively Interacted with Hesperetin for Extending the CLS of Yeast BY4742

The combination therapy was demonstrated to be a new and highly effective therapeutic strategy
to manage many diseases, such as diabetes [26], cancer [27], cardiovascular disorders [28], obesity
and osteoporosis [29]. Here, we studied the effect of binary and ternary combinations of naringin,
hesperidin, hesperetin and neohesperidin on the CLS of budding yeast BY4742. Figure 3A showed
the survival rates of yeast under different flavonoid treatments. For each treatment, 10 aging points
were detected. It showed that the survival rates of some treatment were higher when compared to
the counterparts of control. From Figure 3B, the result clearly showed us that the treatment of D, BD
and ABD showed the significant differences (p < 0.05), just weaker than CD and BCD (**** p< 0.0001).
We can see that D (neohesperidin) showed important function in the individual or synergistical
treatments. Therefore, we could conclude that neohesperidin had great potential in increasing CLS of
budding yeast BY4742 individually or synergistically with hesperetin.

2.3. Neohesperidin Significantly Reduced Intracellular Reactive Oxygen Species (ROS) Content

According to Harman, cellular component damage caused by ROS generated in mitochondria
is the main force accelerating the aging process of the organism [30,31]. As shown in Figure 4A, the
four flavonoids all exhibited a remarkable ROS scavenging capacity. Among four single treatments,
neohesperidin had the most prominent effect. Other treatments combined, all the ternary combination,
and BD as well, didn’t decrease intracellular ROS. As for the binary combinations, such as AB, AC, AD,
and BC, they showed higher ROS scavenging activities than their corresponding single substances.
The ROS scavenging capability of the binary combination BD was between B and D, while the function
of CD was almost the same as D.
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Figure 4. (A) Effect of A (100 uM naringin), B (0.1 uM hesperidin), C (0.1 uM hesperetin), D (0.1 uM
neohesperidin), their binary and ternary combinations on intracellular ROS levels of yeast (BY4742)
grown in standard SD medium after treating for 2 days (n = 12). The ROS probe H2DCFDA was used.
Dichlorodihydrofluorescein (DCF). One-way ANOVA multiple comparisons. The data was expressed
as the mean values + standard error of mean (SEM), n = 12. *** p < 0.0001; (B) The antioxidant
capacity (¥ M trolox equivalents/uM phytochemical) of A (naringin), B (hesperidin), C (hesperetin), D
(neohesperidin) and their binary and ternary combinations evaluated by 1,1-diphenyl-2-picrylhydrazyl
(DPPH), FRAP and ABTS assays. APCI (antioxidant potency composite index) = X(the sample data of
each method/the highest sample data of every method)/the number of methods ¢100. The higher the
APCl is the lower the rank number is.

2.4. In Vitro Antioxidant Activity of Neohesperidin was Relatively Weak

Many methods are available for measuring the in vitro antioxidant capacity and most researchers
apply one or more assays since each method measures different antioxidant characteristics of the
compound [32]. In this study, we used three methods to determine antioxidant capacity include DPPH,
ABTS, and FRAP assays. The antioxidant potency composite index (APCI) was defined to describe
and evaluate the overall in vitro antioxidant capacity of the tested compounds and their combinations.
The linear regression equations of the three assays are listed in Table 1. And all the related data
were presented in Table 2. Meanwhile, the APCI was plotted in Figure 4B. From these results, we
could see that neohesperidin had relatively weak in vitro antioxidant capacity; this implied the CLS
extension function of neohesperidin was not depending on its in vitro antioxidant activity. However,
with comparatively high in vitro antioxidant activity, CD and BCD extended the CLS of yeast BY4742.
Overall, we cannot forecast a compound’s CLS extending capacity just based on its antioxidant activity.

Table 1. The linear regression equations of the three assays.

Method Equation R? The Linear Range
DPPH y = —0.0029x + 0.6716 0.9997 0-200 uM
ABTS y = —0.0006x + 0.644 0.9962 0-1000 pM
FRAP y = 0.0023x — 0.003 0.9992 0-560 uM

113



Molecules 2019, 24, 4093

Table 2. The antioxidant capacities (UM trolox equivalents/uM phytochemicals) of the bioactive

compounds analyzed in this study.

Phytochemicals DPPH ABTS FRAP APCI Rank
A 11.33 +0.15 550.18 +1.212  350.74 +1.21" 63.96 9
B 3331+ 1160 53357 +0.22  302.64 +0.82°¢ 71.32 6
C 4139+0.16F  44733+059P  160.01 +0.29N" 60.17 10
D 28.74 +0.17 1 119.33 +0.36 © 7.54+0211 23.02 15
AB 3577 £0.068 57197 +7.132 45354+ 0.862 85.97 3
AC 458 +0.24°¢ 54894 +1.992  350.96 + 0.46 ° 82.51 4
AD 3413+ 010" 50091 £1.03P  194.44 +0.62 8 61.90 10
BC 53.74 +0.23 43293 +0.6° 16259 £0.71h 66.19 8
BD 52,61 +0.05¢ 4448 +27.13P 552 +0.221 54.73 12
CD 5852 £0.06° 54617 +1.012 32397 +0.04¢ 87.23 1
ABC 58.61+0.10°  47795+337> 20858 +1.19f 74.82 5
ABD 4758 +0.129  489.66 +0.64P>  191.63+1.508 68.30 7
ACD 61.75 +0.30 @ 25.05 +0.74 4 4.03 +0.081 35.09 14
BCD 6123+0.112  53831+0242  310.05+0.524 87.21 2
DMSO 342 +0.18k 45556 + 0.54° 19237 +0.26 8 4253 13

A: naringin, B: hesperidin, C: hesperetin, D: neohesperidin, the concentration of A, B, C and D is 1uM. APCI = X
(each sample value/the biggest sample value in that method)/the number of methods. Data were expressed as
mean + SEM (n = 9) and compared using one-way ANOVA's Sidak’s multiple comparisons test at p < 0.05 by
GraphPad Prism 7.00. Different letters (a, b, ¢, d, e, f, g, h, i, j, k) after data indicate values in the same column
significant differences.

2.5. Neohesperidin Could Not Slow Down the Variation of Extracellular Acidification of Yeast BY4742

Important parameters include the composition of the growth medium as well as the pH value.
The composition of the growth medium and pH value has been shown to have major impact on the
CLS of S. cerevisiae [33]. The effects of pH on CLS of budding yeast were investigated by previous
studies, and the results point to a mechanism of acetic acid toxicity related to the induction of growth
signaling pathways and oxidative stress in yeast [34]. In order to know the effect of the four flavonoid
compounds on the variation of extracellular acidification of yeast cultures, we detected the pH values
every five minutes using a pH meter. In Figure 5, 10 uM naringin obviously slowed down the variation
of extracellular acidification of budding yeast BY4742 at different aging states while the other three
flavonoid compounds did not influence it significantly at the same concentration when compared to

control groups.
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Figure 5. Variation of the pH of the culture mediums after the budding yeast BY4742 treated by the
four flavoniod compounds at 10 uM. The experiment was performed at least in triplicate. A: naringin,
B: hesperidin, C: hesperetin, D: neohesperidin.

3. Discussion

Former studies had reported that neohesperidin exhibited various anti-aging associated functions,
such as the neuroprotective effect [15], ROS-scavenging and anti-inflammatory activities [35],
attenuation of the decrease of mitochondrial membrane potential and the increase of caspase-3
activity evoked by H,O, [16], and cellular apoptosis-inducing activity [21]. All these functions laid a
good foundation for the result that neohesperidin increased the CLS of budding yeast BY4742 here.
It is surprising that neohesperidin extended the CLS significantly only at the lowest concentration
tested. In the report of Craker, et al. it also showed a lower concentration of auxin (10-6 IAA) promotes
proton-extrusion. Proton-extrusion under a high concentration of auxin (10-4 IAA) is inhibited by
auxin-induced ethylene [36]. The ROS-scavenging activity of neohesperidin was verified in our
research. The in vitro antioxidant capacity of neohesperidin was relatively weak, which explained
why the CLS extension function of neohesperidin did not depend on its in vitro antioxidant activity.
However, the combinations CD and BCD had high in vitro antioxidant activity and increased the
CLS of yeast (Figure 3B). The weak correlation of ROS and antioxidant activity may be caused by the
method we used to analyze the antioxidant activity. The antioxidant activity method tried to reacted
with a double bond at C 2-C 3 and/or a hydroxyl group at C 3 on the C ring of flavonoid. In Areias et al.
the results strongly suggested that the higher antioxidant activity of the flavonoids is not correlated
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with the presence of a double bond at C 2-C 3 and/or a hydroxyl group at C 3 on the C ring, but
rather may depend on the capacity to inhibit the production of reactive oxygen species to interact
hydrophobically with membranes [37]. At the same times, a large number of studies have shown that
some antioxidants do have the function of extending lifespan, their specific mechanisms of action are
complex. Only some antioxidants have been shown to exhibit anti-aging effects related to the direct
free radical and ROS clearance. But the life-extending effects of other antioxidants on model organisms
were not limited to direct antioxidant function, but also include the regulation of stress-related genes
expression and the induction of toxic stimulatory effects [38]. Therefore, it is impossible to predict the
ability of a substance to extend the CLS of yeast based on its antioxidant activity. Though we did not
test the result in other strains, it offered information for other researchers and scientists to validate the
result in other strains and model organisms.

Many cellular processes and extrinsic factors negatively influence the yeast chronological lifespan,
including medium acidification andoxidative stress [39]. One of the early changes that occurs in yeast
cells grown in media containing 2% glucose (dextrose) is the production of acetic acid and acidification
of the medium, which has been shown to influence chronological aging [38]. Buffering the medium
to pH 6-7 prevents acidification and increases chronological life span [10,39-41]. Additionally, acetic
acid can be utilized by Saccharomyces cerevisiae for growth and metabolism in spite of its potential
toxicity [42]. 10 uM neohesperidin, hesperidin and hesperetin maintained the variation trend of
extracellular pH values when compared with control (Figure 5). However, 10 uM naringin clearly
slowed down the variation of extracellular acidification (Figure 5). At this concentration, the CLS of
yeast BY4742 was treated with neohesperidin, hesperidin and hesperetin were almost the same as the
control group.

Increased ROS scavenging has marked effects on CLS in yeast, but the reason remains an
unresolved issue [33]. Aging and related diseases are the consequence of free radical-mediated damage
to cellular macromolecules and their inability to counterbalance endogenous antioxidant defenses
mechanisms [43]. However, data has indicated that ROS also can play a positive role in inducing stress
response genes (hormesis) [43—46].

Moreover, recent findings suggest that also the type of ROS and the time they occur are important
for lifespan extension in S. cerevisiae [47-49], which illustrates the complex role of ROS in yeast aging.
Graziano et al. [47] reported that neohesperidin decreased ROS generation in human keratinocytes.
Nohara, et al. recently revealed that nobiletin (one of flavonoids in citrus) fortifies mitochondrial
respiration in skeletal muscle to promote healthy aging against metabolic challenge. ROS production
was significantly suppressed by nobiletin treatment in a dose-dependent manner [50]. From Figures 3B
and 4A, it showed that D and CD increased the CLS of yeast BY4742 and decreased the intracellular
ROS content. But, for ABD and BCD, they prolonged the CLS while increased the intracellular ROS.
This result was consistent with Wu'’s [51]. So, there was no certain positive or negative relationship
between ROS scavenging activities of the compounds and their effects on lifespan, and this was also in
line with the intricate role of ROS in yeast aging.

In Figure 3A, the survival rates of yeast BY4742 under the treatment of different compounds and
their combinations from day 2 to day 20 were not gradually decreasing. They present double peaks.
This can be also found in the result of Wu et al. (2014). For the first few days, the survival rates were
relatively high. This can be explained by the enough nutrient and low survival pressure during this
time. As time went on, valley points appeared for a very short time as the nutrition became less. Then,
peaks appeared again. This phenomenon might attribute the success to the metabolism of another
nutrient that alleviated the survival pressure.

Qi etal. [36] reported that the antioxidant activity of antioxidants mixture/compounds combination
was more effective than a single compound. In our experiment, the combinations AB, AC, CD, ABC,
and BCD had a stronger antioxidant capacity than any single substance corresponding to them. Based
on our observations, it could be concluded that the flavonoids present in a mixture could interact, and
their interactions could affect the total antioxidant capacity of a solution (Figure 4B). Although we
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demonstrated that the four flavonoid interactions trigger synergistic or antagonistic effects for the
antioxidant power, there are other flavonoid combinations that require a more detailed study in order
to better understand the mechanisms involved in these interactions. Lutchman et al. [52] had reported
plant extracts that increased the yeast ‘s CLS. And the autophagy promoted by decreased TORC1
signaling is critically important for a long CLS [10]. By referring to these studies, we can explore the
way by which the compounds execute their effect in future studies.

4. Materials and Methods

4.1. Materials

The wild-type strain S. cerevisine BY4742 (ATCC®, 201389™) (MATa his3A1 leu2A0 lys2A0
ura3A0) was obtained from American Type Culture Collection (Manassas, VA, USA). The culture
of yeast reference strain was aliquoted into 10 uL and stored at —80 °C. All L-amino acids,
yeast nitrogen base w/o amino acids (YNB), ammonium sulfate, peptone, agar and yeast extract,
H,DCFDA, 2 4,6-tripyridyl-s-triazine (TPTZ), 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), dimethyl sulfoxide (DMSO), neohesperidin, naringin,
hesperidin and hesperetin were bought from Sigma-Aldrich (Shanghai, China). YPD Broth, YPD
and other chemicals were from Solebo biotech Co., Ltd. (Beijing, China). The 96-well polystyrene
microplates with flat bottom were purchased from Corning incorporated (Kennebunk, ME, USA).

4.2. Lifespan and Yeast Cell Growth Assay

The determination of chronological lifespan (CLS) of yeast was carried out according to the
method of Wu et al. [25] with a moderate modification as follows. In brief, the yeast cells were prepared
by transferring a streaked strain from frozen stocks onto YPD agar (0.5% yeast extract/1% peptone/2%
dextrose/1.4% agar) plates. After incubating the cells at 30 °C for 2 days, a single colony was picked
and inoculated into a 1.0-mL YPD liquid medium (1% yeast extract/2% peptone/2% dextrose) in a
10-mL sterilized centrifuge tube (round bottom) and cultured at 30 °C for 2 days in a flat incubator
at 200 rpm. The 2-day YPD culture was diluted with autoclaved 18 mQ) Milli-Q grade water (1:10)
and stored in a refrigerator at 4 °C for 2 days. After 2-day incubation at 4 °C, 5 uL (= 1 x 10* cells) of
the diluted culture was transferred to 993 microliter of synthetic-defined (SD) media (Supplementary
Table S1, [51]) and maintained at 30 °C, 200 rpm for the entire experiment. Compounds in DMSO
with several concentrations (2.0 uL) were added at the initial inoculation (0 h). Each experiment was
performed at least in triplicate. Cell cultures were incubated at 30 °C without replacing the aging
medium throughout the experiment. After 2 days of culture in an aging media, the cells reached
stationary phase and the first age-point was then taken. Subsequent age-points were taken every
24 days. For each age point, 5.0 uL of the mixed culture was pipetted into each well of 96-well
flat-bottom microplate. Ninety-five microliter YPD medium was then added to each well. The cell
population was monitored with a microplate reader (Varioskan Flash; Thermo Scientific, Waltham,
MA, USA) by recording OD660 every 10 min during 24 h.

The survival rate was calculated as follows [25]. Where tOD= 0.3, 2day is the time that OD value of
day 2 age-point reaches 0.3 in the outgrowth curves. The initial age-point (day 2) is defined to be 100%
viability and the relative survival percent of each successive age-point can be calculated as follows:

1 —
Vn = Py X 1001 = days, Dt, represent the average doubling time.
Dty

The survival integral (SI) for each well is defined as the area under the survival curve (AUC) and
can be estimated by the formula:
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n

Vici + V.
SI = Z(%)(duyn—dayn,l)
2

where day,, is the age point, such as days 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20.

4.3. Intracellular ROS Scavenging Ability Assays

To quantify the intracellular reactive oxygen species (ROS) level of yeast cells grown in standard
SD medium with/without the four compounds, the method described in Wu et al. [51] had been
referenced. Namely, 2 uL. ROS probe HyDCFDA from a fresh 5-mM stock solution in DMSO was
added into 1.0 mL yeast aging culture (at day 2) at 30 °C for 1 h. The culture was then washed twice in
sterile distilled water and suspended in 1.0 mL of 50 mM Tris/Cl buffer (pH 7.5). Twenty microliter
of chloroform and 10 uL of 0.1% (w/v) sodium dodecyl sulfate (SDS) were added, and the cells were
incubated at 200 rpm for 30 min to allow the dye to diffuse. The culture was centrifuged at 5000 rpm for
5 min, and the fluorescence of the supernatant was measured using a microplate reader with excitation
at 480 nm and emission at 520 nm.

4.4. Antioxidant Activity Assays

In this study, DPPH, FRAP and ABTS assays were used for in vitro antioxidant capacity evaluation.
The DPPH assay was performed according to the method described by Barreca et al. [53]. An aliquot of
each sample (0.5 mL) was mixed with 75 uM (3.5 mL) of DPPH in methanol to a final volume of 4.0 mL.
After reacting for 30 min without light, the absorption of the mixture was detected at a wavelength of
517 nm. The inhibition percentage of radical scavenging activity was the DPPH value. The FRAP assay
was carried out according to Hungder et al. [54] with some modifications. A 0.2 mL aliquot of the
sample was mixed with 3.8 mL of FRAP reagent (0.3 mol/L acetate buffer (pH 3.6), 10 mmol/L TPTZ
solution, and 20 mmol/L ferric chloride (FeCls) were mixed (10:1:1, volume ratio)). After 30 min, the
absorbance was detected at wavelength of 593 nm. And the ABTS assay was followed the method of
Mnb et al. [55] with few modifications. The ABTS radical cation (ABTS e+) was generated by reaction
of 176 uL of potassium persulfate solution (140 mM) and 10 mL aqueous ABTS solution (7 mM) under
the condition of no light for 12-16 h. Then it was diluted with methanol to an absorption value of
0.7 £ 0.02 units at 734 nm. 0.1 mL sample was added to 4.9 mL ABTS reagent. The absorbance was
measured at a wavelength of 734 nm after 10 min reaction. All absorbance values were determined
by using the UV-VIS spectrophotometer (PerkinElmer Lambda 25 UV/VIS, Waltham, MA, USA).
Antioxidant values were calculated by standard curve method and expressed as trolox equivalents
(TE mg/g DW).

4.5. Extracellular pH Detection

The culture process of yeast in the early stage was almost the same as the method described in
the part of “Lifespan and yeast cell growth assay”. The specific operation was as follows. The yeast
cells were prepared by transferring the yeast strain from frozen stocks onto YPD agar plates. After
incubating the cells at 30 °C for 2 days, a single colony was picked and inoculated into a 1.0-mL YPD
liquid medium in a 10-mL sterilized centrifuge tube and cultured at 30 °C for 2 days in a flat incubator
at 200 rpm. The 2-day YPD culture was diluted with autoclaved 18 mQ) Milli-Q grade water (1:10)
and stored in a refrigerator at 4 °C for 2 days. After 2-day incubation at 4 °C, 10 L (= 2 x 10* cells)
of the diluted culture was transferred to 1986 uL of SD media and maintained at 30 °C, 200 rpm for
2/10/20 days. Various compounds in DMSO (4.0 uL) were add to the medium to a final concentration
of 10 uM at initial inoculation (0 h). Then ImL of the 2/10/20-day SD culture was added to 19 mL fresh
YPD liquid medium. The pH was tested every five minutes using a pH meter while the yeast was
cultured at 30 °C in a shaker at 200 rpm for the whole detection. Each experiment was performed at
least in triplicate.
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4.6. Data Analysis

The raw data from the microplate reader were exported to Microsoft Excel 2007 (Redmond,
WA, USA). From the growth curves, the viability of the yeast can be obtained according to previous
report [25]. Survival integral [56] of each aging culture was defined as the area under the survival
curves [25,57]. The data were analyzed by one-way analysis of variance (one-way ANOVA), and were
expressed as the mean values + standard error of mean (SEM). The significance of difference (* p < 0.05;
** p < 0.01; ** p < 0.001; *** p < 0.0001) was determined using Sidak’s multiple comparisons test.
GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA) was used for the analysis.

5. Conclusions

In conclusion, neohesperidin, with relatively high capability of removing intracellular ROS,
showed great potential in extending the CLS of budding yeast BY4742 individually or synergistically
with hesperetin. This might lead to new choices for the treatment of aging problems and since there was
a limited relationship between the CLS-extension of yeast and the tested indexes (e.g., ROS scavenging
ability, in vitro antioxidant activity and the extracellular pH). Further studies to discover the molecular
mechanisms of this phenomenon will be extremely beneficial to prevent aging. Because of this, the
importance of choosing the best combination of flavonoids, should be borne in mind when designing
new dietary supplements or functional foods.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/22/4093/s1,
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Abstract: Obesity is an inflammatory disease that is approaching pandemic levels, affecting nearly
30% of the world’s total population. Obesity increases the risk of diabetes, cardiovascular disorders,
and cancer, consequentially impacting the quality of life and imposing a serious socioeconomic
burden. Hence, reducing obesity and related life-threatening conditions has become a paramount
health challenge. The chronic systemic inflammation characteristic of obesity promotes adipose
tissue remodeling and metabolic changes. Macrophages, the major culprits in obesity-induced
inflammation, contribute to sustaining a dysregulated immune function, which creates a vicious
adipocyte-macrophage crosstalk, leading to insulin resistance and metabolic disorders. Therefore,
targeting regulatory inflammatory pathways has attracted great attention to overcome obesity and its
related conditions. However, the lack of clinical efficacy and the undesirable side-effects of available
therapeutic options for obesity provide compelling reasons for the need to identify additional
approaches for the prevention and treatment of obesity-induced inflammation. Plant-based active
metabolites or nutraceuticals and diets with an increased content of these compounds are emerging as
subjects of intense scientific investigation, due to their ability to ameliorate inflammatory conditions
and offer safe and cost-effective opportunities to improve health. Flavones are a class of flavonoids
with anti-obesogenic, anti-inflammatory and anti-carcinogenic properties. Preclinical studies have
laid foundations by establishing the potential role of flavones in suppressing adipogenesis, inducing
browning, modulating immune responses in the adipose tissues, and hindering obesity-induced
inflammation. Nonetheless, the understanding of the molecular mechanisms responsible for the
anti-obesogenic activity of flavones remains scarce and requires further investigations. This review
recapitulates the molecular aspects of obesity-induced inflammation and the crosstalk between
adipocytes and macrophages, while focusing on the current evidence on the health benefits of flavones
against obesity and chronic inflammation, which has been positively correlated with an enhanced
cancer incidence. We conclude the review by highlighting the areas of research warranting a deeper
investigation, with an emphasis on flavones and their potential impact on the crosstalk between
adipocytes, the immune system, the gut microbiome, and their role in the regulation of obesity.

Keywords: flavones; inflammation; obesity; cancer; microbiome; molecular mechanisms; gene
and protein regulatory networks; macrophages; NF-«B; IKKj3, inflammatory cytokines; apoptosis;
apigenin; foods for health

1. Introduction

The incidence of obesity has ascended steadily in the last ~35 years and is reaching epidemic levels
worldwide, inflicting life-threatening conditions and great socioeconomic burden. It is an alarming
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fact that almost half of the world’s population is obese or overweight. Obesity is a major health
concern often correlated with deteriorating life expectancy and increasing risks of several comorbid
disorders, such as cardiovascular diseases, hypertension, type-2 diabetes mellitus, non-alcoholic fatty
liver disease, steatohepatitis, osteoarthritis, and cancer [1]. The significant increase in obesity within the
world’s population prompted the need for identifying novel cost-effective interventions that are capable
of controlling obesity with minimal harmful side effects. Obesity and obesity-linked diseases are
associated with systemic chronic inflammation that leads to altered adipocyte functions [2]. Aberrant
accumulation of macrophages (referred to as adipose tissue associated macrophages or ATMs) in
adipose depots and other immune cells are vital contributors to obesity-induced inflammation [3,4].
The discovery that immune cell infiltration increases in adipose tissues of obese individuals has opened
a new aspect in the research field and emphasizes the interest of using strategies that target immune
cells to overcome the adversities associated with obesity. Thus, elucidating the mechanisms underlying
obesity-linked inflammation has been suggested as a potential approach in preventing and battling
obesity. High fat diets (HFD) induced harmful changes in the gut microbiome, leading to inflammation
and systemic metabolic dysregulation [5]. Therefore, regulating the gut microbiome through the use of
healthier diets could impact prevention and treatment of obesity.

Flavonoids are a large class of bioactive dietary nutraceuticals derived from the phenolic
metabolism, which is widely distributed in plants and represents the important nutritional components
of our diet [6]. Flavonoids, with more than 7000 identified, so far, have a myriad of health-promoting
effects, owing to their potent antioxidant, anti-inflammatory, anti-carcinogenic, and immuno-modularity
properties [7,8]. Due to these benefits, flavonoids are attracting great interest in the treatment
and prevention of chronic inflammatory diseases. Emerging evidence suggests that the intake
of flavonoid-rich diets exerts an inverse correlation with obesity and related inflammation [9,10].
Interestingly, recent studies showed that flavonoids can alter the gut microbiota ecosystem, reducing
systemic inflammation [11]. Here, we reviewed the mechanistic aspects of obesity-induced
inflammation, as well as the current knowledge on the role of dietary flavones, a subclass of flavonoids,
and the molecular mechanisms that are involved in regulating obesity-induced inflammation and
related diseases, such as cancer. We also highlight the potential beneficial effects of flavones on the
relation between gut microbiota, immune and adipocyte homeostasis, and their impact on controlling
and treating obesity.

2. Obesity-Induced Inflammation and Its Impact on Health

2.1. Obesity

Obesity is defined as an increase in body mass fat, resulting in excessive calorie consumption
associated with a high incidence in the development of cardiovascular disease, metabolic dysfunction,
diabetes, liver damage, and even cancer. Obesity is characterized by the presence of low and systemic
chronic inflammation, which leads to dysregulated adipocyte function, promoting hormonal changes
that alter the regulation of food consumption. In mammals, adipose tissue is classified into white
adipose tissue (WAT) and brown adipose tissue (BAT). WAT functions as a reservoir of triglycerides
from which free fatty acids (FFAs) are released to fuel the energy demands. BAT is considered to
be a lipid reserve for cold-induced adaptive thermogenesis and is characterized by an increased
mitochondrial count, lipolysis, and expression of uncoupling protein-1 (UCP-1), a key protein involved
in the regulation of energy expenditure and protection against oxidative stress [12]. WAT is divided into
two main depots, the subcutaneous adipose tissue (SAT) found under the skin, and the visceral adipose
tissue (VAT) located around the internal organs. Among these depots, two types of thermogenic
adipocytes are known to exist—classical brown and beige, which have disparate developmental and
anatomical characteristics. The classical brown adipocytes found in the BAT have an embryonic origin,
whereas the inducible thermogenic beige adipocytes exist in WAT and are derived either through
transdifferentiation of WAT or from beige adipocyte precursor cells expressing platelet-derived growth
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factor receptor (PDGFR)-« [13]. This occasional development of beige adipocytes is referred to as the
browning of WAT and was first identified in rodents, however, recent findings suggest the presence of
beige adipocytes in humans as well. Browning is associated with resistance to HFD-induced obesity. In
obese individuals, the conversion of triglycerides into FFAs through lipolytic enzymes such as adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), and the subsequent FFA (-oxidation
are impaired, consequently affecting the browning of adipose tissues [14]. Adipose tissue is also
recognized as an endocrine organ that regulates systemic energy homeostasis, releasing a repertoire of
cytokines (referred to as adipokines), hormones, and lipokines [15,16]. Leptin, an adipokine secreted
during food intake, plays a key role in maintaining metabolic balance by suppressing appetite. Leptin
levels are highly upregulated in obesity, but obese individuals become “leptin resistant” by losing
their ability to control food ingestion, despite the presence of high levels of leptin [17]. The adipokine
adiponectin has anti-obesogenic functions and regulates glucose levels and lipid oxidation [18].
Interestingly, recent studies involving single cell sequencing, and metabolomic and proteomic analyses
of human mesenchymal progenitors and WAT, identified adipocyte progenitors that developed into
adipocyte subsets with distinct metabolic and endocrine functions [19,20]. These findings highlight the
cellular heterogeneity of adipose tissues and the need to gain a better understanding of the adipocyte
populations, its precursors and the regulatory mechanisms that define their role in obesity.

Adipogenesis is a multi-step process that involves the development of a multipotent
mesenchymal stem cell into a precursor preadipocyte, which then further differentiates into a
mature lipid-laden adipocyte [21]. In the mouse cell line 3T3-L1, a broadly used model of
adipogenesis, mitotic clonal expansion (MEC) involving multiple cell divisions, precedes the terminal
differentiation [22]. Adipogenesis is regulated by a cascade of transcription factors, including
peroxisome proliferator-activated receptor gamma (PPARYy), CAAT/enhancer-binding proteins (C/EBP),
and sterol regulatory element binding protein isoform (SREBP)-1c, which induce temporal changes
of adipogenesis-regulatory genes [23-25]. A recent study using a single molecule 5’ cap analysis of
gene expression (CAGE) revealed dynamic patterns of gene expression profiles during adipocyte
differentiation, in which the early stage involved an increase in genes related to structural remodeling
and cell division, whereas genes in the later differentiation state were involved in the regulation of
lipid metabolism and energy homeostasis characteristic to WAT [26]. Human transcriptome analyses
reported several adipocyte-specific genes, such as leptin, adiponectin, fatty acid binding protein
(FABP)-4 and ATGL, to be highly expressed in mature adipocytes [27].

In obesity, an imbalance in energy homeostasis causes adipose tissue remodeling, including
adipocyte enlargement (hypertrophy) and an increase in numbers (hyperplasia) [28]. The adipose
tissue constitutes adipocytes and stroma, which includes endothelial cells, pericytes, adipose stem
cells, and immune cells (Figure 1). In lean conditions, macrophages, the predominant immune cell
population accounting for 10% of all cells in the adipose tissue, are found in an alternatively activated
M2 state, characterized by expressing CD206* CD163" CD301* surface receptors and are sparsely
distributed [3]. Loss of M2 macrophages resulted in increased weight gain in myeloid-specific PPAR
delta (8) ablated mice fed with HFD, reflecting on the relevance of M2 ATMs in mitigating obesity [29].
In obese conditions, there is a significant increase in the number of ATMs, which are mainly found
as classically activated M1 phenotype expressing CD11ct CD86" surface proteins responsible for
promoting inflammatory conditions [30,31]. Notably, the main mechanism contributing to the increase
of M1 phenotype is the recruitment of inflammatory monocytes (characterized by the presence of
CCR2+* CX3CR1% Ly6Chigh CD11b* surface proteins) from the circulation, which on entering
the adipose tissue differentiate into M1 ATMs [32]. The adipocyte secreted chemokine monocyte
chemoattractant protein (MCP)-1 is known to be a key player in recruiting inflammatory monocytes
to the adipose tissue [3,33]. Transgenic mice overexpressing MCP-1 showed an increased number of
infiltrated macrophages in the adipose tissue, supporting the relevance of MCP-1 [34]. The recruitment
of monocytes also requires CD11b integrin, as demonstrated using CD11b-deficient HFD-fed mice [35].
Several other adipocyte-induced chemokines such as colony stimulating factor (CSF)-1, C-X3-C motif
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ligand (CX3CL)-1, leukotriene B4, and macrophage migration inhibitory factor (MIF) also promoted
macrophage infiltration [3,36-38]. Additionally, it was suggested that the proliferation of resident M2
ATMs might also contribute to an increase in the ATM population at the early stages of obesity [39,40].
Recent findings revealed the presence of a distinct pool of proinflammatory metabolically activated
macrophages (MMe), which were stimulated by palmitate and participated in the trafficking and
lysosomal metabolism of lipids, yet, failed to express the typical M1 markers [41,42]. These initial
findings suggest a higher ATM heterogeneity than expected and would require further investigation.
Other immune cells also contribute to maintaining the metabolic homeostasis in adipose tissue. Tregs
and eosinophils aid in the polarization of ATMs into an M2 phenotype, by releasing cytokines such as
interleukin (IL)-4, IL-13, and IL-10 [43—46]. In addition, innate lymphoid cells (ILC)-2 seem to induce
adipocyte browning and ameliorate obesity through IL-33 dependent upregulation of UCP-1 [47].
Recent metabolomic and lipidomic profiling studies reported differential metabolite and lipid signatures
in human and animal models, revealing a significant increase in glycerol 1-phosphate, glycolic acid,
uric acid, polysaturated fatty acids, and fatty acyl chains in obese groups, thereby engendering fatty
livers [48-50]. These studies highlight the need for the identification of molecules that can be used as
an early diagnostic and prognostic marker in obesity-induced inflammation.
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Figure 1. Schematic representation of the cellular dynamics of adipose tissue associated with
obesity. As obesity develops, hypertrophic adipocytes and changes in immune cell populations
contribute to the development of a chronic inflammatory adipose microenvironment that leads to
metabolic dysregulation.

2.2. Inflammation and Its Link with Obesity

Chronic inflammation is a prolonged and progressive response that is accompanied by an altered
immune function, ultimately leading to tissue dysfunction. It plays a key role in the initiation and
progression of the pathophysiological alterations that are characteristic of obesity. Although there is an
indisputable link between inflammation and obesity, there are still unresolved questions pertaining to its
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trigger and causative factors. It was hypothesized that inflammation initially originates as a consequence
of homeostatic stress due to energy imbalance in the adipocytes [51]. Obesity-induced increase in gut
permeability can give rise to circulating intestinal stemmed Gram-negative bacterial lipopolysaccharide
(LPS) levels, which provoke inflammatory responses by interacting with toll-like receptor (TLR)-4 in
adipocytes and macrophages [52,53]. Additionally, dietary or adipose tissue-derived FFAs binding to
TLR2 and TLR4 can trigger the inflammatory signaling pathways [54]. Hypertrophic adipocytes can
stimulate local induction of the transcription factor hypoxia-inducing factor (HIF)-1«, as a result of
excessive oxygen depletion and decreased perfusion, leading to the upregulation of proinflammatory
genes, the FFAs plasma levels, and macrophage infiltration [55,56]. FFAs released from dying adipocytes
also exacerbate inflammation by binding to macrophage TLR2/4 receptors triggering the activation
of nuclear factor-kappaB (NF-«B) and NOD-like receptor (NLR)P3, through the damage-associated
molecular proteins (DAMPs), with subsequent production of inflammatory cytokines [57,58]. Often
obese adipose tissues are characterized by the elevated generation of mitochondrial reactive oxygen
species (ROS), leading to mitochondrial deregulation, oxidative stress, and inflammation [59]. In
response to these stimuli, metabolically dysregulated adipocytes secrete proinflammatory cytokines,
such as tumor necrosis factor (TNF)-«, which stimulate the neighboring adipocytes and the endothelial
cells to secrete NF-«B regulated MCP-1 and other chemokines, thereby recruiting M1 ATMs [33]. High
levels of MCP-1 were also implicated in mediating resident macrophage proliferation [60]. Transgenic
and chemically induced mice models lacking macrophages conclusively supported the role of ATMs in
promoting obesity-induced inflammation. Ablation of macrophages using clodronate liposomes (CL)
treatment resulted in the reduction of HFD-induced adipose tissue inflammation [61]. Moreover, a
significant decrease in inflammation and insulin resistance was observed in granulocyte macrophage
colony stimulating factor (GM-CSF) knock-out mice fed with HFD, owing to the abatement of C-C
motif chemokine receptor (CCR)-2-specific macrophage infiltration in adipose tissues, but had no
effect on body weight [62]. Adipocyte-induced netrin-1 promoted the retention of inflammatory
macrophages in obese adipose tissues by interacting with specific macrophage receptors [63,64]. The
infiltrated M1 ATMs produce significantly large amounts of proinflammatory cytokines such as TNF-«,
IL-6, IL-8, and IL-1f and attract more macrophages through MCP-1 secretion, creating a deleterious
adipose microenvironment [31,34,65]. M1 macrophages can group around the dying adipocytes to
form crown-like structures (CLS), which are indicative of an increase in hypoxia, hypertrophy, and
stress [66]. This aberrant inflammatory environment creates further adipocyte dysregulation through
increased secretion of leptin and lipolytic genes, and enhanced insulin resistance, eventually leading to
adipocyte death.

Additional immune cells including mast cells, neutrophils, dendritic cells, T cells, B cells, and
ILCs in the adipose tissue stroma participate in the onset of obesity (Figure 1). Nonetheless, how
the interaction between these immune cells initiate and sustain adipose tissue inflammation remains
elusive. In obesity, prior to ATM infiltration, there is a rise in the number of lymphocytes in the obese
adipose tissues, which affects the sustenance of obesity-induced inflammation but is dispensable
for the onset of obesity [4]. CD8" T cells, activated by hypertrophic adipocytes expressing major
histocompatibility complex (MHC)-II, enhance ATM filtration and adipose tissue inflammation in
HFD-fed mice, as confirmed by the CD8" T cells loss and gain of function in vivo studies [67-69]. CD8*
T cells were found around CLS along with M1 ATMs in epididymal adipose tissues (EAT). Interestingly,
CD4* T cells were identified to exhibit long-lasting obesity memory and induction of body mass
regain in a weight gain—loss-regain C57BL/6] model, suggesting the potential role of an immune cell
stimulated inflammatory condition in promoting obesity relapse [70]. B cells also stimulated secretion
of proinflammatory cytokines, adipocyte hypertrophy and insulin resistance in obese mice. A decrease
in systemic inflammation in obese B-cell-deficient mice was correlated with a significant reduction in
Tregs, indicating the ability of B cells to regulate the T cell function in hypertrophic adipose tissue [71].
Additionally, B cell filtration in adipose tissues seems to precede other immune cells. B cells were
infiltrated into the adipose tissues after 3 weeks of HFD, followed by T cell at week 6, and macrophage
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infiltration at week 12. Importantly, there was a significant rise in ATMs and natural killer cells (NK) in
lymphocyte-deficient Rag27- mice, suggesting that T cells and B cells are not essential for the initiation
of obesity [72]. Additionally, it remains debatable whether the early lymphocyte accumulation is a
protective response rather than a stimulus of inflammatory conditions. Loss and gain of function
in HFD-fed and leptin-mutated genetically obese mice revealed that CD4" Foxp3* Tregs secreted
anti-inflammatory cytokines like IL-10 and influenced the insulin sensitivity of adipose tissues [44].
Interestingly, single cell RNA-sequencing of SAT, identified crosstalk induced between the adipocytes
and the IL-10 secreting immune cells, wherein beige-like metabolically active adipocytes exhibited an
enhanced expression of IL-10R« responsive thermogenic genes [73]. A potential role of mast cells in
mediating systemic thermogenesis, macrophage recruitment, and insulin resistance in high cholesterol
and HFD-fed mice was reported [74]. Eosinophils-induced IL-4 in WAT was found to promote M2
macrophage polarization [75,76]. Neutrophils promote inflammation in HFD-induced obese mice,
through the secretion of proteases, such as elastase [77]. CD11c* CD64™ expressing dendritic cells
accumulate in the SAT of obese mice and in humans, which promotes the activation of CD4* T-cell
polarization and proliferation through Th17-type responses, to trigger inflammation [78,79]. The
role of ILCs in obesity remains controversial. ILC2 depletion was reported to decline eosinophils,
M2 ATMs, and anti-inflammatory cytokines, such as IL-13 and IL-5 in the VAT, thereby inducing
adiposity [80]. On the contrary, recent studies identified that the loss of ILC2 and ILC3 resulted in
decreased weight-gain in HFD-fed mice, which was reversed through the adoptive transfer of small
intestine ILC2 [81]. The discrepancies in these studies suggest that further investigations to evaluate
the role of different immune cells are necessary. Collectively, these findings support the complex
roles of innate and adaptive immune cells during the early stages of obesity-induced inflammation,
contributing to adipose tissue remodeling.

Several molecular pathways induce inflammation in obesity (Figure 2). TLR-mediated polarization
of macrophages into an M1 inflammatory phenotype involves different transcription factors, such as
NF-«B, PU.1, C/EBP-«, activator protein-1 (AP-1), STAT1, and interferon regulatory factor (IRF)-5 [82].
FFAs, TNF-«, or LPS can activate TLRs to stimulate c-Jun N-terminal kinases (JNK) or NF-kB mediated
inflammation, resulting in enhanced innate immunity, activation of NLRP3 inflammasomes, and
production of proinflammatory cytokines [83-85]. IKK[3 and TLR4 deficiency in macrophages protected
from insulin resistance in mice when exposed to HFD, and also inhibited FFA induced upregulation
of TNF-a and IL-6 [54,86]. Mice, with a deficiency in TGF-B-activated kinase 1 (TAK1), an upstream
modulator of NF-kB, in adipocytes, displayed an increased M2 ATM count in WAT, along with an
enhanced resistance to HFD or leptin-deficiency-induced obesity [87]. Thus, targeting the IKK[3/NF-«B
pathway has become an appealing approach to ameliorate the devastating effects of inflammation
induced by obesity [88]. The association of obesity with increased insulin resistance has been extensively
studied. Several adipokines such as leptin and retinol-binding protein (RBP)-4 were increased in
obese insulin-resistant mice [33,89]. JNK and NF-«B pathways in adipocytes and macrophages,
activated in response to obesity-induced stimuli, directly inhibit insulin response [63,90]. FFAs trigger
diacylglycerol (DAG) and fatty acyl-CoA in the adipocytes, leading to protein kinase C (PKC) activation,
which further phosphorylates insulin receptor substrate (IRS)-1 to inhibit AKT and GLUT-4, causing
impairment in the ability of the liver to take up glucose and consequentially increased the circulating
glucose levels (Figure 2) [91,92]. Obesity-induced inflammation and related dysregulated metabolic
homeostasis often impact the liver, leading to nonalcoholic fatty liver diseases and steatosis (fat
accumulation in the liver). Obesity enhances the supply of FFAs to the liver from the adipocytes,
causing upregulation of PPARy-dependent fatty acid translocase protein CD36. This increase in lipid
storage elevates the activation of inflammatory responses in resident Kupffer cells and the recruitment
of inflammatory myeloid cells to the liver, in a CCR2/MCP1-dependent manner, thereby elevating
the severity of hepatic damage [93]. Evidence on the close overlap between the functional roles of
adipocytes and macrophages imply inflammation to be the linking hub in obesity [94]. Therefore,
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defining, cell-specific regulators of obesity-induced inflammation can be promising in identifying
therapeutic targets that can ameliorate the complications associated with obesity.
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Figure 2. Adipocyte-macrophage crosstalk plays a key role in the induction and maintenance
of obesity. Hypertrophic adipocytes release chemoattractants, promoting macrophage infiltration.
Adipose-induced adipokines and free fatty acids (FFAs) stimulate adipose tissue macrophages
(ATMs) into an M1 inflammatory stage to trigger J]NK, NF-kB, and NLRP3-mediated pathways
and inflammatory cytokines, which further induce adipocyte responses, including PPARy and
C/EBPs-regulated expressions of adipogenic, thermogenic, lipolytic, and lipogenic genes.

2.3. Obesity-Link Adipocyte and Macrophage Crosstalk

Adipocyte-macrophage crosstalk plays a central role in the induction and maintenance of
obesity [95,96]. Macrophages constitute 40-60% of total cells in the adipose tissue depots of obese
individuals, with an increase of ~5 fold, compared to lean [3,31]. Obese adipocyte-derived MCP-1,
TNF-oe and lipids, stimulate inflammatory monocyte infiltration and increase ATMs in adipose
tissues [65,97]. Increased ATMs lead to higher levels of proinflammatory cytokines that cause further
adipocyte dysregulation. ATM-derived TNF-« affects adipocytes by disrupting lipid and adipokine
homeostasis, resulting in an increase of FFAs, among others. Adipocyte-induced FFAs further stimulate
macrophages to express inflammatory cytokines. Hence, a disrupted macrophage-adipocyte crosstalk
results in a harmful paracrine loop that exacerbates inflammation-mediated responses in the obese
adipose tissue (Figure 2) [98-100]. Infiltrated ATMs in CLS are predominantly M1 phenotype, with
just 10% in the outer rim of CLS accounting for M2 phenotype [39,43]. Initial studies suggested
that adipocytes in CLS were highly necrotic in obese mice [101], while recent reports provide strong
evidence that adipocytes undergo caspase-induced apoptosis [102,103]. Similar levels of adipocytes
undergoing cell death were found in macrophage-depleted and control mice fed with HFD, suggesting
that ATMs are not required for adipocyte cell death, rather the process is a response to elevated lipid
dysregulation [104]. The ATMs in CLS function by taking up lipids, as well as removing the dead
adipocytes through phagocytosis, and eventually form foam cells or become inactivated [105]. Further
investigations on the understanding of the mechanistic nature of the macrophage—adipocytes crosstalk
are much needed and guarantee to reveal vital knowledge, to help control obesity-induced inflammation.
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3. Flavones and Their Impact on Obesity-Induced Inflammation

Obesity increases the incidence of heart disease by 30%, leads to diabetes, and is associated with
cancer risk, as suggested by several meta-analyses [106]. Chronic inflammatory conditions represent
one-third of the total $1.1 trillion US health care expenditure, representing approximately 20% of the
annual national GDP. The currently used medications for obesity, such as orlistat, (a pancreatic lipase
inhibitor), and liraglutide (an incretin mimetic), have severe side effects that accrue to other undesirable
symptoms [107]. Hence, identifying additional approaches that lack unwanted effects is necessary.

Flavonoids are a large class of plant phenolic secondary metabolites with anti-obesogenic,
anti-inflammatory, and immune-modulating activities. Higher consumption of flavonoid-rich diet has
been linked to reduced energy consumption, food intake, and weight loss [108]. Thus, flavonoids might
offer an economically favorable approach, with minimal, if any, side effects for the prevention and
treatment of obesity. Flavonoids are structurally characterized by two benzene rings and a heterocyclic
pyrone ring. Based on the oxidation and saturation status of the heterocyclic ring, flavonoids are
categorized into different sub-groups, such as flavones, flavonols, flavanones, flavanonols, flavanols,
isoflavones, and anthocyanidins [6]. Flavonoids are potent antioxidant agents and the molecular
mechanisms by which they mitigate free-radical-derived oxidative stress have been extensively reported
elsewhere [8,109]. The health beneficial effects of flavonoids are mediated primarily through their
ability to modulate multiple gene/protein signaling networks. However, the basic mechanisms of action
are not completely understood. Several studies support the beneficial role of flavonoids in obesity. The
flavonol quercetin, perhaps one of the most studied in the context of obesity, increases adiponectin and
downregulates MCP-1, TNF-«, and IL-6 expressions in adipocyte macrophage co-cultures and HFD
mice models, via the inhibition of the NF-«B, AP-1, and mitogen-activated protein kinase (MAPK)
pathways [110]. Resveratrol, a flavonoid found in red wine, decreased insulin resistance, inflammation,
and CCR2-driven macrophage infiltration in SAT and VAT in HFD-fed mice [111]. Several studies
have reported that soy isoflavones promote lipid homeostasis and fatty acid metabolism, and inhibit
macrophage-adipocyte crosstalk both in vitro and in vivo [112,113]. Investigations on flavonoids as
potential agents for treating obesity-linked cancers and obesity-associated modulation of gut microbiota
are gaining interest. Resveratrol and naringenin suppressed inflammation and breast tumor growth by
inhibiting adipocyte hypertrophy and tumor associated macrophages (TAM) in obese mice [114,115].
Consumption of anthocyanin containing foods can protect against diet-induced obesity and systemic
inflammation, by modifying the gut microbial population in mice [116]. Striking associations of the
dietary flavonoid intake with decreased obesity were found in numerous meta-analyses [117,118].
These findings established flavonoids as prospective arsenals in fighting obesity and reinforced the
significance of their use in our daily diets and in clinical trials. Flavones, a sub-class of flavonoids, are
highly efficacious as anti-inflammatory and anti-obesogenic agents. Here, we focus this review on the
role of flavones in the prevention and treatment of obesity and its related disorders.

3.1. Flavone Sources and Structure

Flavones are gaining immense interest due to their diverse bioactivity in plants and animals.
They differ in structure from the other flavonoids in terms of the presence of a double-bond between
C2 and C3 in the flavonoid core skeleton, a ketone at C4, and the absence of any modifications in
the C3 position (Figure 3) [119]. The flavone core is subjected to substitutional conjugations, such as
hydroxylations (addition of OH groups), glycosylations (bound to sugar moieties), or methoxylations
(addition of methyl groups) at different positions, accounting for its expansive range of health beneficial
activities [8]. Flavones are naturally found in plants as glucosides, conjugated either through hydroxyl
groups (O-glycosides) or directly linked through the carbon (C-glycosides) groups. Functional activity,
absorption, and bioavailability of these flavones can largely be dependent upon the structure, linkage,
and the number of sugar moieties [120,121]. Most of the studies investigating the beneficial effects
of flavones use them in their sugar-free form (aglycone). However, studies using whole foods with
a high content of these phytochemical components in their naturally occurring form, remain scarce.
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We showed that aglycones are more easily absorbed than their glycosides, findings that are directly
linked to their bioavailability and immunoregulatory functions [120]. Nevertheless, the poor solubility
of aglycones imposes a great impediment for their clinical application in human health. We have
overcome this gap in the field by developing foods from celery that increase the absorption and deliver
bioactive concentrations of apigenin aglycone in vivo [120].
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Figure 3. Structure of flavonoid core and different flavones.

The levels of flavonoids can significantly vary between plants and tissues. The common food
sources of flavones include citrus fruits, vegetables, herbs, and grains. Albeit flavones represent only a
small fraction of the total flavonoid intake, it is estimated to range between 0.7 to 9.0 mg/day [122].
Rich, natural flavone sources are parsley, celery, peppermint, and sage, which predominantly contain
apigenin and luteolin in their O-glucoside forms [123]. In maize, maysin and apimaysin are common
flavones modified in —C groups. Another group with a wide array of physiological effects is the
methoxylated flavones, such as acacetin, diosmetin, and chrysoeriol, which are commonly found in
the citrus family [124]. Despite the available and procuring knowledge on the bioactivity of pure
flavones, further investigations on the effect of whole foods containing a high flavone content need
to be adopted, with rigorous consideration on the estimation of consumption quantity. This is vital
for overcoming hurdles in accurately interpreting the association between flavone intake and health
outcomes at clinical levels.

3.2. Role of Flavones in Obesity-Induced Inflammation

Several studies have suggested promising effects of flavones on the prevention and treatment of
obesity-induced inflammation, based on their ability to modulate adipocyte, as well as their immune
cell function. Flavones inhibit different stages of adipogenesis by suppressing lipid accumulation in
adipocytes, through the reduction of lipogenesis and lipolysis (Table 1).
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Table 1. Flavones and their functional roles in obesity and its associated inflammation.

Flavone Experimental Model Concentration

Function Reference

Mouse 3T3-L1 cells 10-50 uM

| adipogenesis: C/EBPf and PPARy
| lipolysis: HSL, MSL

7 fatty acid oxidation: AMPK

| MCE, G0/G1 arrest

[125,126]

Human mature

adipocytes B M

| lipogenesis: FASN

No effect adipogenesis (271

Apigenin

HFD-fed obese
C57BL/6] mice

15-50
mg/kg/day

| adiposity

| lipogenesis: FASN

T lipolysis: ATGL, HSL

7 fatty acid oxidation: AMPK and ACC

| inflammation: MAPK, NF-kB, TNF-«, IL-6 and
MCP-1

| ATM infiltration and M1 polarization

T thermogenesis: UCP-1

| STAT3/CD36

| liver steatosis and hepatic inflammation
| NLRP3

7 insulin sensitivity

1 oxidative stress: XO and ROS

T Nrf2 activity

[128-132]

3T3-L1 cells 10-50 uM.

| adipogenesis: C/EBPa and PPARy

| lipogenesis [133]

Luteolin
HFD-fed obese

C57BL/6J mice 5 mg/kg/day

| adiposity

| inflammation: IL-1f and IL-6

| ATM infiltration and M1 polarization
| insulin resistance

| hepatic steatosis

[134-136]

3T3-L1 cells 125 uM

Baicalein

| adipogenesis: C/EBPo, C/EBP(3, FABP4 and PPARy
| lipogenesis
1 MCE, G0/G1 arrest

[137,138]

Diet-induced obese

C57BL/6J mice 20 mg/kg/day

T thermogenesis: UCP-1

7T insulin sensitivity: GLUT4 (1391

Orientin 3T3-L1 cells 50 uM

| adipogenesis: C/EBPa, C/EBPS, PPARY, FABP4
and GLUT4

| lipogenesis: FASN, SCD, ACC

| lipolysis: HSL, MSL, ATGL

|PI3K/Akt-FOXO1

[140]

3T3-L1 cells 50 uM

Chrysin

T adipogenesis: C/EBP«, C/EBP and PPARy
T lipogenesis: ACC

7 lipolysis: HSL, MSL,

T thermogenesis: UCP-1

T AMPK

[141]

Diet-induced obese
C57BL/6] mice

20-30
mg/kg/day

| adiposity

T PPARy

| inflammation: TNF-«, IL-6 and IL-1$
| ATM infiltration and M1 polarization

[142]

Apigetrin 3T3-L1 cells 100 uM

| adipogenesis: C/EBPa, PPARY, and SREBP-1c
| lipogenesis: FASN
| inflammation: TNF-« and IL-6

[143]

3T3-L1 cells 25-100 uM

| adipogenesis: PPARy
| lipogenesis

T ERK1/2

| Akt

[144]

Vitexin
HFD-fed obese

C57BL/6 mice 5 mg/kg/day

| adiposity
| adipogenesis: C/EBPa and lipogenesis: FASN
1 AMPK

[145]

Wogonin
(Scutellaria
baicalensis)

HFD-fed obese

C57BL/6 mice 500 mg/kg/day

| insulin resistance

| inflammation: TNF-« and IFN-y [140]

HFD-fed obese

Baicalin C57BL/6 mice

5 mg/kg/day

7 insulin sensitivity

1 inflammation: TNF-«, MCP-1 and IL-1$
1 oxidative stress

T Nrf2 activity

T CPT1A activity

[147,148]
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Apigenin and luteolin inhibit adipogenesis at 10-50 uM by attenuating the accumulation
of intracellular triglycerides and the expression of adipogenic transcriptional factors, such as
C/EBP and PPARYy, in differentiated 3T3-L1 and primary adipocytes, through the upregulation
of 5’-adenosine monophosphate-activated protein kinase (AMPK) activity [125,133]. Apigenin and
baicalein suppress proliferation and differentiation of preadipocytes, by inducing cell cycle arrest at
G0/G1, and inhibiting MCE during the early stages of differentiation [126,137]. Lipid accumulation in
mature human adipocytes and differentiated 3T3-L1 adipocytes was suppressed by apigenin, orientin
(luteolin-8-C-glucoside), and baicalein. This suppression occurs through the reduction of lipolytic genes
ATGL, HSL and monoacyl glyceride lipase (MGL), and lipogenic genes like fatty acid synthase (FASN),
acetyl-CoA carboxylase (ACC) and stearoyl-CoA desaturase (SCD), which reflect on the anti-lipolytic
and anti-lipogenic role of flavones [127,138,140]. However, apigenin had no impact on adipogenesis
or the expression of any of adipogenic genes, including SREBP-1c in mature human mesenchymal
stem cell-derived adipocytes, while chrysin enhanced lipolysis, adipogenesis, and lipogenesis in
differentiated 3T3-L1 cells [127,141]. Differences in these findings could be attributed to the etiology,
the stage of differentiation of the cells used and the treatment dose, thus, highlighting the need for
additional studies and the use of models that fully capture the complex balance of physiological
whole-body metabolism. Reduction in transcriptional and translational levels of other adipogenic
genes, such as FABP4 and GLUT4, were observed in the differentiated 3T3-L1 adipocytes treated with
orientin and baicalein [138,140]. Chrysin enhances WAT thermogenesis by upregulating the expression
of UCP-1 [141]. Although flavone glycosides apigetrin (apigenin 7-O-glucoside) and vitexin (apigenin
8-C-glucoside) suppressed adipocyte differentiation in 3T3-L1 cells, through the activation of the
ERK/MAPK pathway, the flavone concentrations used were significantly high and unreachable in vivo
in mice or human clinical trials, thereby possibly masking the key underlying mechanisms [143,144].

Anti-obesity responses of flavones were further corroborated using HFD obese mice models
(Table 1). Baicalin (20 mg/kg/day), luteolin (5 mg/kg/day), apigenin (50 mg/kg/day), and vitexin
(5 mg/kg/day) repress the expression of transcription factors associated with adipose differentiation,
attenuate adiposity, and mitigate lipogenesis in WAT of HFD-fed C57BL/6] mice [128,134,139,145].
Apigenin (15-30 mg/kg) inhibit preadipocyte differentiation and visceral obesity in HFD-fed mice,
by directly interacting with STAT3, hence inhibiting STAT3 transcriptional activity and reducing the
expression of CD36 and PPARy [129]. These results further support that flavones can exert their
biological activities through direct binding to proteins. We previously demonstrated that apigenin
binds with different affinities to 160 proteins, by screening a human peptide phage display library
coupled with next generation sequencing (PD-Seq) [149]. Among these targets, cathepsin D (CTSD),
was implicated as a pivot mediator in adipogenesis, lipid metabolism in mouse hepatic steatosis,
mitochondrial dysfunction, cell death, and macrophage infiltration, in hypertrophic adipose tissues of
genetically and HFD-induced obese mouse models [150,151]. Future mechanistic studies are vital to
reveal the mechanisms of action of flavones in obesity-induced inflammation to facilitate its prevention
and therapeutics.

Flavones inhibit obesity-induced inflammation by reducing macrophage numbers in adipose
tissues, thereby diminishing a proinflammatory adipose environment (Table 1). Apigenin and chrysin
reduce the levels of proinflammatory cytokines IL-12, TNF-«, IL-6, and MCP-1 in adipose tissue in obese
C57BL/6] mice [132,142]. This effect seems to be due to the ability of apigenin to switch macrophage
phenotype from M1 to M2 by binding to PPARYy, thereby suppressing the interaction between PPARy
and NF-«B. Luteolin also decreases the infiltration of ATMs in the EAT of HFD-fed mice, by reversing
the polarization of obesity-associated M1 and MMe ATMs through the activation of the AMPKoa1
pathway [135]. Interesting studies using adipocyte-RAW 264.7 macrophages co-cultures and cell-specific
conditioned media revealed that luteolin reduces inflammation by suppressing macrophage-stimulated
inflammatory cytokines, but has no effect on adipocytes-stimulated adipokines, suggesting that luteolin
specifically targets macrophages [152]. An alternative explanation of these results could probably owe to
the use of hypertrophic adipocytes, as it was previously reported that only preadipocytes and adipocyte
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progenitors release chemokines such as MCP-1, to stimulate macrophage accumulation in adipose
tissues, while their expression levels are low in mature adipocytes [153,154]. Scutellaria baicalensis roots
rich in baicalin, wogonin, and luteolin alleviate HFD-induced insulin-resistance in obese mice, through
modulation of inflammation, by promoting M2 phenotype skewing and reducing the TLR5 signaling
pathway [136,146]. Flavones prevent non-alcoholic fatty liver disease (NAFLD) and steatosis. This
effect seems to be due to the ability of flavones to increase liver fatty acid oxidation and reduce oxidative
stress. Apigenin (50 mg/kg/day) reduces HFD/FFA-induced hepatic steatosis, lipid peroxidation, and
lipid accumulation in the liver, by downregulating the lipogenic genes and inhibiting the overexpression
of inflammatory markers and Kupffer macrophage infiltration [131]. These hepatic protective effects of
apigenin were ascribed to its xanthine oxidase (a purine nucleotide degradation and ROS generator)
inhibitor role, which hence inhibited the NLRP3 inflammasome assembly, ROS generation, and
the release of inflammatory cytokines IL-1$ and IL-18, illustrating a combined anti-oxidant and
anti-inflammatory mechanism of action [131]. Oxidative stress was found to be mitigated by apigenin
(30 mg/kg/day) and baicalin (50 mg/kg/day), by inhibiting the mitochondrial dysfunction through
Nrf2 activation in adipocytes and macrophages in HFD/FFA-fed NAFLD mice [130,147]. Interestingly,
induced activation of Nrf2 negatively regulated the PPARy function in the NAFLD model, probably
through direct interaction with Nrf2 [130]. Luteolin (5 mg/kg/day) decreases liver lipotoxicity by
inducing FFAs flux to WAT and attenuates liver fibrosis by reducing cathepsin and extracellular
matrix accumulation [136]. A quantitative proteomic study identified baicalin as an allosteric
activator of carnitine palmitoyltransferase 1 (CPT1), the rate-limiting enzyme of fatty acid 3-oxidation,
wherein it significantly improved hepatic steatosis and decreased diet-induced obesity, by directly
binding with CPT1 to facilitate accelerated lipid influx into the mitochondria for -oxidation and
FFA degradation [148]. These findings underscore the efficacious nature of flavones in tackling
obesity-induced inflammation, by actively affecting both the inflammatory macrophages and the
adipocytes in the adipose depots, and also their crosstalk. Despite a large number of encouraging
studies suggesting the health beneficial impacts of flavones, it warrants further investigation of the
different upstream molecular mechanisms of their roles in modulating obesity-induced inflammation,
using foods rich in flavonoids, at feasible treatment doses.

3.3. Controlling Obesity-Associated Cancer Using Flavones

Obesity was positively correlated with cancer morbidity and mortality in both men and
women [155]. In addition, preclinical and epidemiological studies implicated obesity as a major
risk factor for the development of cancer [156-158]. This is especially significant in the case of
breast cancer, where the adipose tissue is a predominant component of the stroma in the mammary
tissue [159]. Cancer cells spread to stromal compartments that possess abundant adipose tissue, while
adipocytes along with ATMs serve as a tumor-favoring niche with endocrine resources to nurture and
mold the tumor microenvironment, contributing to tumor progression and metastasis [160,161]. The
insulin-insulin growth factor (IGF)-1 axis, sex hormones, and adipokines are key mediators between
obesity and cancer, each of which are tightly linked to the endocrine and paracrine dysregulation of
adipose tissue in obese individuals [162]. For instance, adipose-derived stem cells secrete chemokine
adipsin and promote breast cancer growth [163,164]. Leptin released from adipose tissue is shown to
induce vascular endothelial growth factor (VEGF) overexpression and enhanced cancer stem cell-like
properties in breast cancer [165,166]. VAT-derived fibroblast growth factor (FGF)-2 was reported to
stimulate cell transformation through FGF receptor-1 in melanoma and breast cancer [167].

Hypertrophic expansion of adipose tissues in obese individuals shares many common aspects
with tumor growth. Both obesity and cancer progression are closely associated with energy intake
and nutrient availability. Hypoxia, often linked to obesity, stimulates enhanced angiogenesis, creating
a microenvironment that provides a tumor permissive niche for the transformed or infiltrating
cells [168,169]. Certain fibrotic factors such as adipose-derived collagen-IV and endotrophin are the key
mediators linking obesity and tumor growth [170-172]. While adipocyte-released mediators are the
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predominant regulators of tumor progression, cancer cells can also induce metabolic differences and
condition adipocytes in a pro-tumorigenic fashion, to form cancer-associated adipocytes (CAA) [173].
Paracrine signals from CAAs induce lipid degradation resulting in the release of FFAs, which is
used as an energy source during metastasis by facilitating -oxidation in cancer cells [174]. This
reciprocal crosstalk between the cancer cells and adipocytes within the microenvironment is crucial for
creating a tumor-permissive niche. Most importantly, both are characterized by chronic inflammation.
Inflamed adipose tissues induce an aggravated expression of proinflammatory mediators, increased
aromatase levels, and elevated estrogen receptor-o (ER-x)-dependent gene expression, which are
also involved in tumor growth and metastasis [175,176]. Tumor cells also release MCP-1 to trigger
macrophage infiltration, which are key contributions for tumor maintenance. While adipocytes
recruit M1 phenotype macrophages, cancer cells skew macrophages towards an M2 phenotype [177].
Interestingly, adipocyte-cancer cell crosstalk was shown to influence chemotherapy efficacy and
outcome in obese patients. The efficiency of tamoxifen to inhibit the proliferation of breast cancer cell
line MCF-7 was significantly reduced in the presence of matured adipocytes derived from adipocyte
stem cells of obese women. This effect was attributed to the increased presence of inflammatory
adipokines, such as leptin, IL-6, and TNF-«, in the co-cultures of MCF-7 and adipocytes [178]. It is
noteworthy that some of the key molecular players involved in obesity were also strikingly critical in
cancer progression, such as NF-kB, CCL2/CCR2, JNK, and HIF/VEGE.

The anti-cancer efficacy of flavones relied on their ability to regulate key molecular pathways
related to cancer cell proliferation and immune cell function, thereby halting tumor growth and
metastasis [8]. Flavones inhibit cell growth and promote cell death in various cancer types. Importantly,
we found that apigenin induces cell death of numerous cancer cell types but had no effect on the
proliferation of non-cancer cells in leukemia [179]. We previously showed that apigenin induces cell
cycle arrest by inducing DNA damage through the phosphorylation of ataxia-telangiectasia mutated
kinase (ATM) and H2A histone family member X (H2AX) [180]. Luteolin induces apoptosis of colon
cancer cells through its interaction with p53 and upregulation of Nrf2 [181]. In the human xenograft
prostate cancer model, apigenin, through the inhibition of IGF/IGFR-1, reduced tumor growth [182].
Flavones can also suppress stem-like properties in aggressive cancers [183]. Baicalein inhibits the
expression of stem cell markers CD44M8"CD24!1°" and octamer-binding transcription factors (OCT)-3
and 4 in triple negative breast cancer cell lines, through the inhibition of interferon-induced protein
with tetratricopeptide repeats 2 (IFIT2) [184]. In addition, flavones are also potent immunoregulators.
Apigenin and a celery-based apigenin-rich (CEBAR) food, a diet developed by our team that delivers
in vivo effective doses of apigenin [120,185], reduce inflammation through the inhibition of NF-xB and
decreased proinflammatory TNF-o in vivo [186,187]. Apigenin and luteolin suppress MCP-1 and IL-6
release, inhibiting TAM infiltration and migration of cancer cells [188-190]. These findings support the
potent role of flavones in the prevention and treatment of obesity-induced cancers, and in enhancing
the efficacy of chemotherapeutic drugs. However, further investigations on the effects of flavones on
HFD-induced mammary tumorigenesis in preclinical PyMT mouse models are required, which can be
significantly informative for clinical studies.

3.4. Flavones as Emerging Mediators of Gut Microbiota and Its Link with Obesity-Induced Inflammation

The gastrointestinal tract (GI) is inhabited by a broad repertoire of microorganisms, generically
referred to as the gut microbiota. While the intestine provides a nutrient-rich, protected environment
in which microbiota thrive to create a diverse and stable ecosystem, the microbiome provides nutrients
to human host cells and prevent the entry of potential pathogens [191]. Microbes play an essential role
in vitamin production, the modification of food components, energy homeostasis, intestinal mucosa
formation, and the development of immunity. The gut microbiota interacts with the host cells through
molecular communication, using small molecules and other metabolites [192]. Metagenomic analysis
revealed that bacteria in the intestine belong to mainly three phyla, Bacteroidetes, Firmicutes, and
Actinobacteria. Diet plays a drastic role in maintaining gut microbiota diversity [193]. An imbalance
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in the composition, richness, and the metabolic activity of gut microbiota, known as dysbiosis, can
give rise to dramatic changes in the symbiotic relationship between the bacteria consortium and the
host, leading to a variety of chronic disease conditions, including obesity [194]. Obese individuals
have an altered gut microbiota diversity with a reduction in barrier-protecting microbes, such as
Lactobacillus and Bifidobacterium, and promotion of opportunistic pathogenic bacterial abundances
like the Enterobacteriaceae, Desulfovibrionaceae, and Streptococcaceae families [195,196]. Compelling
evidence demonstrating the role of the gut microbiota in obesity was provided by germ-free (GF) mice
fed with HFD, showing a lesser weight-gain than non-GF mice, observations that were a result of
enhanced fatty acid metabolism in GF mice [197]. Dysbiosis was found in both HFD and genetically
induced obese mice, as evidenced by a 50% increase in the Firmicutes species and a 50% decrease in the
Bacteroidetes species in obese conditions [198,199]. Additionally, transplantation of gut microbiome from
genetically obese donor mice into GF mice increased adiposity, as compared to GF mice that received
gut microbes from lean mice [200]. Similarly, dysbiosis and a significant reduction in bacterial diversity
characterized by a higher Firmicutes to Bacteroidetes ratio were also observed in obese humans [201].
In HFD-induced obesity, enhanced growth of Enterobacteriaceae was correlated with an increase in
intestinal endotoxin production, conditions that are known to contribute to an inflammatory intestinal
microenvironment [202]. Intestinal bacteria inhibit fasting-induced adipocyte factor, which affects
lipase activity and enhance triglyceride deposition in adipocytes. Furthermore, the obesity-altered gut
microbiota is potent at harvesting energy from food by secreting enzymes that break down nutrients
more efficaciously [200]. Strong links between diet, inflammation, and microbial dysbiosis were found.
Increased fat intake causes a rise in Gram-negative bacteria, augmenting circulatory LPS levels and
weakening the intestinal gut endothelium junctions that lead to enhanced intestinal permeability.
Higher levels of IFN-y and IL-1p increased gut epithelial permeability by suppressing the expression
of tight junction proteins like occludin [203]. The innate immune system plays a critical role in
regulating the crosstalk between the host and the microbiota during obesity-induced inflammation. An
increase of macrophage infiltration into the intestinal lamina propia was observed in obese conditions,
resulting from similar molecular mechanisms responsible for ATM infiltration [204,205]. LPS-induced
TLR and NLR mediated the JNK and NF-«B pathways in intestinal epithelial cells and macrophages
and stimulated the production of proinflammatory cytokines, which further impaired intestinal
permeability. An abundance of Bacteroidetes and Akkermansia muciniphila increased in TLR4 and NLRP6
transgenic mice, thereby altering the microbiota profile and reducing inflammation [206,207]. HFD
induced intestinal NF-kB and TNF-« expression and enhanced adiposity, which was resisted by the
GF mice. Interestingly, intestinal changes induced by the HFD and microbiota-derived inflammatory
changes seem to precede the onset of obesity [208]. Changes in the gut microbiota composition of
genetically obese mice was associated with decreased MCP-1 levels [209]. HFD-induced alterations
in gut microbiota spectrum hampered gut barrier function and enhanced macrophage infiltration
and inflammation in mesenteric fat, suggesting a link between microbiota and inflammation [5].
These studies confirm that the microbiota is the main hub controlling the inflammatory responses
in the intestine. There is growing evidence that establishes the role of microbiota in stimulating
obesity-induced cancers. Fecal transfer from HFD-fed mice with aggressive intestinal tumor to
healthy K-rasS12Pint mijce led to a microbial community shift and enhanced tumor progression [210].
Transferring the microbiota from HFD-fed mice into female GF mice was associated with progressive
hepatic cancer in the offspring [211]. Interestingly, Akkermansia muciniphila was identified to be
associated with a favorable outcome in lung and renal cancer patients undergoing PD (programmed
cell death protein)-1 immune checkpoint inhibitor chemotherapy, implicating the potential role of gut
microbes in modulating host response to therapy [212].

The interplay between the gut microbiome and flavonoid metabolism is emerging as an
important player in health [213,214]. The gut microbiota plays a key role in modulating the
chemistry, bioavailability, and absorption of flavonoids. Intestinal microbial glycohydrolases,
glucosidase, demethylation, dihydroxylation, and decarboxylation, modified flavonoids and the
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resulting metabolites were more efficiently absorbed in the intestine. This was evident from their
increased enterohepatic and plasma levels, and the elevated biological functions, as compared
to their precursors [215]. Glycoside forms of flavonoids are often converted to their aglycones
when metabolized by the gut microbiota [216]. Quercetin produced from the microbiota-mediated
transformation of quercitrin (quercetin-3-O-rhamnoside) exhibited higher anti-inflammatory responses
through the inhibition of the NF-«B pathway [217]. On the other hand, flavonoids can induce changes
in gut microbiome composition, after the consumption of foods with a high content of polyphenols,
predominantly via inhibition of pathogenic microbes and stimulation of commensal microbes [218,219].
Flavonoids might stimulate commensal bacteria Lactobacillus and Bifidobacterium in the gut microbiota,
while hampering the colonization of the pathogenic strain Clostridium, thereby, reducing the gut
microbiota dysbiosis [220]. Therefore, the reciprocal mutual effects involving the transformation of
flavonoids by the gut microbiota and the modulation of microbiota by flavonoid and its metabolites
can profoundly impact the flavonoid bioavailability, biological effects, and ultimately human health.

So far, studies on the effect of flavones on gut microbiota are lacking. However, studies
reporting the beneficial role of other flavonoids as potent gut microbiota modifiers are emerging.
For example, quercetin reduced the microbiota composition including the Firmicutes/Bacteroidetes
ratio and the growth of species associated with diet-induced obesity like Erysipelotrichaceae, Bacillus,
and Eubacterium cylindroides, while restoring the barrier integrity in obese NAFLD model [221,222].
In HFD/high sucrose-induced obesity models, polyphenol-rich cranberry extract diet and concord
grape anthocyanins inhibited insulin resistance and inflammation by mediating an increase in
Akkermansia muciniphila in the gut microbiota [116,223]. Anthocyanins from plum and peach juices
decreased fecal short-chain fatty acids (SCFA), a subset of key gut microbiota metabolites, including
acetate, propionate, and butyrate, and modified the bacterial composition of the microbiota, by
increasing the population of Faecalibacterium, Lactobacillus, and Bacteroidetes [224,225]. Several flavonoids
are shown to enrich beneficial bacterial abundance while reducing potential detrimental microbes
in the human gut. Quercetin and resveratrol decreased the Enterobacteriaceae family and reduced
the Firmicutes/Bacteroidetes ratio in the human gut, as shown through the 165 rRNA sequencing of
fecal samples [226,227]. Diet supplementation with soy bars significantly enhances the abundance
of beneficial Bifidobacterium bacteria in postmenopausal women, which results in increased lipid
catabolism [228]. The ability of other flavonoids to regulate dysbiosis establishes a promising platform,
urging the investigation of the potential of flavones in the regulation of the gut microbiota.

Studies related to the effect of flavone apigenin on the gut microbiota are gaining interest.
Apigenin suppressed colonic inflammation by reducing IL-1 and IL-6 and immune cell infiltration [9].
Using NLRP67" mice and 16S rRNA gene sequencing of fecal samples, anti-inflammatory and
anti-proliferative activity of apigenin was correlated to the apigenin-induced changes in the gut
microbial composition, which was dependent on NLRP6 inflammasome. Notably, cohousing with
apigenin-treated mice protected other mice against colitis, suggesting that the protective effects
of apigenin were transmitted [229]. Apigenin inhibited Enterococcus caccae by upregulating genes
pertaining to protein synthesis, DNA damage responses, and SCFA production, as identified by
the 16S rRNA gene sequencing of apigenin-treated human fecal homogenates [230]. These findings
suggest the potential role of apigenin as an active ingredient in modulating gut microbiota and hence
mitigating obesity. To the best of our knowledge, studies pertaining to the effects of flavone intake
on gut dysbiosis in humans remain to be reported. More studies considering the efficacy of various
flavones in obese mouse models, as well as amongst humans within and between different regions,
ethnicity, exercise regimes, and diets in regulating the intricate association between the gut microbiome
and the immune system are necessary. Hence, an exhaustive understanding of the role of foods with
a high content of flavones in the crosstalk between diet, gut microbiome, and immune system can
provide a breakthrough in reducing obesity-induced inflammation.
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4. Conclusions

Obesity and associated comorbidities have reached pandemic levels and require the identification
of additional therapeutic and preventive approaches that lack adverse side effects and are cost-effective.
Chronic inflammation has a crucial role in the initiation and maintenance of obesity, promoting
metabolic dysregulation, microbiome dysbiosis, and increasing cancer incidence. A vicious crosstalk
between adipocytes and the infiltrated immune cells led to a dramatic remodeling of the gene,
protein, and lipid metabolic networks. Flavones, active plant metabolites or nutraceuticals, provide
potential opportunities targeting numerous pathways that are central to obesity. The established
evidence demonstrates that flavones ameliorate macrophage-mediated inflammation and reduce
cancer progression and obesity. These recent findings underscore the efficacious nature of flavones in
tackling obesity as a “sword of two edges”, targeting macrophages and adipocytes, thus, reestablishing
homeostasis. Studies on the health beneficial impacts of flavones through the modulation of adipogenic
and immunogenic regulators warrant further investigation and future exciting discoveries.
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Abstract: Pathological pain can be initiated after inflammation and/or peripheral nerve injury. It is
a consequence of the pathological functioning of the nervous system rather than only a symptom.
In fact, pain is a significant social, health, and economic burden worldwide. Flavonoids are plant
derivative compounds easily found in several fruits and vegetables and consumed in the daily
food intake. Flavonoids vary in terms of classes, and while structurally unique, they share a basic
structure formed by three rings, known as the flavan nucleus. Structural differences can be found in
the pattern of substitution in one of these rings. The hydroxyl group (-OH) position in one of the
rings determines the mechanisms of action of the flavonoids and reveals a complex multifunctional
activity. Flavonoids have been widely used for their antioxidant, analgesic, and anti-inflammatory
effects along with safe preclinical and clinical profiles. In this review, we discuss the preclinical and
clinical evidence on the analgesic and anti-inflammatory proprieties of flavonoids. We also focus on
how the development of formulations containing flavonoids, along with the understanding of their
structure-activity relationship, can be harnessed to identify novel flavonoid-based therapies to treat
pathological pain and inflammation.

Keywords: clinical trials; natural products; hyperalgesia; allodynia; analgesia; flavonoid;
hypersensitivity; inflammation; cytokines; NF-kB

1. Introduction

Inflammatory response induced by micro-organisms or tissue damage trigger the release of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs),
respectively [1,2]. Tissue-resident immune cells such as macrophages and dendritic cells (DC) recognize
these molecules though receptors namely pattern recognition receptors (PRRs). Once activated, these
immune cells produce chemoattractant molecules, which are mainly governed by the transcription
factor NF-«B [1,2]. The transcription factor NF-«B regulates the expression of inflammatory enzymes,
such as COX-2 [3] and pro-inflammatory cytokines [4—6], which makes it one of the most important
transcription factors during the inflammatory process and pain. Cytokines and chemokines released
by these immune cells along with formyl-peptide (fMLP) released by dying cells activate vascular
endothelial cells and provide a gradient of signals that precisely guide neutrophils to the inflamed
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tissue following a spatial, temporal and hierarchic cascade of mediators [7,8]. Specifically, neutrophils
rapidly migrated away from high concentrations of CXCR?2 ligands to follow fMLP signal, indicating
that the necrotactic stimulus hierarchically override CXCR2 signaling. Accordingly, the lack of fMLP
receptor, but not CXCR2, impairs the chemotaxis of neutrophils to the necrotic foci in the context of
sterile inflammation [8]. In addition to follow a spatial, temporal and hierarchic cascade of mediators,
the recruitment of neutrophils is also context dependent. Using E. coli as stimulus, it has been
demonstrated that the adhesion of neutrophils in sinusoids depends on CD44 rather than Mac-1
(required for sterile inflammation), revealing, therefore, different adhesion molecules for neutrophil
recruitment in sterile vs non-sterile inflammation [8]. In the inflammatory foci, neutrophils release
reactive oxygen species (ROS), pro-inflammatory cytokines, and pro-inflammatory lipid mediators,
which ultimately contribute to inflammatory pain. Prostaglandin (PG) E,, for instance, is produced by
either COX-1 or COX-2 and during inflammation, increased production of PGE; by COX-2 contributes
to neuronal sensitization leading to pain [9]. Nociceptive pain has a protective function and occurs
upon the detection of noxious stimuli by nociceptor. For the detection of these stimuli, nociceptors
express ion channels such as the TRP (TRPA1, TRPMS, TRPV1 etc), Nav (Nav1.7, Nav1.8, Nav1.9 etc),
and ASIC (ASIC1 to 4) families in their peripheral ends [9]. Pathological pain, on the other hand,
is characterized by an amplified response to a noxious stimulus (hyperalgesia) or by a response to
a normally innocuous stimulus (allodynia) [10]. Nociceptive pain, therefore, involves the activation
of high threshold nociceptors while in inflammatory pain, non-noxious stimuli can now generate
mechanical and thermal hypersensitivity [9,11,12]. This phenomenon is described as nociceptor
sensitization and occurs due to a shift from a high threshold to a low threshold type of pain [9,11,12].
Current knowledge on persistent pathological pain includes the understanding on how peripheral and
spinal cord sensitization of nociceptors occur and changes in the immune cell phenotypes influences
pain perception. In the periphery, innate immune cells such as macrophages, neutrophils, and mast cell
release mediators that act on the peripheral nerve endings [9,11,12]. PGE,, histamine, and cytokines,
for example, are the main molecules responsible for lowering neuronal activation threshold and
producing peripheral neuronal sensitization [9,11,12]. In the spinal cord, this sensitization is mediated
by cytokines, chemokines, and growth factors released by tissue resident cells known as microglia,
astrocytes, and oligodendrocytes [13-16]. All of these mechanisms ultimately contribute to pathological
pain by promoting plastic changes in the periphery and central nervous system (CNS) that modify the
neuronal phenotype and function.

Pain management is a worldwide challenge due to side effects induced by classical treatments.
Acetaminophen and NSAIDs are effective for the management pain. While preclinical data demonstrate
that COX-2 selective inhibitors are effective, clinical data show that they induce several side effects
such as kidney and heart diseases [17], and non-selective COX inhibitors also induce gastro-intestinal
ulcers and kidney injury [18,19]. Acetaminophen is widely known to induce liver injury both in mouse
and human [20,21]. This means that there is need of drugs with lessened side effects or different side
effects allowing to choose the best option considering the patient’s comorbidities. Depending on
the intensity of the pain, opioids are one of the drugs used for relief. However, millions of patients
cope with side effects that include constipation, drowsiness, risk of addiction, and sometimes even
respiratory failure and death [22]. Even upon opioid therapy, neuropathic pain, for instance, remains
challenging to treat, with only half of the treated population typically report a significant reduction in
pain and complete resolution of symptoms is rarely achieved [23]. Paradoxically, while recognized by
their potent analgesic effects, opioids can induce pain [24]. The release of DAMPs, such as HMGB-1
and biglycan, induced by morphine is of the main mechanisms related to opioid-induced pain [25].
These molecules increase the production of spinal cord IL-1$ by microglia in a NLRP3-dependent
manner [26]. Furthermore, morphine increases IL-13 mRNA expression via TLR4 and increases
IL-1B release via P2X4 receptor [27]. Altogether, this cascade of events in microglia potentiates
morphine-induced hyperalgesia by stimulating IL-1 production in the spinal cord and explains
this paradoxical effect [25-27]. Corticosteroids and immunobiological agents are other group of
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molecules used to treat pain. While the first cause hormonal changes (leading to suppression of
adrenal function and bone loss) and Cushing syndrome [28], the later induces heart failure [29].
Moreover, corticosteroids, immunobiological agents, and opioids are linked with immunosuppression
and consequently pathogen spread [30-32]. Thus, the search for natural compounds with lower
adverse effects on patients has been growing, and over the past years higher attention has been given
to the flavonoids.

Flavonoids are an essential group of polyphenolic compounds, and their flavan nucleus is the
main structural characteristic. Figure 1 shows the structures of the flavonoids discussed in this review.

‘ Group of flavonoids
‘ Flavones Flavonols Flavanones Chalcones Flavan-3-ols
: i AN AN

. .. [m] . )
@:CK‘ n‘, Galer

Figure 1. The chemical structures of the flavonoid groups discussed in this review.

They are one of the most widely found classes of compounds in vegetables and fruits. The chemical
structure of flavonoids is based on a fifteen-carbon skeleton consisting of two benzene rings connected
through a heterocyclic pyrane ring. The flavonoids can be divided into an assortment of classes,
for example, flavones (e.g., flavone, apigenin, and luteolin), flavonols (e.g., quercetin, kaempferol,
myricetin, and fisetin), and flavanones (e.g., flavanone, hesperetin, and naringenin). While individual
compounds within a class differ in the pattern of substitution of the A and B rings, the classes itself
vary in the degree of oxidation and pattern of substitution of the C ring. Flavonoids are known to have
analgesic, anti-inflammatory, and antioxidant properties. These effects are related to the inhibition
of NF-kB-dependent pro-inflammatory cytokines [33], VEGE, ICAM-1, STAT3 [34], and activation of
antioxidant transcription factor Nrf2 [33]. Many flavonoids, as apigenin and vitexin, were reported to
be safe natural alternative therapeutic against neuroinflammatory diseases as such Multiple Sclerosis
(MS) [35,36]. Therefore, flavonoids are multi-target drugs, which explain their wide array of actions.
Further, as the activity of flavonoids does not depend on abolishing a single mechanism, but rather
reducing varied mechanismes, it is likely that physiological function is maintained, which reduces the
incidence of side effects compared to single target drugs.

2. Pre-Clinical Evidence of Flavonoids for Pain Control

Many mediators are produced by tissue immune resident cells and immune cells that undergo
recruitment to the injured tissue during an inflammatory response. Among these mediators, PGE2 [37],
along with bradykinin, sympathetic amines, and pro-inflammatory cytokines (e.g., TNF-«, IL-6, and
IL-1B) act to promote either sensitization or activation of nociceptors and then evoke pain [37,38].
Flavonoids are plant derivative compounds, and their potential usage as medicinal natural products is
growing exponentially over the years (Figure 2).
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Figure 2. The number of manuscripts published on flavonoids, pain, and inflammation during the last
20 years at PubMed. The keywords search at PubMed was “flavonoids and pain and inflammation”,
and only original research papers were considered.

Studies about flavonoids’ effects on inflammatory diseases and pain have been increasing in
the last decade as several groups are demonstrating the involvement of these phenolic compounds
as anti-inflammatory, analgesic, and antioxidant molecules. The search for new therapeutic drugs
with less or no side effects is the major reason leading to this growing interest in natural products
for the treatment of inflammatory and painful conditions. The flavonoids discussed in this section
were selected based on the ones that also present clinical data (Section 4: Clinical Studies and Safety),
to align pre-clinical data with clinical data. We discuss their targets in the disease context, which
explains the anti-inflammatory and analgesic actions of flavonoids (Figures 3 and 4). Figure 3 shows
flavonoids whose anti-inflammatory and analgesic effects do not involve, at least at the present date,
the direct interaction and modulation of ion channels.
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Figure 3. The anti-inflammatory and analgesic effects of flavonoids. Intracellular targets of Rutin:
NF-«B [39,40] and Nrf2 [40], Trans-chalcone: NF-«B [41] and STAT3 [41] and NLRP3 [42], Hesperidin:
PI3K/ AKT [43] and NF-«B [44], Epigallocatechin-3-gallate: NF-«B [45], Apigerin: NF-«B [46],
Diosmin: NF-«B [47], and Hesperidin methyl chalcone: NF-«B [48-50] and Nrf2 [49,50]. ROS and
inflammatory stimuli that activate specific receptors trigger intracellular signaling that will result
in pain and inflammation. The blue arrows indicate endogenous pathways that are stimulated by
flavonoids resulting in the reduction of pain and inflammation. The red arrows represent endogenous
pathways that are inhibited by flavonoids resulting in reduced pain and inflammation.
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Figure 4. The anti-inflammatory and analgesic effects of Vitexin, Quercetin, and Naringenin. (A)
Intracellular targets of Vitexin: MAPK [51], NF-kB [51] and Nrf2 [52], Quercetin: MAPK [53],
NF-«B [53-55], AKT [56], Nrf2 [33,54], and NLRP3 [57] and Naringenin: NF-«B [58-60] and Nrf2 [59,
61,62]. (B) Ion channels expressed by neurons that are targeted by Vitexin, Quercetin, and Naringenin
to reduce pain. Vitexin: TRPV1 [38], Quercetin: TRPV1 [63], and Naringenin: TRPV1 [58], TRPA1 [58],
TRPMS3 [64], Nav 1.8 [65], and TRPMS [64]. In panel (A), ROS and inflammatory stimuli that activate
specific receptors trigger intracellular signaling that will result in pain and inflammation. The blue
arrows indicate endogenous pathways that are stimulated by flavonoids, and the red arrows represent
endogenous pathways that are inhibited by flavonoids resulting in reduced pain and inflammation.

2.1. Flavonols

Quercetin (3,3’,4’,5,7-pentahydroxyflavone) is a flavonol found in different types of fruits,
vegetables, and plants, including: berries, apples, tomatoes, cocoa, onions, and medicinal plants [66-68].
It is an antioxidant flavonoid that presents anti-inflammatory activity by inhibiting pro-inflammatory
cytokines in mouse models of colitis [69], periodontitis [70], cancer pain [71], and acute [54] and
chronic arthritis [33]. That effect is mainly related to the ability of quercetin in reducing recruitment of
neutrophils (myeloperoxidase [MPO] activity [33,69,72]), oxidative stress [33,54,69,73,74], COX-2 in the
knee joint (arthritis model) [33], NLRP3 inflammasome activation (inhibition of ASC speck formation
and ASC oligomerization) in macrophages [57], p65 NF-«B activation [53,54] and MAP kinases signaling
in macrophages [53], p50 NF-«B activation in primary human keratinocytes [55], and TNF-«, IL-1 and
IL-6 production in RAW 264.7 cells stimulated by LPS [75]. Recent studies demonstrated that quercetin
is able to modulate the neutrophils actin polymerization [76], pro-inflammatory cytokines expression
by mast cells [77,78] and monocytes [79,80], dendritic cell activation [81] and maturation [82], and the
phenotype M1 to M2 in macrophages [83-86]. In the past few years, increasing attention has been paid
to the analgesic effect of quercetin [33,54,71,73,74,87]. In addition to the inhibition of the aforementioned
pro-inflammatory signaling pathways, part of that analgesic effect is through the activation of Nrf2/HO-1
pathway [33,54]. In fact, co-treatment with a HO-1 inducer potentiates the analgesic effect of opioids
and cannabinoids through the activation of cGMP/PKG/ATP-sensitive potassium channels pathway
in a model of CFA-induced pain [88], indicating that stimulating HO-1 expression contributes to
analgesia. This is a relevant mechanism because it has been demonstrated that morphine activates
PI3Ky/AKT pathway that, in turn, stimulates NO production in an nNOS-dependent manner in the
DRG neurons [89,90]. NO also indirectly acts through stimulation of cGMP/PKG and causes the
up-regulation of ATP-sensitive potassium channels to promote the hyperpolarization of primary
nociceptive neurons [89,90]. Moreover, when phosphorylated, p65 subunit competes with Nrf2 for the
adaptor protein CREB binding protein (CBP) [91,92]. Consequently, there is a hypoacetylation that
blocks chromatin condensation, suppressing Nrf2/ARE gene expression. That mechanism dampens
the Nrf2 signalling pathway activation and consequently antioxidant response [91,92]. Quercetin can
also suppress the expression levels of PKCe and TRPV1 in the spinal cords and DRGs as demonstrated
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in a model of paclitaxel-induced peripheral neuropathy in rats and mice [63]. Therefore, drugs such
as quercetin with the ability of activating cGMP/PKG/ATP-sensitive potassium channels pathway in
neurons without the important side effects of opioids might be promising candidates for pain treatment.

Rutin (3,3',4’,5,7-pentahydroxyflavone-3-thamnoglucoside), a glycoside of quercetin, is also a
flavonol that can be found in several plants, such as buckwheat, white mulberry, passion flower,
tomatoes and apples [93,94]. It possesses anti-inflammatory and anti-hyperalgesic effects through
the inhibition of oxidative stress and neuroinflammation [39]. Specifically, rutin inhibits NF-xB
activation [39,40], activates Nrf2/HO-1 and NO/cGMP/PKG/ATP-sensitive potassium channels channel
signaling pathways and inhibits pro-inflammatory cytokine production (IL-1 and TNE-) [40]. Rutin
promotes M2 polarization of Thl primed RAW264.7 and CD11b+ primary macrophages [95] and
modulates the production of mediators by neutrophils [96], mast cells [77], and monocytes [97].
Furthermore, by testing the same doses of rutin and quercetin (80 mg/kg), it was demonstrated that
rutin was more efficient than quercetin on reducing edema in a model of experimental arthritis of
adjuvant-carrageenan-induced inflammation (ACII) in rats likely because better absorption due to
higher hydrophilicity than quercetin [98]. Altogether, these data indicate that both quercetin and rutin
block pain and inflammation by activating cGMP/PKG/ATP-sensitive potassium channels pathway in
neurons and inhibiting NF-«B and inducing Nrf2 activation in immune cells.

2.2. Flavones

Apigenin (4',5,6-trihydroxyflavone) is abundantly present in vegetables, fruits, and medicinal
herbs, including parsley, apples, grape, and Matricaria chamomilla [99,100]. It was demonstrated that this
flavone possesses anti-inflammatory effects by blocking NF-«B activation in a model of LPS-induced
apoptosis. In this model, apigenin decreases the neutrophil infiltration to the lungs by reducing
the Macrophage Inflammatory Protein-2 (MIP-2) that is a neutrophil chemoattractant molecule [46].
Furthermore, previous studies showed apigenin has anti-inflammatory activities on LPS-induced
inflammation through the inhibition of the expression of iNOS, COX-2, cytokines (IL-13, IL-2, IL-6, IL-8,
and TNF-«), and AP-1 proteins in human lung epithelial cells [101]. In addition, apigenin modulates
macrophages polarization [102], promotes down-regulation of Mcl-1 in neutrophils [103], suppresses
the inflammatory activity of DCs [35,104], regulates the production of inflammatory mediators by
monocytes [105] and mast cells [106]. Among the antioxidant effects, apigenin scavenges hydroxyl
(*OH) radicals generated by UV photolysis of hydrogen peroxide [107] and chelates iron [108]. Further,
apigenin reduces the levels of MPO and malondialdehyde activity (MDA) in acetic acid-induced
ulcerative colitis and these effects were comparable to the corticoid, prednisolone [109].

Vitexin, a flavone C-glycoside (5,7,4-trihydroxyflavone-8-glucoside) found in medicinal and
other plants, presents anti-inflammatory activities by preventing the oxidative stress, inhibiting
pro-inflammatory cytokines production, and increasing the anti-inflammatory cytokine IL-10 [38].
Vitexin inhibited the production of TNF-«, IL-6, nitric oxide (NO), and PGE; in human osteoarthritis
chondrocytes [110]. Furthermore, vitexin prevents mast cells degranulation [111], reduces the
production of pro-inflammatory mediators by neutrophils [112,113] and macrophages [113]. Vitexin
attenuated RANKL-induced activation of MAPK signal pathways and NF-«B signaling pathways [51].
Also, the activation of Nrf2/HO-1 pathway is one of the mechanisms of vitexin to limit inflammation
in a model of LPS-induced acute lung injury [52]. It was demonstrated by Chen et al., [114] in
isoflurane-treated PC12 cells that vitexin is neuroprotective by downregulating the expression of TRPV1
and glutamate ionotropic receptor NMDA type subunit 2B (NR2B) protein expression. In corroboration,
in vivo data show that vitexin reduces capsaicin-induced pain behaviors, indicating that part of its
analgesic effect is through inhibition of TRPV1 activation [38]. Moreover, vitexin showed analgesic
activities by reducing the writhing response induced by acetic acid [38,115] and phenyl-P-benzoquinone
(PBQ) [38], and the thermal and mechanical hyperalgesia [38,115]. The analgesic effects of vitexin in
the model of hind-paw incisional surgery seem to be mediated by opioid-related mechanisms since
delta, mu, and k-opioid receptor antagonists reversed the analgesic effects of this flavonoid [115].
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Diosmin (diosmetin-7-O-rutinoside) is a flavonoid abundant in citrus fruits [116]. This flavonoid
presents anti-inflammatory and anti-hyperalgesic mechanisms described in different models. Some of
these effects have been attributed to the reduction of NF-kB activation [47], TNF-« in PC12 cell induced
by LPS [117], II-1B, Tnf-a, and 11-33/5t2 mRNA expression in the spinal cord induced by CCI [118],
TNE-c, IL-13 and IL-6 in the spinal cord and sciatic nerve tissues [119], NO, PGE,, IL-6, IL-12, TNF-«
production by macrophages [120], COX-2 and MPO activity [121,122]. In addition, diosmin inhibited
LTBy synthesis [121]. The antioxidant effects of diosmin were demonstrated in colitis induced by acetic
acid or trinitrobenzenesulfonic acid (TNBS). Diosmin reduced the levels of MDA and prevented the
consumption of GSH [121,122]. Regarding the analgesic effects of diosmin, this flavonoid reduces
neuropathic pain in the sciatic nerve chronic constriction injury (CCI) model by activating the analgesic
NO/cGMP/PKG/ATP-sensitive potassium channels channel signaling pathway and blocking central
sensitization [118]. Also, in a model of CCI in rats, diosmin acts at central level through opioid and
dopaminergic receptors to inhibit mechanical and thermal hyperalgesia [119]. Unpublished data of
the Verri laboratory also show that diosmin treats LPS-induced peritonitis and inflammatory pain
by blocking NF-«kB activation in leukocytes. Therefore, diosmin might be a promising drug to treat
chronic and non-sterile inflammatory pain.

2.3. Flavanones

Naringenin (4’,5,7-trihydroxyflavanone) is found in citric fruits such as lemon, grapefruit,
orange, and tangerine [123]. Its effects on inflaimmation have been demonstrated in UVB
irradiation [61,124], inflammatory pain [58,62,125], and arthritis [59]. The mechanisms by which
naringenin reduces inflammation and pain are related to inhibition of oxidative stress [61,62,124,126],
leukocyte recruitment [59,60], MPO activity [124,127], NF-«B activation [58-60], mRNA expression
of inflammasome components [59], pro-inflammatory cytokine production (TNF-«, IL-1f3, IL-33,
IL-6, IEN-y, IL-12, IL-4, IL-5, IL-13, IL-17, and IL-22) [58-60,62,124,125,127], and MAPK signaling
activation [128]. In addition, naringenin modulates macrophages activation [129] and microbicidal
activity of neutrophils [130], and reduces DC maturation [131]. Further, naringenin acts by the inducing
Nrf2/HO-1 [59,61,62] and activation of the analgesic signaling pathway NO/cGMP/PKG/ATP-sensitive
potassium channels [62]. Naringenin also reduces formalin- and capsaicin-induced pain behaviors,
demonstrating that part of its mechanism is through inhibition of TRPA1 and TRPV1 activation,
respectively [58]. In addition, naringenin induces analgesia by blocking TRPM3 and activating
TRPMS [64], which might contribute to its analgesic effect. Naringenin also blocks sodium influx in rat
DRG neurons by selecting inhibiting Nav1.8 (and not Nav1.7 or Nav1.9) [65]. Collectively, naringenin
targets different channels expressed by neurons and immune cell signaling pathways (decreases NFkB
activation and stimulates Nrf2) to reduce pain and inflammation.

Hesperidin (hesperetin-7-rhamnoglucoside) is a flavonoid that belongs to the flavanones class
mainly found in citrus fruits [132]. Pharmacological effects of hesperidin have been reported
such as anti-inflammatory [133,134], analgesic [134-136], antioxidant [133,137], antiallergic [138],
and antidiabetic [139]. Hesperidin reduces TNF-«, IL-1p3, ICAM-1, VEGE, the neutrophil ability
to generate superoxide radical [140], and advanced glycosylation end products levels [133]. Also,
hesperidin modulates polarization of macrophages to M1 through suppression of the PI3K/AKT
pathway [43], and inhibits TNF-« and IL-13 production by mast cells [141]. Further, it was demonstrated
that hesperidin reduces MDA levels [44,133] and increases the antioxidant enzyme superoxide
dismutase (SOD) activity [133] and GSH [44]. Moreover, hesperidin inhibits neuroinflammation in
mice as observed by decreased levels of GFAP (an astrocyte activation marker), NF-«B, iNOS, and
COX-2 in the coronal brain induced by an intracerebroventricular infusion of streptozotocin (STZ) [44].
Treatment with hesperidin also ameliorates mechanical hyperalgesia in STZ-induced diabetic rats [136]
and CCI experimental model of neuropathic pain [134]. Therefore, both hesperidin and naringenin
show neuroprotective and antioxidant properties that contribute to their analgesic effects.
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2.4. Chalcone

Under alkaline conditions, the methylation of hesperidin produces hesperidin methyl chalcone
(HMC) [142]. HMC is an antioxidant flavonoid with anti-inflammatory and analgesic effects in
experimental models. For instance, HMC inhibits oxidative stress by preventing the decrease of
the antioxidant capacity (FRAP, ABTS, and GSH) and inhibiting the superoxide anion production,
lipid peroxidation and gp91phox mRNA expression. Inducing the Nrf2/HO-1 pathway [49,50]
contributes to the in vivo antioxidant effects of HMC [49,50,143,144]. HMC also inhibits the
production of pro-inflammatory cytokines, such as TNF-«, IL-1$, and IL-6 induced by UVB
irradiation in mouse skin [50]. Further, HMC inhibited edema, neutrophil recruitment (MPO activity),
and MMP-9 activity [143]. HMC showed anti-inflammatory effects by inhibiting the NF-kB-dependent
pro-inflammatory cytokine production (IL-18, TNF-«, IL-6, IEN-y, IL-12, IL-4, IL-5, IL-13, IL-17,
IL-22) [49,50,143,144] and leukocyte recruitment [49,143]. In addition, targeting the TRPV1 receptor
activation is another important mechanism by which hesperidin exerts its analgesic effects [144].
We recently demonstrated that HMC interacts with NFkB (Ser276 residue), reduces gp91phox and
increases Ho-1 mRNA expression in knee joint tissue after stimulus with zymosan. HMC also reduces
the cytokines IL-33, TNF-«, and IL-6 levels in zymosan-stimulated RAW264.7 macrophages [48].

Trans-chalcone (1,3-diphenyl-2-propen-1-one) is a flavonoid precursor that can be obtained
from plants such as Piper methysticum (Kava-Kava), Aniba riparia and Didymocarpus corchorijolia [145].
Trans-chalcone presents in vivo antioxidant effects [42,145] and anti-hyperalgesic mechanisms through
the inhibition of leukocyte recruitment, IL-13, TNF-«, and IL-6 production, and NLRP3 inflammasome
activation in macrophages stimulated with MSU crystals [42]. It also inhibits VEGF and ICAM-1
expression and activation of STAT3 and NF-kB [41], indicating that part of its analgesic mechanism is
related to the blockade of NF-kB-dependent pro-inflammatory mediators.

2.5. Flavanols, Flavan-3-ols or Catechins

Epigallocatechin-3-gallate (EGCG) is a polyphenol very abundant in green tea (Camellia sinensis)
and its main active component [146]. This flavonoid has several biological activities, including
anti-inflammatory, anti-hyperalgesic, and antioxidant. EGCG inhibited the COX-2 mRNA expression
and PGE, production induced by IL-1f in human osteoarthritis chondrocytes via up-regulation of
hsa-miR-199a-3p expression [146]. Another mechanism by which EGCG inhibits inflammation is
via down-regulation of NF-kB and consequently inhibition of iNOS stimulated by LPS in mouse
macrophages [45], and reduced NO, prostaglandin PGE; and COX-2 production in macrophages [147],
denderitic cell differentiation and maturation [148], and inhibited mast cell degranulation [149] and
neutrophil chemotaxis [150]. Peripheral analgesic effects of EGCG are related to the suppression
of CCR2, IL-1p, and TNF-a mRNA expression in the DRG in a model of OA [151] and through
down-regulation of CX3CL1 protein in the spinal cord in a CCl-induced neuropathic pain [146].
In terms of spinal effects, EGCG decreases TNF-x expression in the spinal cord in mouse models of
bone cancer-caused pain [152] and reduces glial cell activation via inhibition of fatty acid synthase
(FASN), Ras homologue gene family member A (RhoA), and TNF-« in a model of spinal cord injury
(SCI) [153].

Summing up, the findings from these studies suggest that treatment with flavonoids effectively
alleviate inflammation and pain in varied preclinical models by inhibiting leukocyte recruitment,
pro-inflammatory/pro-hyperalgesic mediator production, oxidative stress, activation of signaling
pathways (Figures 3 and 4) and the modulation of channels to inhibit inflammation and pain (Figure 4).
The data in Table 1 summarize some effects of flavonoids on different cell lines.
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3. Structure-Activity Relationship (SAR)

Flavonoids are divided into different classes with a basic structure of 3 rings. Figure 5 shows the
basic structure of the flavonoids discussed in this section.

Flavones Flavonols Flavanones Chalcones Flavan-3-ols
B B . B |
Alc L Alc e Alc . . A & - B
YO ¥ : b t ) Ajc :
Apigenin Quercetin Naringenin Hesperidin methyl chalcone B
N B i
~ Epigallocatechin-3-gallate
Al C . B 1
B v N s N c A B
Y c S SN X A
Vitexin Rutin Hesperidin Trans-chalcone.
.
P N i B . B
A C AlC
- ¥
Diosmia Keemptersl
. B Y
AlC & A C
Luteotin Myricetn

Figure 5. The chemical structures of the flavonoids discussed in this review.

These classes differ on where the C-ring carbon is attached to the Bring, and the C-ring saturation and
oxidation degree [154]. Therefore, the structure of the flavonoids is fundamental to the understanding
of their activity. Relevant to flavonoids’ biological effect are: (i) B ring containing O-dihydroxy
confers stability after hydrogen donation, and phenoxyl radical formation which participates in the
electron delocalization; (ii) C ring allows electron dislocation from phenoxyl radical from B ring when
a 2,3-double-bound bond is in conjugation with 4-oxo group on C ring; (iii) electron dislocation is
favorable in combination of 2,3-double bond and 3-hydroxyl and 5-hydroxyl groups by increasing
the resonance stability [155]. The amount of hydroxyl groups is less important than their position
at flavonoid basic structure. For example, the isovitexin has 3 hydroxyls groups and baicalin has 2
hydroxyls groups differing into hydroxyls amount, positions and scavenging DPPH activity. Isovitexin
(apigenin-6-C-glucoside) does not scavenge DPPH radicals (ICsy > 1000 uM) while baicalin (Baicalein
7-O-glucuronide) scavenges DPPH radicals (ICsy = 15.5 uM). On the other hand, the monomer
epicatechin scavenges DPPH radicals at same level as its dimer Procyanidin B-2 (IC5p = 11.7 uM) [156].
While the class of flavonoid is not determinant for their activity (for instance, flavonols [kaempferol,
quercetin, and myricetin] and flavones [chrysin, flavone, apigenin, baicalein, baicalin, and luteolin]
block TNFa-induced ICAM-1 expression on alveolar epithelial cells A549), the hydroxyls at positions
5 and 7 on the A ring and at position 4 on the B ring are important for activity [157]. Specifically,
hydroxyls at position 3 on B ring reduce flavonoid activity and at position 5 position abolish its
activity [157]. Thus, changes into basic flavonoid structure could increase, decrease, or even not
alter flavonoids antioxidant activity. In addition, flavonoids such as trans-chalcone that does not
present antioxidant chemical groups presents anti-inflammatory and analgesic effects in vivo and
reduce oxidative stress in vivo likely due to inhibiting inflammation since no antioxidant effect was
observed in vitro in cell-free systems [42,158]. Thus, defining whether a flavonoid has therapeutic
potential solely by its structure and chemical groups with antioxidant potential is not adequate to take
full advantage of plant flavonoids. Further, there is more detailed understanding on the structure
activity relationship regarding antioxidant activity without clear conclusions on anti-inflammatory and
analgesic mechanisms. In this section, we discuss how flavonoid basic structure and their substitutions
correlate with their activity.
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Flavonoids can be found on nature as their glycoside or aglycone forms. Flavonoid glycosides
present increased solubility and stability in water, which, however, interferes with their activity. Given
glycosylation occurs in hydroxyl groups, it changes structural key elements for their radical scavenging
activity. Specifically, glycosylation changes the double bond in conjugation with the 4-OXO group
in the C-ring at C2, C3 position, the O-dihydroxy (catechol group) at the B-ring, and the presence
of hydroxyl groups in positions C-3 (C-ring), C-5 and C-7 (A-ring) [159]. For instance, the aglycone
quercetin and its glycoside form quercitrin both inhibit leukocyte recruitment and LTB, production
in carrageenan-induced pleurisy in rats, but not at the same level. Quercitrin showed lower activity
compared to its aglycon form quercetin [160]. Also, aglycones quercetin and hesperetin (75 mg/kg)
inhibit carrageenan-induced paw edema in mice but not their glycosides form rutin and hesperidin
(150 mg/kg, i.p.) [161]. Regarding glycosylation effect on antioxidant activity, quercetin scavenged
more DPPH and peroxynitrite ((ONOO™], IC5p= 5.5+0.1 and 48.8 £0.5 uM) than rutin (ICsp= 7.4
+0.2 and 92.4+1.0 uM) [162]. Thus, while glycosylation increases flavonoid solubility, it decreases
anti-inflammatory and antioxidant activities because it changes key features in the flavonoid structure.

ONOO" is produced by the reaction between superoxide anion and nitric oxide. Both mediators
are produced at high amounts during inflammatory process by NADPH oxidase and inducible nitric
oxide synthase [163]. These mediators induce pain by increasing hyperalgesic mediators through
NFkB activation [164], such as TNFa acting via TNFR1 [165] and COX-2/PGE2 axis [74,166], or by
directly inducing neuronal depolarization. For the scavenge ability of ONOO™ in vitro, 3-hydroxyl
moiety at B ring demonstrated to be important for flavonoids. For instance, quercetin a flavonoid that
possess the 3-hydroxyl group has a higher scavenger ability (IC5p = 0.93 £0.12 uM) when compared
to the flavonols galangin (ICsy = 3.37 +£0.99 uM) and kaempferol (ICsy = 4.35 +0.27 uM) which have
the group 4-hydroxyl [167]. Similarly, the O-dihydroxy (catechol group) is determinant to superoxide
anion scavenging activity of flavones and flavanones. For instance, the presence of the following
elements increases scavenging activity: no hydroxyl groups at the B-ring, a 4’-hydroxyl substitution,
and O-dihydroxy (catechol group), where the last feature shows higher antioxidant capacity [168].
Therefore, the hydroxyl group at B ring seems to be important for ONOO™ and superoxide anion
scavenging activity and its reasonable that this scavenging activity accounts for flavonoids analgesic
and anti-inflammatory activity. Flavonoids also present antioxidant effects by indirect mechanisms
through activation of Nrf2 signaling pathway, for example [169]. Chalcones are more potent than
other types of flavonoids, where the double bond at C2-C3 position of their structure are particularly
important for Nrf2 induction. In fact, reduction of that double bond impairs Nrf2 activation. Chemical
addition of sugar moiety to the flavonoid basic structure or naturally flavonoid glycosides present less
activation of this important signaling pathway [170].

The analgesic and anti-inflammatory activities of flavonoids are related, at least in part, to their
NF-«B inhibitory effects [40,54,58,60,62]. Shin et al. screened 30 flavonoid derivatives against
their inhibitory activity on TNF«x-induced NF-«B activation in HCT116 human colon cancer cells.
Moiety 3’,5'-dimethoxy at ring B seems to be important to inhibit TNFx-induced NF-«B activation
invitro [171]. Specifically, compounds 2,3’,5’-Trimethoxychalcone, 3,3’,5’-Trimethoxychalcone,
3,3’,5,5'-Tetramethoxychalcone, and 2-Hydroxy-3’ 4,5’ -trimethoxychalcone had better inhibitory effect
than 3,3’,5-Trimethoxychalcone, 2’,3,5-Trimethoxychalcone and 2-Hydroxy-4,4’-dimethoxychalcone.
Compound 3,3’ ,5,5’-Tetramethoxychalcone showed the best inhibitory activity against TNFa-induced
NF-«B activation decreasing IkB phosphorylation at Ser®? and RelA phosphorylation at Ser®30. Thus,
3/,3”,5’,5”-Tetramethoxychalcone seems to interfere with IKK complex responsible for IkB and RelA
phosphorylation [172]. Moreover, apigenin, a flavone, interferes with IKK complex by decreasing
RelA phosphorylation at Ser®® in LPS-induced NF-kB activation in human primary monocytes [172].
Comparing 5-hydroxyl against 5-methoxyl substitution at flavone A-ring, hydroxyl moiety displays
higher effect than methoxyl in TNFa-induced NF-«B activation in HCT116 cells [171]. Regarding
flavonoids, the inhibition of NF-kB activation in a context of TNF-x-induced ICAM-1 expression by
luteolin and apigenin is dependent on the presence of a double bond at position C2-C3 of the C ring
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with OXO function at position 4, along with the presence of hydroxyl groups at position 4’ of the B
ring. In fact, chrysin that lacks hydroxyl group at position 4’ of the B ring has lower inhibitory effect
over NF-kB activation when compared to apigenin and luteolin [157]. Thus, there are different features
in each ring that alters NF-«B inhibitory activity. (i) At B ring 3’,5’-dimethoxy moiety and hydroxyl
group at position 5 in ring A, and (ii) at ring C a double bond at position C2-C3 with OXO function
at position 4 and combined with hydroxyl group at position 4’ at ring B increased inhibitory activity
in TNFa-induced NF-kB activation. More studies are needed to determine more important SAR for
flavonoids” NF-«B inhibitory activity.

As mentioned, flavonoids are drugs with safe pre-clinical profile without the common side effect of
standard NSAIDs. For instance, luteolin inhibits PGI, produced by COX-2 without the usual side effects
produced by NSAIDs [173,174]. Ribeiro et al. screened at whole blood flavonoids inhibitory activity
against COX-1 and COX-2. A common feature of those flavonoids which inhibited COX-2 activity
(2-(3,4-dihydroxyphenyl)-4H-chromen-4-one; 5,3’,4’-Trihydroxyflavone, 7,3’,4’-Trihydroxyflavone;
and luteolin) is the catechol group in the B-ring [175]. Docking analysis shows three active sites between
COX-2 and luteolin with B-ring oriented onto COX-2 hydrophobic pocket (Tyr385, Trp387, Phe18,
Ala?", Tyr?*) and luteolin 3,4-dihydroxy groups formed H-bond between Tyr3®® and Ser® [176].
Regarding on flavonoids and COX-1 inhibitory activity, flavonoids flavone, 5-hydroxyflavone, and
7-hydroxyflavone have none or just one hydroxyl group at B ring. Fewer substitutions in flavonoids
backbone is important for COX-1 inhibitory activity because COX-1 pocket is small and the interaction
between less substituted flavonoids may occur easier than more substituted molecules [175]. It is
reasonable that this inhibitory effect of flavonoids on COX-2 and COX-1 is responsible, at least in part,
for their analgesic effect. In addition, because flavonoids are multitarget drugs physiological systems
are less affected compared to single target drugs that almost abolish a unique mechanism involved
in disease and physiological functions. Because of this, despite the inhibition of COX, flavonoids
do not present the common side effects of NSAIDs. On the other hand, flavonoids reduce the side
effects caused by NSAIDs. For instance, hypericum perforatum inhibited acetaminophen-induced
hepatotoxicity and lethality in mice which is mainly constituted by flavonoids as quercetin and
rutin [177,178].

IL-1p is a pro-inflammatory and hyperalgesic cytokine matured by NOD-like receptor (NLR) family,
pyrin domain-containing 3 (NLRP3) inflammasome [179]. Lim et al. [180] screened 56 flavonoids towards
their SAR in monosodium urate (MSU) crystals-induced IL-1[3 release by THP-1 cells [180]. Among those,
56 molecules such as flavone, 2’,4’-dihhydroxyflavone, 3’,4’-dichloroflavone, 4’,5,7-trihydroxyflavone
(apigenin), 3,4’,5,7-tetrahydroxyflavone (kaempferol), and 3,3’,4’,5,7-pentahydroxyflavone (quercetin)
inhibit MSU-induced IL-13 production [180]. Specifically, quercetin interferes with ASC oligomerization,
thus, inhibiting inflammasome activation [57], The 4-carbonyl group, 2,3- double bond, and 3-hydroxyl
moieties at ring C are important in MSU-induced IL-1 maturation since catechin did not show an
inhibitory effect when compared to flavone and quercetin. Also, flavanones naringenin (10 uM)
compared to apigenin (10 uM) did not inhibit IL-1p released by MSU [179]. Nevertheless, data
in murine bone marrow-derived macrophages show that naringenin (300 uM) reduces the release
of IL-1f3 [181]. Therefore, the lack of activity of naringenin on THP-1 cells might be cell-specific
and dependent on concentration and experimental conditions. In addition, 4-hydroxyl substitution
at B-ring, such as in apigenin and kaempferol, enhances inhibitory activity of IL-1$ production
compared to chrysin and galangin. Moreover, hydroxyl substitution at position 4 at B ring combined
with 5,7-dihydroxyl at A ring further increase the inhibitory activity in apigenin and kaempferol
compared to 4-hydroxyflavone. On the other hand, methylated, methoxylated, and glycosides
derivates were unable to inhibit MSU-induced IL-1f3 release by THP-1 [180]. Thus, the presence of
5,7-dihydroxyl groups at A ring, 4-hydroxyl or 3,4-dichloro substitutions at B ring are important for
the inhibition of IL-1f release by MSU. Therefore, flavonoids have important structures that confer
their activity such as, 2,3-double-bound bond in conjugation with 4-oxo group, or hydroxyl groups in
a specific position as 5,7-dihydroxyl groups at A ring, 4-hydroxyl or 3,4-dichloro substitutions at B
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ring. The structure of flavonoids is closely related to their activity and changes such as methylation,
methoxylations, glycosylation, and polymerization can increase, decrease, or even not alter their
activity, such as occur with the O-dihydroxy group at the B ring, the 2,3-double-bound bond in
conjugation with the 4-oxo group at C ring, and the 3-hydroxyl and 5-hydroxyl groups at the C
and A rings. Moreover, flavonoids derivation improves their activity, as in the case of the methoxy
substitution in 3,3’,5,5’-Tetramethoxychalcone.

The PI3K/Akt pathway plays an essential role in the regulation of inflammatory responses [182-184].
The inhibition of PI3K protein by quercetin and myricetin was investigated ny crystallographic approach.
The results demonstrate that the hydrogen bond between the 3’-OH (B ring) of quercetin and the side
chain of Lys833 mimics the interaction made by the ketone moiety of LY294002 (PI3K inhibitor) and
myricetin is recognized through B ring by Val®? residue of PI3K [185]. In this sense, the treatment
of the T47D cells with epidermal growth factor (EGF) induced Akt phosphorylation at Ser*”® and
pretreatment the cells with quercetin (25 uM) suppressed the EGF-induced Akt phosphorylation
at Ser®”3 [56]. These findings provide a molecular rationale for designing molecules based on the
inhibition of PI3K/Akt pathway by quercetin and myricetin. More studies are needed to determine
flavonoids SAR and their interaction with inflammatory targets aiming to develop flavonoids targeting
selected pain and inflammation pathways.

4. Clinical Studies and Safety

The use of plants for therapeutic purposes is an ancient practice [186]. As pharmaceutical tools
evolve, the discovery of new drugs from plants leads to the isolation of many compounds that are
widely used clinically today [186], or originate prototypes for synthesis of new drugs [187,188]. It is
estimated that around 48% of new chemical entities discovered between 1981 and 2002 are derived
from natural sources, including plant-based ones [189].

Flavonoids represent one of the most studied classes of metabolites with diverse phenolic
groups, with an estimated 10,000 different members, having pollinator attractants, antimicrobial,
and UV-protective properties in plant kingdom [34]. The antioxidant potential is the most shared
among different flavonoids, explaining part of their beneficial effects on human health [34]. As an
unprecedented demand for better therapeutic approaches keeps growing worldwide, flavonoids are
one of the natural group of compounds that have been extensively studied pre-clinically (Figures 3
and 4) and clinically (Table 1). Randomized controlled trials and other population-based studies suggest
that many flavonoids contribute to cardiometabolic health. For instance, kaempferol, naringenin,
and hesperetin reduce incidence of cerebrovascular disease, and anthocyanin decreases hypertension
in adults [190,191]. Other studies state that anthocyanidins improve disease conditions involving
cognitive function, such as Parkinson [192,193]. Incidence of breast, lung, and prostate cancers are
affected by consumption of quercetin, myricetin and other flavonols [191,194], as well as other chronic
conditions such as asthma and type 2 diabetes [191]. Therefore, in this section we highlight clinical
studies addressing the effect of flavonoids or flavonoid-based drugs for the treatment of inflammatory
diseases. Table 2 summarizes data discussed in this section.

164



Molecules 2020, 25, 762

*SILIY}IR0D)SO 1O ‘SHLIYIIE PIOJRWNAYI 1YY “0-10)0ef SISOIdau Iowmn) AyAnisuas-y3ry 0 INI-SY ‘Apnig d-mo[[o s[euorssajor ] YiedH ‘SiJH ‘Apnis [i[eaH] ,SasinN :SHN

Appoam aduo (7)

. (doug
[oozl erwaynaf onfooyduw4 uﬂ:owﬁummwﬂm 1N IOWN) UL UO[ONPa, MMMW M&MMMM : wfBut gg Jo votsnyut y-y ¢ Aq pamorjoy ot ‘S[ednnadLUWIEY 0I[OL)
FHARAL RO SO pand } urHonpa oo e (2) wi/3uw (g Jo dsop Surpeoy ur-og Topurdoae]] 10 qIPOATY
uoneISIUIIpe SINqIYUI Z-XOD 10
<ozl SAIVSN 10§ pasu ayj Supnpai pue swoydwAs yO Sunerad|y stpuowrg ep/3ur 06T Le
uonpuny redrsAyd
[702] pue ‘ssougns “ured Aprep wow joyer pojuasord v i swuone sronte 4p/E3 05T oot (puepozyMg
s3nip 3A3URD N[ “PIT YoTeISAY
[coz]  Aroyewrwepjur-nue [eprorajs-uou pue sidfryured jo asn paonpar SYoaM ¢ Afrep ‘3w gz /9 Seydioy) glouafowg
pue s[pAd] urajoid aA1ORAI D) PASLAIddP YO YIM SjudIe ]
(uexy
[z02] paonpar aram ured pue ‘ssaurspua) “Surfoms jurof sKep 06 Afrep “Bw 0¥ b ‘reoynasewrreyd onrepjoo)
‘ @I0S19ATT) uLTeWA[IS
® I7) ur !
[0zl eIne JNOYIIM duresSiu Ym sjused ur paseannap Apuedyrudis ) [10 S[IWIOWIRYD [EUOT}IPRI} PIJR[NULIOJOT I
102 erqoydouoyd pue ‘erqoydojoyd ‘Gunrwoa ‘easneu ‘ure g ‘uorjedrjdde reardog, jo uoneredard [p8oafo ue jo qui g 0ot fuestdy
VA YIM uswom ur axreuuonsanb juswssasse yjpeay pue y
looz] “0ANL-SY “A31anoe aseastp ‘swojdwiAs [edrurpd ur sjuswasordury Sleomg Aqtep ‘3wt 00g 0s upIINY
uorsudyrad Ay pajerar-£31saqo ym
syuanyed ur a[yoid pidi[ pue ‘ssa1is SAIEPIXO PUE UOTJRUILIR[JUT sypuow 1oe1Xd BJ) U218 jo Sw
661 ned ur oqgoxd prdry p NepIXO pue uor [T yyuowr ¢ jo Swr 6/ 95
“adureysisar urnsut ‘amssaxd pooyq ur syuawasoxduuy
auraseq woy AZIeYdSIp [esodNW syjuow 9 10§ , ,
[861] pue ‘smyumad “Surpasyq ‘ssauraeay ‘ured ur juswasorduuy dn-mor[oy + sxeam ¥ A1rep ‘si1qes 7 ‘3w 00g wopea sot
oqaoerd , \
[z61] 0} paredwod uaym paseardop 2100s woydwAs [[eraa0 ay [ stpuowe Aqrep ‘sierqe) 7 ‘Bt og voeq oct
paysturuIp aposida [eproyLIoway Jo AJLI9AS pue ‘uopeInp ofe (skep ¢ Surmor|og ayy “piq s19[qe) ¢ pue
D61l “asdejoid “ewaps “uonsa8uod ‘UoreWIWIR UL ‘AJLIDASS [RITUT PL sAep ¥ 3811y 9y} “piq s1o[qe; €) Sw uopge 001 urpuadsay
1 P: ' ! UL AL [eorutd P ¥ 151 943 "pIq syo[qe € 00s vopzed Ipt
SIONILWOI( ATOjeurue jut Sunemnoin ,
lset] JO SUOTIEIUOU0D PAONPAI PUE UOKR[IP PIAJRIPIW-MO]J PISeIIdIU] oM e Arep “Sur 00g v
_ HSN 9y} WOy Uawom srowA[od pue ‘sauoaeyy
[E61] iy aseastp uosur E:m“sﬁm@mwfﬂuwtw%zo\,m JUWIOS JO LU cmwm“\wo:ow orreuonsonb Luonbory poog 9€€°08 Puv SddH ‘sjouoaey ‘sjo-¢-ueaey
st i Pied b P! B o el } e AU} ur uaw 18761 ‘suruef>oyjue ‘sauoueAe]y
BEN sawodInQ uonein( judurjedry, u punodwod

Ppaseq-pIOUOAR]/PIOUOAR]]

‘syueryed ur syuawaddns se 10 S}SIP UI SPIOUOAR[F JUSIAJIP JO S309JJ0 oy SurzAeue sarpnys [edrur))) g A[qeL

165



Molecules 2020, 25, 762

4.1. Hesperidin

Hesperidin (CpgH34015), a flavonoid found in citrus fruits [207], has been linked to the
improvement of human endothelial function. That is related to an improve on flow-mediated dilation
and lower soluble E-selectin concentrations after 500 mg/day consumption by 24 volunteers, during a
3-week randomized, placebo-controlled, double-blind, crossover trial [195]. In another study, results
show a lower diastolic blood pressure and improvement of endothelium-dependent microvascular
reactivity in overweight individuals consuming 292 mg of hesperidin during a 4-week randomized,
controlled, crossover study. Highe plasma levels of hesperidin correlated with these outcomes [208].
Hesperidin is associated with alterations in lipid profiles as well. A 3-week daily intake of 500 mg
hesperidin by 25 individuals with metabolic syndrome reduced total cholesterol and increased HDL
levels [209], and 100 mg or 500 mg/d for 6 weeks reduced serum triglyceride levels in hyperlipidemic
subjects [210]. Moreover, in a study conducted by Rizza et al. [195], anti-inflammatory effects were
observed after 500 mg daily hesperidin treatment, as circulating levels of inflammatory biomarkers
(high-sensitivity C-reactive protein and serum amyloid A protein) decreased when compared to
placebo-treated patients [195]. In combination with other compounds, hesperidin exerts beneficial
properties. Clinical trials with Daflon 500 mg, a venotropic drug composed of diosmin (450 mg)
and hesperidin (50 mg), observed vasoprotector effects in subjects suffering from chronic venous
insufficiency. That includes improvement of venous capacitance, lessened edema, limitation of skin
disorders, stimulation of ulcer healing, and improvements of clinical signs and symptoms (leg pain,
heat sensation, heaviness, redness, etc.) [211-213]. Moreover, it also reduced the severity, frequency,
and duration of the hemorrhoidal attacks. As consequence, patients experience reduced pain, bleeding,
and discharge [196-198]. Rikkunshito, an herbal medicine of which hesperidin is one of main
active ingredients, is used in the treatment of gastrointestinal symptoms of patients with functional
dyspepsia [214,215]. In addition, it promotes secretion of ghrelin and, therefore, stimulates appetite in
cancer patients suffering from anorexia during chemotherapy [216-218]. HMC (C29H3¢015), a chalcone
methylated compound, derived from hesperidin, with higher solubility, has been described as effective
and safe in the treatment of vascular diseases when combined with other compounds such as vitamin C
and Ruscus aculeatus extract (Cyclo 3 Fort®, Laboratoires Pierre Fabre, Paris, France). Treatment with
HMC reduces symptoms such as pain, heaviness, and paresthesia, as reviewed by Boyle et al. [219]
and Kakkos and Allaert [220].

4.2. Catechins

Catechins are polyphenolic molecules present in various types of teas, commonly related to
health benefits due to their antioxidant capacity and attenuation of NF«kB activation [221-224].
Epigallocatechin-3-gallate (EGCG) is the major constituent among catechins present in tea leaves [224].
Regarding safety, an experimental study published in 2016 concluded that EGCG administration
presents no toxicity at doses up to 500 mg/kg/day for 13 weeks in rats [225]. As reviewed
previously [223,226,227], clinical studies analyzing the effects of green tea consumption linked
catechins to cardioprotective and anti-inflammatory effects, such as lower blood pressure, lower
levels of serum TNF«, C-reactive protein, cholesterol and triglycerides in patients [199]. Upon green
tea consumption, individuals with prostate cancer presented a significant decrease in the disease
progression [228-231] and risk of developing lung cancer was diminished [232,233]. Despite the
strong evidence of cancer-preventive effect suggested by some studies, there are conflicting results
as well, and several limitations should be considered — genetic variations between individuals and
populations, confounding factors, and regarding experimental results, human translational difficulties
such as equivalent dose [234]. Furthermore, in a double-blind controlled study, type 2 diabetes patients
had improvements in obesity and glucose levels after 582.8 mg or 96.3 mg consumption of catechins
for 12 weeks [235]. Bone health improvements and Alzheimer’s disease prevention by catechins in
pre-clinical and clinical studies were summarized somewhere else [236,237].
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4.3. Quercetin

Quercetin (C15H;9Oy) is the most abundant dietary flavonol [66]. One study published in 2009
aiming to test the effects of 150 mg quercetin/day for 6 weeks in subjects with high-cardiovascular
disease risk observed a reduction in systolic blood pressure and plasma oxidized LDL [238]. Another
randomized, double-blind, placebo-controlled, crossover study, aiming to test the efficacy of 730 mg
quercetin/day for 4 weeks in hypertensive subjects observed reductions in systolic, diastolic and mean
arterial pressures [239]. Similar blood-pressure regulation efficacy was observed in type-2 diabetes
women taking 500 mg quercetin once daily, for 10 weeks [240]. A meta-analysis of clinical studies
evaluating quercetin actions on cardiovascular protection concludes that quercetin supplementation
should be considered as an add-on therapeutic approach [241]. Quercetin doses above 500 mg/day
show effects on the C-reactive protein levels [242], and in women with polycystic ovary syndrome,
1g quercetin intake for 12 weeks improved adiponectin-mediated insulin resistance and hormonal
profiles [242]. Moreover, in 50 rheumatoid arthritis (RA) patients, 500 mg quercetin supplementation
during 8 weeks ameliorates clinical symptoms such as early morning stiffness and pain, disease activity,
and TNF« plasma levels [200].

4.4. Apigenin

Apigenin (C15H;9Os) consumption is considered safe, although muscle relaxation and sedation
can occur when 30-100 mg/kg body weight doses are administrated [243]. Anxiolytic effects were
observed in patients with generalized anxiety disorder treated with chamomile extract for 8 weeks [244].
A crossover double-blind clinical trial, enrolling 100 patients diagnosed with migraine without aura,
tested the efficacy of an oleogel with chamomile extracts. Results showed that pain, nausea, vomiting,
photophobia, and phonophobia significantly decreased [201]. Topic application of apigenin-containing
cream in 20 women reduces skin aging, besides increasing dermal density and elasticity [245].
In addition, treatment with a flavonoid mixture composed of 20 mg epigallocathechin-gallate plus 20
mg apigenin for 2-5 years reduced the recurrence rate of colon neoplasia in patients with resected
colon cancer [246].

4.5. Flavonoid-Based Compounds

Plant extracts containing different classes of flavonoids have been studied in clinical trials
and presents promising results. Silymarin (Livergol®, Goldaruo pharmaceutical, Iran), present in
species derived from Silybum marianum, contains seven flavolignans and the flavonoid taxifolin
(C15H1207) [247]. Parameters such as joint swelling, tenderness, and pain were reduced in RA patients
taking 420 mg of silymarin daily for three months [202]. A meta-analysis involving 8 randomized
controlled trials found that Silymarin intake has efficacy in the treatment of alcoholic fatty disease
by reducing transaminases levels in patients [248]. Pycnogenol® (Horphag Research Ltd., UK,
Geneve, Switzerland), extract of Pinus maritima, is a mixture of flavonoids, mainly procyanidins [249].
Sixty-seven subjects with osteoarthritis (OA) taking 220 mg of Pycnogenol® daily for 3 weeks presented a
decrease in C reactive protein levels and reduced use of painkillers and non-steroidal anti-inflammatory
drugs [203,250]. In other trials with OA patients taking 150 mg/day Pycnogenol®, relief from daily
pain, stiffness, and physical function were observed [204,205]. Alvocidib, or Flavopiridol (Tolero
Pharmaceuticals, Inc.) is a synthetic analog of a naturally occurring flavone extracted from Dysoxylum
binectariferum. It has a CDK9 kinase inhibitor activity, arresting cell cycle at G1 phase, and, therefore,
has been shown as a promising therapy for patients with acute myeloid leukemia and chronic
lymphocytic leukemia [206,251]. Enzogenol®, a flavonoid-rich extract of Pinus radiate containing
approximately 80% total proanthocyanidins and other water-soluble flavonoids, has been linked
to neuroprotection properties [252,253] and beneficial vascular effects [254]. Furthermore, in a
double-blind, placebo-controlled trial, women taking Colladeen® (Lamberts Healthcare Limited, UK) -
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320 mg oligomeric procyanidins — improves leg health and reduces fluid retention in pre-menopausal
phase [255].

So far, most clinical reports in the literature states flavonoids consumption as safe. Despite the
main source of flavonoids is diet, it is important to highlight that supplement intake is growing,
which leads to the concern of high-dosage toxicity and/or interactions with other dietary elements or
medications, resulting in possible adverse effects [256]. Although there are a lot of patent requested to
pharmaceutical compositions containing flavonoids and to use of flavonoids [257], to our knowledge,
the Food and Drug Administration (FDA) has not yet endorsed any flavonoids as pharmaceutical
drugs. Although antioxidant properties are commonly linked to flavonoid molecules, under specific
conditions they can be prooxidant (hydroxyl radicals can be produced due to their iron and copper
reducing activities [258]) and present side effects, as genotoxicity, nausea, and headache [259,260].
Supplementation of high doses may cause antithyroid and goitrogenic effects, in addition to lower
bioavailability of vitamin C, trace elements, and vitamins such as folate [256]. While presenting safe
pre-clinical and clinical profiles, further studies addressing toxicity, interactions, contraindications,
and safety of flavonoids intake are needed to avoid indiscriminate consumption based on the idea that
“natural molecules” do no harm.

5. Development of Pharmaceutical Formulations Containing Flavonoids

Different types of formulations have been applied to flavonoids, such as topical and oral
formulations [261,262]. Topical formulations of flavonoids are a promising therapeutic option to
provide a site-specific application of the drug with important pharmaceutical uses [261]. Several
studies demonstrated that topical formulations containing quercetin, trans-chalcone, naringenin,
and hesperidin methyl chalcone inhibit the UVB irradiation-induced inflammation and stress
oxidative [50,61,72,263]. Therefore, their topical use may provide the required photochemical protection
in addition to human sunscreens. Quercetin gel reduced CFA-induced inflammation such as increased
paw edema, erythema, swelling, joint stiffness and disturb in the movement [264]. In this regard,
treatments with flavonoids incorporated into topical formulations can decrease the local inflammatory
process, pain, and stress oxidative.

The most challenging factor is the flavonoids’ low water solubility, which leads to lower absorption
and consequently lower bioavailability after oral administration [265]. In this sense, protective delivery
systems of flavonoids may be a promising therapeutic option to significantly expand the water solubility,
dissolution, absorption, thermal stability and bioavailability of flavonoid, thus the construction of
flavonoid microcapsules, nanoparticles and nano-formulations is an effective approach to increase
its bioavailability, including the use of liposomes, inclusion complex (cyclodextrin and phospholipid
complexes), micelles, and solid dispersion (Table 3).

Microencapsulation (pectin/casein by complex coacervation) of quercetin ameliorates acetic
acid-induced colitis by providing a controlled release of quercetin at the mouse colon and improves the
anti-inflammatory and antioxidant effects of quercetin compared to the non-encapsulated drug [69].
Rutin-Loaded Microparticles (pectin/casein by complex coacervation as well) induce the inhibition of
carrageenan-induced mechanical hyperalgesia better than nonmicroencapsulated rutin does [266].

Superparamagnetic iron oxide nanoparticle (SPION) drug delivery system enhanced the
bioavailability of quercetin. The SPION increases blood circulation time of quercetin and increases
the concentration of quercetin in the brain that leads to higher antioxidant activity and more efficient
interactions of quercetin with RSK2, MSK1, CytC, Cdc42, Apafl, FADD, CRK proteins [267]. Naringenin
nanosuspensions formulated using polyvinylpyrrolidone displayed a higher dissolution amount
(91 + 4.4% during 60 min) compared to pure naringenin (42 + 0.41%). The apparent and effective
permeability of naringenin nanosuspension was increased as compared to the pure naringenin.
The in vivo naringenin nanosuspension treatment showed maximum concentration and area under
curve (024 h) values approximately 2-fold superior than the pure drug [268]. The flavonoid
fisetin-loaded polymeric nanoparticles had protected and preserved the release of flavonoid fisetin
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in gastric and intestinal conditions. The ABTS scavenging capacity of flavonoid fisetin, as well as
a-glucosidase inhibition activity, were enhanced about 20-fold compared to pure compounds [269].
The nanoparticles and microencapsulates provide controlled release of agent and can be further
optimized to be used as an efficient flavonoids’ delivery.

Table 3. Delivery systems containing flavonoids and key improvement effects.

Formulations Containing Flavonoids Flavonoids Biological Effects
. . Quercetin [69]
Microparticles Rutin [266]
Quercetin [267]
Nanoparticles Naringenin [268]

Fisetin [269]

Naringenin [270]
SNEDDS Quercetin [271] 1 bioavailability
Rutin [272,273] T absorption

Quercetin [274,275] TTsstlalllabiﬁi;y
Rutin [274] 7 efficacy
Kaempferol [275]
Luteolin [275]

Quercetin [276]
Inclusion Complex Rutin [277]
Naringenin [278]
Quercetin [279]
Rutin [280]

Liposomal

Micelles

Solid Dispersion Naringenin [281]

Pre-clinical findings.

Self-Nanoemulsifying Drug Delivery System (SNEDDS) has been proved to improve the
bioavailability of naringenin, quercetin, and rutin. The drug concentration time-curve of naringenin
from SNEDDS revealed a significant increase in naringenin absorption compared to naringenin
suspension [270]. The optimized SNEDDS formulation of rutin had a globule size in the nanometric
range, which led to faster and better absorption in comparison to rutin suspension [272,273].
The quercetin SNEDDS significantly improved quercetin transport across a human colon cell monolayer
and demonstrated rapid absorption within 40 min of oral ingestion [271]. SNEDDS increased absorption,
optimum globule size and higher solubility as well as higher bioavailability. Thus, the SNEDDS could
be used an effective approach for enhancing the solubility and bioavailability of flavonoids.

The liposomal encapsulation for four types of flavonoids demonstrated that the quercetin-loaded
liposomes showed higher stability and more antioxidant capacity than those loading rutin, luteolin
and kaempferol [274,275]. The water solubility of quercetin and rutin was improved by phospholipid
complex [276,277]. There was no statistical difference between the quercetin or rutin complex and
quercetin or rutin in the in vitro antioxidant activity, indicating that the process of complexation does
not adversely affect the bioactivity of the active ingredient [276,277]. Naringenin-cyclodextrin complex
presented a release of 98.0 - 100% at 60 min and enhanced the thermal stability of naringenin [278].
Polymeric micelles exhibited sustained release of quercetin or rutin compared to free quercetin or rutin,
as demonstrated by in vitro assays. The solubility of quercetin and rutin was markedly improved
compared to pure molecules [279,280]. Amorphous solid dispersion (ASD) of naringenin has been
developed with various polymers like cellulose derivatives. Poly-vinylpyrrolidinone-based ASDs
demonstrated drug release in gastric (1.2 pH buffer) and small intestine (6.8 pH buffer) conditions.
The cellulosic polymer delivers naringenin selectively at a neutral pH at the site for its absorption,
whereas it inhibits the drug degradation in the gastric environment environment [281]. At present,
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awide range of protective drug delivery systems are available, showing promising results for flavonoids’
delivery. In this sense, protective formulation strategies can be explored as per the pharmacological
activity of flavonoids.

6. Conclusions

We have reviewed pre-clinical and clinical data about the anti-inflammatory and analgesic
properties of flavonoids. Most studies have been demonstrating the potential therapeutic role and
efficacy of flavonoids in cardiovascular diseases, osteoarthritis, Parkinson disease, colitis, cancer pain,
arthritis, and neuropathic pain. The mechanisms of action of flavonoids are yet to be fully elucidated,
but many studies have shown their relevance as a potent anti-inflammatory, analgesic, and antioxidative
group of molecules. Indeed, flavonoids can block the expression and activation of many cellular
regulatory proteins such as cytokines and transcription factors, resulting in diminished cellular
inflammatory responses and pain. In conclusion, in view of the pharmacological activities of flavonoids,
it could also be interesting to further develop protective delivery formulations containing flavonoids
to treat inflammatory diseases and pain, since promising effects were already observed [69,266].

Flavonoids are multi-target molecules, and increasing attention has been given to these molecules
due to their anti-inflammatory and analgesic properties. Diminishing the activity of varied pathways
seems to present fewer side effects than abolishing the activity of one target, since, in general, the targets
also have endogenous physiological roles. Flavonoids block the synthesis of inflammatory mediators
such as IL-1p, TNF-o,, NO, and COX-2, suppress VEGF and ICAM-1 expression, along with the
activation of STAT3, NFkB, NLRP3 inflammasome, and MAP kinases pathways. Regardless of their
broad pharmacological properties, flavonoids show a poor water solubility, inadequate permeability,
and constrained bioavailability, potentially requiring high doses to show efficacy in [282]. Phase 2
metabolism is known to affect the bioavailability of flavonoids in humans [283]. Generally, most
flavonoids experience sulfation, methylation, and glucuronidation in the small digestive system and
liver and conjugated metabolites can be found in plasma after flavonoid ingestion [284]. Nevertheless,
some metabolites of flavonoids are still active [285]. In such manner, various endeavors have been made
to expand bioavailability, for example, improving the intestinal absorption by means of utilization
of absorption enhancers, novel delivery systems; improving metabolic stability; changing the site of
absorption from large intestine to small intestine.

Thus, flavonoid pharmacology, therapeutics, and pharmaceutical development remain a hot topic
in inflammatory diseases and pain treatment.
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Abstract: Systemic inflammation, circulating immune cell activation, and endothelial cell damage
play a critical role in vascular pathogenesis. Flavonoids have shown anti-inflammatory effects. In this
study, we investigated the effects of different flavonoids on the production of pro-inflammatory
interleukin (IL) 1$3, 6, and 8, and tumor necrosis factor « (TNF-«), in peripheral blood cells. Methods:
We studied the whole blood from 36 healthy donors. Lipopolysaccharide (LPS)-stimulated (0.5 j1g/mL)
whole-blood aliquots were incubated in the presence or absence of different concentrations of
quercetin, rutin, naringenin, naringin, diosmetin, and diosmin for 6 h. Cultures were centrifuged
and the supernatant was collected in order to measure IL-1(3, TNF-«, IL-6, and IL-8 production
using specific immunoassay techniques. This production was significantly inhibited by quercetin,
naringenin, naringin, and diosmetin, but in no case by rutin or diosmin. Flavonoids exert different
effects, maybe due to the differences between aglycons and glucosides present in their chemical
structures. However, these studies suggest that quercetin, naringenin, naringin, and diosmetin could
have a potential therapeutic effect in the inflammatory process of cardiovascular disease.

Keywords: flavonoids; aglycons; glycosides; IL-13; TNF-o; IL-6; IL-8; pro-inflammatory cytokines

1. Introduction

Cardiovascular diseases are the number one cause of death in the world [1]. Nowadays,
the important role of inflammatory events in cardiovascular diseases is widely known [2]. Systemic
inflammation, circulating immune cell activation, and endothelial cell damage are critical events,
along with arterial wall damage [3-6]. Furthermore, the relevance of inflammation in the pathogenesis
of chronic venous disorder has also been shown [7,8]. Monocytes play a critical role in the inflammatory
response [9]. Activated monocytes display relevant immunomodulatory activities, including the
secretion of pivotal cytokines, such as pro-inflammatory cytokines interleukin (IL)-6, IL-1f3, IL-8,
and tumor necrosis factor « (TNF-«). Different mechanisms may be involved in the abnormal activation
of monocytes in chronic diseases [10]. There is increasing evidence that gut dysbiosis; increased
intestinal permeability, also known as “leaky gut”; and bacterial translocation, are key mechanisms in
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the induction of the systemic increase of lipopolysaccharide (LPS) and pro-inflammatory monocyte
activation in several chronic diseases [11-13]. LPS is a potent signal for monocyte stimulation [14].
Monocytes have been demonstrated to be involved in the pathogenesis of several cardiovascular
diseases, such as atherosclerosis [15].

Flavonoids are the largest group of naturally occurring polyphenolic compounds, present in
almost all parts of flowering plants [16]. Their basic chemical structure is made up of two aromatic rings
(rings A and B) connected by an oxygen-containing pyran ring (ring C). Flavonoids are classified into
different subgroups, including flavones, isoflavones, flavonols, dihydroflavones, flavanes, chalcones,
and anthocyanidins, according to the hydroxylation pattern of rings A and B, the oxidative degree of
ring C, and the structure and position of the substitutions [17].

The structural diversity of flavonoids results in a wide range of biological effects; the different
substitutions on the carbon atoms determine the biological effects of the flavonoids [18]. It has
been reported that flavones show different pharmacological actions, such as antinociceptive [19],
anti-inflammatory [20], antioxidant [21], antiulcerogenic [22], and anticarcinogenic [23] actions.
The combination of multiple pharmacological properties in a single nucleus is quite interesting [16].
Several mechanisms have been shown to be involved in the anti-inflammatory effects of flavonoids.
Flavonoids have the ability to modulate macrophages from pro- to anti-inflammatory phenotypes,
potentially contributing to the resolution of pre-established inflammatory processes [24,25].
Furthermore, flavonoids have inhibitory effects in platelet activation, being critical cells for vascular
inflammation [26].

The therapeutic activity of flavonoids has been suggested for inflammatory diseases such as
cardiovascular diseases, obesity, diabetes, bone health, and asthma [27-31]. Furthermore, the potential
use of these molecules in the adjuvant treatment of cancer has also been suggested [25,32].

Flavonoids are secondary metabolites in plants, occurring in virtually all plant parts; especially
photosynthesizing plant cells [33]. Polyphenols represent the most abundant compounds among
secondary metabolites produced by plants. Naringenin, diosmetin, and quercetin are the aglycons of
different kinds of flavonoids found in their heteroside form, specifically naringin, diosmin, and rutin.
Naringin and its aglycon naringenin are the most important dihydroflavones that have been isolated
from citrus fruits [34]. Quercetin and rutin are two flavonols widely distributed among plants and
commonly found in daily diets, predominantly in fruits and vegetables [35,36]. On the other hand,
diosmin and diosmetin are two flavones found in various dietary sources, such as oregano spice;
oregano leaves; citrus fruits; and extracts from specific medicinal herbs of Rosaceae, Asteraceae,
Brassicaceae, and Caryophyllaceae [37].

A flavonoid’s biological in vivo activity is very dependent on its bioavailability and this is
determined by the chemical structure, mainly the type of sugar moiety. In general, the glycoside
levels in plasma are low. Deglycosylation occurs both in the small intestine and in the large intestine,
depending on the type of sugar moiety and the aglycon produced by the microbiota. Then, metabolites
are absorbed via the large intestine and transported into the circulation [38].

It is possible to hypothesize that flavonoids might inhibit the production of pro-inflammatory
cytokines through the activation of leukocytes and focusing on those that are mainly secreted by
activated monocytes. The aim of this work was to evaluate the immunomodulatory effect of quercetin,
rutin, naringenin, naringin, diosmetin, and diosmin on the production of pro-inflammatory cytokines
TNF-«, IL-1§3, IL-6, and IL-8 in whole-blood cells stimulated by LPS.
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2. Results

2.1. Time Course Cytokine Production Curves

Firstly, the kinetic of cytokines produced by lipopolysaccharide (LPS)-stimulated whole blood
was investigated (Figure 1). The culture medium concentration of IL-13, TNF-c, IL-6, and IL-8 at basal
conditions and after 4, 6, 8, and 24 h was quantified. The maximum cytokine concentration was found
at 6h of culture and this time was chosen as the time condition for subsequent assays.
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Figure 1. Cytokine production curves in lipopolysaccharide (LPS)-stimulated whole blood.
One milliliter of whole blood was incubated in the presence of LPS (0.5 pug/mL) in darkness and
continuously shaken at 37 °C. The supernatant concentrations of interleukin (IL)-1f3, tumor necrosis
factor o (TNF-«), IL-6, and IL-8 were measured by ELISA at 0, 4, 6, 8, and 24 h of culture. The diamonds
and vertical segments represent the mean + SEM of six different donors. * p < 0.05 represents a
significant difference each time the measurement was compared to baseline production.

2.2. Study of the Effects of Flavonoids in Cytokine Production in LPS-Stimulated Whole Blood

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-1f production
in LPS-stimulated whole blood (Figure 2) were investigated. As a control, the inhibitor of IL-1(3
rhein (diacerhein-derived metabolite, inhibitor of IL-13 production) was used [39]. It was found that
quercetin, diosmetin, and naringin significantly reduced IL-1p production in a dose-dependent manner.
Naringenin also significantly inhibited IL-13 production, but in an inverse dose-dependent manner.
In contrast, rutin and diosmin did not modify IL-1f production in LPS-stimulated whole blood.
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Figure 2. Effects of different flavonoids on the production of IL-1f in LPS-stimulated (0.5 pg/mL)
whole blood after 6 h of culture. The different panels show the results of the effects of quercetin (A),
rutin (B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the
mean (top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments.
* p < 0.05: significantly different when compared to the LPS control. &p < 0.05: significantly different
when compared to the rhein control.

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on the TNF-o
secretion in LPS-stimulated whole blood (Figure 3) were investigated. Quercetin showed a dramatic
inhibitory effect on TNF-« production. Both naringenin and naringin showed a dose-dependent
suppressor effect upon TNF-a production. Diosmetin significantly inhibited TNF-« production, but
in an inverse dose-dependent manner. On the other hand, rutin and diosmin did not modify TNF-«
production in LPS-stimulated whole blood.
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Figure 3. Effects of different flavonoids on the production of TNF-« in LPS-stimulated (0.5 pg/mL)
whole blood after 6 h of culture. The different panels show the results of the effects of quercetin (A),
rutin (B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the
mean (top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments.
* p < 0.05: significantly different when compared to the LPS control.

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-6 secretion
in LPS-stimulated whole blood were studied (Figure 4). It was found that quercetin, naringenin,
diosmetin, and naringin significantly reduced IL-6 production in a dose-dependent manner. On the
other hand, rutin and diosmin did not significantly modify the IL-6 production in LPS-stimulated
whole blood.
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Figure 4. Effects of different flavonoids on the production of IL-6 in LPS-stimulated (0.5 ug/mL) whole
blood after 6 h of culture. The different panels show the results of the effects of quercetin (A), rutin
(B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the mean
(top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments. * p < 0.05:
significantly different when compared to the LPS control.

The effect of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-8 secretion
in LPS-stimulated whole blood was studied (Figure 5). In these assays, quercetin, naringenin,
diosmetin, and naringin showed a significant decrease in IL-8 production in a dose-dependent manner.
Furthermore, rutin and diosmin did not alter IL-8 production in LPS-stimulated whole blood.
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Figure 5. Effects of different flavonoids on the production of IL-8 in LPS-stimulated (0.5 ug/mL) whole
blood after 6 h of culture. The different panels show the results of the effects of quercetin (A), rutin
(B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the mean
(top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments. * p < 0.05:
significantly different when compared to the LPS control.

3. Discussion

In this work, we have demonstrated that certain members of the flavonoid family have an
inhibitory effect on the production of IL-13, TNF-¢, IL-6, and IL-8 in LPS-stimulated whole blood.
Quercetin, naringenin, naringin, and diosmetin have this immunosuppressor effect. However, rutin and
diosmin lack this anti-inflammatory regulatory effect.

The inflammatory-immune system plays a critical role in the pathogenesis of atherosclerosis [40].
Large thrombogenic necrotic cores, along with lipids, intraplaque hemorrhage, a thinner fibrous cap,
and inflammatory cell infiltration, pathologically characterize unstable plaque rupture, and these
pathological features eventually result in platelet aggregation and thrombus formation [41]. Control
of the molecular and cellular mechanisms involved in these processes is an area of intense research.
Some flavonoids have shown the ability to inhibit platelet activation and aggregation [26]. In this
study, we have further investigated the anti-inflammatory and immunoregulatory effects of flavonoids,
focusing on the production of pro-inflammatory cytokines in LPS-stimulated whole blood. LPS is the
principal component of the outer membrane of gram-negative bacteria, and one of the most potent
inflammation inducers of pro-inflammatory cytokines [42]. LPS is a relevant monocyte activation
signal with a marked effect on the production of inflammatory cytokines, including IL-13, TNF-«,
IL-6, and IL-8 [43]. The effect of flavonoids varies, depending on their chemical structures and
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functional groups [18]. The presence of C3-hydroxyl (OH) may result in an anti-inflammatory effect.
Indeed, quercetin, which has a C3-OH group (the characteristic of flavonols), enhanced LPS-stimulated
cytokine inhibition. The other aglycons studied, like naringenin and diosmetin, demonstrated a
relevant cytokine suppressor effect. Diosmetin is a flavone which contains a carbon—carbon double
bond (C2=C3) in ring C, and a C5-OH and C7-OH group in ring A (Figure 6). The dihydroflavone
naringenin differs from diosmetin by the presence of a carbon—carbon single bond (C2-C3), and by
the different substitutions on the carbon atoms of ring B (Figure 6). The glycoside naringin is a
dihydroflavone which has glycosylation on C7-OH (Figure 6) and exerted a cytokine-suppressor effect,
but one that was not as relevant as the aglycons. However, rutin and diosmin did not show any
inhibitory capacity in the release of pro-inflammatory cytokines. Rutin, a flavonol with glycosylation of
C3-OH (Figure 6), did not have any effect on the LPS-induced release of cytokines, similar to diosmin,
which belongs to the flavones group, with the glycosylation of C7-OH (Figure 6).

OH OH
HO OH

e : ﬁj
O

OH
OCH;

(D)

OH O (F)

Figure 6. Chemical structure of flavonoids: (A) Quercetin, (B) rutin, (C) diosmetin, (D) diosmin,
(E) naringenin, and (F) naringin.

It is well-known that disaccharide structures of glycosides block the anti-inflammatory activity.
There are works on the metabolism of flavonoids and the major effect of their metabolites in the
organism [44,45]. Aglycons may enter epithelial cells by passive diffusion because of their increased
lipophilicity. Therefore, generally, flavonoid glycosides are cleaved either in the intestinal lumen or in
the epithelium before absorption [46]. In vitro, according to our results, aglycons exert higher activity
versus heterosides. In this sense, quercetin has five hydroxyl groups (Figure 6) capable of interacting
with the receptor binding site, and one of them is in the most active position: the C3-OH on ring
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C [47]. Due to these structural characteristics, quercetin has shown an intense and wide inhibitory
effect on whole-blood production of TNF-« at all assayed concentrations. These inhibitory results
of quercetin are also remarkable in the studied interleukin release. Likewise, diosmetin has three
hydroxyl groups, which could justify its inhibitory effect, although this effect is lower than that of
quercetin, since none of the OH is located at the 3 position. The inhibitory effect of diosmetin is exerted
in a dose-dependent manner for IL-16, IL-6, and IL-8 production; however, the release of TNF-« is
inhibited in an inverse dose-dependent manner. Naringenin also contains three hydroxyl groups in its
structure, and no C3-OH on ring C. This product inhibits, in a dose-dependent manner, IL-6, IL-8,
and TNF-«, and in an inverse dose-dependent manner, IL-1f. Rutin and diosmin did not exert any
activity in our in vitro assays, maybe due to their disaccharide structures, although naringin, despite
containing disaccharides in its structure, showed some activity.

On the other hand, the basic structure of flavonoids and which type of sugar moiety is attached
strongly affect their bioavailability. Bioavailability is a crucial factor determining their biological activity
in vivo. Dietary flavonoids are mostly present in their glycoside forms. However, this is not the case in
the plasma, where glycosides are scarce. Aswe discussed previously, deglycosylation occurs both in the
small intestine and in the large intestine, depending on the type of sugar moiety. In the small intestine,
two enzymes have been reported to act, such as 3-glucosidases, against flavonoid monoglucosides.

In the case of non-monoglucosidic glycosides of flavonols, such as rutin, intestinal 3-glucosidases
cannot hydrolyze the sugar moiety. Therefore, the intestinal microbiota acts to yield absorbable aglycon
in the cecum and in the large intestine. The aglycon produced by the microbiota is absorbed via the
large intestine and transported into the circulation [38]. Regarding flavones, such as diosmin, the oral
absorption is poor, reaching plasma concentrations that are typically < 1 ug/mL in humans. However,
formulations of micronized diosmin have improved the bioavailability and they are widely used in
the treatment of chronic venous disease, hemorrhoidal disease, and other indications [48]. Numerous
studies have confirmed the superior efficacy of micronized diosmin (therapeutic dose = 1000 mg)
compared to non-micronized diosmin (1000 mg), through the diosmetin plasma concentration as the
main metabolic by-product of diosmin [49]. There were no significant adverse events in the study
groups [48].

Regarding dihydroflavones, naringin in humans is metabolized in aglycon naringenin by
naringinase found in the liver. Its solubility is limited in water and has a low oral bioavailability of
around 5% [50]. Dihydroflavones are absorbed into enterocytes after oral intake; they are rapidly
metabolized, in particular, into conjugates, sulfates, and glucuronides, which are the major circulating
forms in plasma. A large fraction reaches the colon, where it is efficiently metabolized into small
absorbable phenolics. The form (aglycon vs. glycoside) and species (e.g., human vs. rat) have
important impacts [51].

These results support the anti-inflammatory and immunomodulatory effects of flavonoids,
in addition to their role in platelet activation [26]. Nowadays, it is not possible to reach high
concentrations in plasma due to the lack of flavonoid solubility, but these assays hint at clarifying
the possible mechanism of action of these compounds. Further studies are required to define the
different cellular targets of flavonoids in pro-inflammatory cytokines. It is possible to suggest in
our experimental system that monocytes, as LPS responders, are potential targets of the flavonoid
immunomodulatory activity. Additional studies may establish the potential therapeutic relevance of
these flavonoid effects in vascular diseases.

4. Materials and Methods

4.1. Study Cohort, and Inclusion and Exclusion Criteria

Forty healthy non-smokers (age 21.8 + 1.01 years (mean + SEM); 11 men, 25 women) provided
blood for the present study. Possible donors were excluded if they showed evidence of heart, kidney,
lung, or autoimmune disease; had a history of tumors, any chronic or acute infection, diabetes mellitus,
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hypercholesterolemia, endocrine diseases, immunodeficiency, or thrombocytopathy; were undergoing
immunosuppressant, immunomodulatory, cytostatic, or nonsteroidal anti-inflammatory drug (NSAID)
treatment; or took any other medication within the three months prior to the study that might modify
the cytokine response.

Written informed consent was obtained from each donor. The study was conducted according to
the ethical guidelines of the 1975 Declaration of Helsinki, with the approval of the Biomedical Ethics
Committee of the University of Alcald de Henares.

4.2. Peripheral Blood Extraction

Peripheral blood was collected by antecubital puncture in sodium citrate-containing (3.8% wt/vol)
Vacutainer® tubes (Dismadel, Spain), discarding the first 2 mL. All extractions were performed at
the Dept. of Haematology of the Principe de Asturias Hospital, Alcala de Henares (Spain). Sodium
citrate was selected as the anticoagulant instead of heparin, ethylenediaminetetraacetic acid (EDTA),
or p-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK), given its lesser impact on
complement activation pathways [52].

4.3. Selected Drugs

Quercetin (Sigma-Aldrich Chemical, Spain), rutin (Sigma-Aldrich Chemical, Spain), diosmetin
(Zoster Ferrer, Spain), diosmin (Zoster Ferrer, Spain), naringenin (Zoster Ferrer, Spain), and naringin
(Zoster Ferrer, Spain) (Figure 6) were dissolved in dimethyl sulphoxide (DMSO) (Dismadel, Spain)
to a final plasmatic concentration of 0.5 mM. This concentration is close to the clinical dose used
in the flavone diosmin (Daflon®) [53]. The difficulty in dissolving the compounds meant that no
concentrations higher than 1mM could be tested. Then, further dilutions of 0.1, 0.5, and 1 mM were
produced for use in later assays. The smallest volume of DMSO (2 uL), which allowed a perfect
dissolution of compounds, was added to blood to avoid modifying or changing the cell structure.

4.4. Assay of IL-1B, TNF-a, 1I-6, and IL-8 Production in LPS-Stimulated Whole Blood

Whole-blood aliquots of ImL, extracted from donors, were incubated with flavonoids at 37 °C for
30 min in darkness and with continuous shaking. Afterwards, 0.5 pug/mL of lipopolysaccharide was
added, to boost the production of different cytokines by monocytes [54], and incubated at 37 °C for 6 h
in darkness and with continuous shaking.

Next, samples were introduced in dry ice and were gradually centrifuged (Centrifugal machine
JOUAN B3.11 model) for 10 min at 4000 rpm (revolutions per minute), and then, the supernatant was
collected. Every control and product was assayed in quadruplicate.

The levels of different cytokines were measured by using a specific enzyme immunoassay kit for
each cytokine (IL-1p Biotrak ELISA kit, Amersham Biosciences, Little Chalfont, UK; TNF-« Biotrak
ELISA kit, Amersham Biosciences, Little Chalfont, UK; Il-6 Biotrak ELISA kit, Amersham Biosciences,
Little Chalfont, UK; IL_8 Biotrak ELISA kit, Amersham Biosciences, Little Chalfont, UK), in accordance
with the manufacturer’s instructions. Absorbance was measured with a spectrophotometer (ELx800
Absorbance Microplate Reader of Biotek, Wisconsin, USA) at 450 nm. The standard curve for cytokines
covered the range from 7.8 to 500 pg/mL. The intra- and inter-assay coefficients of variation (CVs) were
7.6% and 10.3%, respectively. The assay sensitivity was 1.1 pg/mL.

Dimethyl sulfoxide (DMSO) and other reagents, unless specifically stated elsewhere, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The final volume of DMSO in the reaction
mixture was 0.5%.

4.5. Statistical Analysis

All results are expressed as the mean + SEM (standard error mean) of values obtained in each
experiment. Since most variables did not fulfil the normality hypothesis, a Wilcoxon test was used to

196



Molecules 2020, 25,1017

analyse the variance of paired groups. The significance level was set at p < 0.05. Statistical analysis
was performed using SPSS-19 software (SPSS-IBM, Armonk, NY, USA).
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Abstract: Flavonoids are widely used as phytomedicines. Here, we report on flavonoid
phytomedicines with potential for development into prophylactics or therapeutics against coronavirus
disease 2019 (COVID-19). These flavonoid-based phytomedicines include: caflanone, Equivir,
hesperetin, myricetin, and Linebacker. Our in silico studies show that these flavonoid-based molecules
can bind with high affinity to the spike protein, helicase, and protease sites on the ACE2 receptor
used by the severe acute respiratory syndrome coronavirus 2 to infect cells and cause COVID-19.
Meanwhile, in vitro studies show potential of caflanone to inhibit virus entry factors including,
ABL-2, cathepsin L, cytokines (IL-1f3, IL-6, IL-8, Mip-1x, TNF-o), and PI4Kiiif3 as well as AXL-2,
which facilitates mother-to-fetus transmission of coronavirus. The potential for the use of smart
drug delivery technologies like nanoparticle drones loaded with these phytomedicines to overcome
bioavailability limitations and improve therapeutic efficacy are discussed.

Keywords: flavonoids and their derivatives; phytomedicine; COVID-19; SARS-COV-2;
smart nanoparticles

1. Introduction

The 2019 outbreak of the novel coronavirus disease (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) catapulted governments and scientists in a race to find a vaccine
or drug for the prevention or treatment of this deadly pandemic. As scientists scramble to find effective
therapies, doctors are trying cocktails of unproven therapies and desperate populations are trying
different phytomedicines [1]. Many clinical trials to test different drugs and phytomedicines for COVID
19 have been launched [2].

Phytomedicine, the use of medicinal plants for prevention and treatment of disease, is of
growing importance worldwide [3], but has been largely absent in global health as in the case of
COVID-19. A number of studies have surfaced on the use of Chinese traditional medicines including
phytomedicines on the treatment of COVID-19 and there are anecdotal reports on phytomedicines

Molecules 2020, 25, 2707; doi:10.3390/molecules25112707 201 www.mdpi.com/journal/molecules
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discovered for the treatment of COVID-19 in Africa, particularly in Madagascar [4,5]. Phytomedicine of
proven quality, safety, and efficacy, contributes to the World Health Organization (WHO)’s global health
priority of ensuring that all people have access to quality healthcare. However, the use of phytomedicine
is largely driven by anecdotal evidence, and is limited by poor bio-availability. Cross-disciplinary
research collaborations could overcome these barriers and help accelerate development of effective
evidence-based phytomedicines for COVID-19, that would also be widely accessible in developing
countries where over 80% of the population uses phytomedicine. Flavonoids have been reported to
possess various disease prevention and treatment potential including against viruses [6,7]. Here we
report new findings on a number of flavonoid phytomedicines with potential for development into
COVID-19 therapeutics or prophylactics.

2. Results and Discussions

It is now well established that SARS-CoV-2 uses the angiotensin-converting enzyme 2 (ACE2)
receptors abundant in the respiratory tract and lungs to infect cells [8-10]. CoV-2 spike glycoprotein
binds ACE2 cellular receptors to facilitate fusion and ultimately entry into cells. Chloroquine (CLQ)
is being investigated as a prophylactic or therapeutic and is reported to inhibit the activity of CoV-2,
thus launching the investigation into possible binding sites to ACE2 [11]. Molecular docking studies
were employed to investigate different flavonoid molecules” potential binding efficacy to ACE2
metallopeptidase domain. We are however aware that there are other possible binding sites of these
molecules, including the CARS-CoV-2RBD domain of ACE2 [12].

Figure 1 highlights flavonoids investigated by us including hesperetin [7], myricetin [13],
Linebacker, and caflanone (FBL-03G) [14]. Binding energy results are highlighted in Figure 2 in
comparison to that of CLQ, which is currently in clinical trials as a potential prophylactic and treatment
of COVID-19. These preliminary works indicate that flavonoids could bind with high affinity to
the spike protein, helicase, and protease sites on the ACE2 receptor causing conformational change
to inhibit viral entry of coronaviruses. For comparison, the results indicate that the investigated
flavonoids could bind equally or more effectively than CLQ. The binding results highlight potential for

considering these flavonoids as prophylactic against SARS-CoV-2.
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Figure 1. Docking studies for (A) Hesperetin; (B) Myricetin; (C) Linebacker; (D) Caflanone (FBL-03G).
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Figure 2. Docking study results show flavonoid molecules can bind very effectively to the ACE2
receptor used by SARS-CoV-2 to infect cells. Two binding energies are shown for chloroquine due to
two possible binding poses in different regions of the metallopeptidase domain.

A close look at the interaction of CLQ seen in Figure 3A,B indicates two possible binding poses in
different regions of the metallopeptidase domain. Although CLQ seen in Figure 3A exhibits a lower
affinity for the site, it is making a key pie-cation interaction with His374 that in turn coordinates with
zinc (ZN). The second predicted pose of CLQ inverts the structure allowing for binding deeper into the
catalytic site and farther away from zinc. As a result, the chloroquinoline group of CLQ makes pie
stacking interactions with the residue of Thr371 and a salt bridge interaction with Glu406 (Figure 3B).
The structurally diverse caflanone also interacts within the catalytic site of ACE2 (Figure 3C) and makes
multiple favorable interactions with Glu375, Glu402 that coordinates with ZN, Phe274, and Arg273.

Figure 3. Predicted binding poses of caflanone and chloroquine (CLQ) within the zinc metallopeptidase
domain of ACE2 (cyan cartoon and electrostatic potential surface). (A,B) Two predicted poses of CLQ
(orange), one of which interacts with HIS374, which is coordinated with Zn and the other binds further
into the cleft of the catalytic domain, away from Zn. (C) Caflanone (orange) is predicted to bind within
the catalytic domain similar to CLQ in A.
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Moreover, in vitro study results (Table 1) for caflanone show potential to inhibit virus entry
factors including, ABL-2, [15] cathepsin L, [16] cytokines (IL-1f, IL-6, IL-8, Mip-1a, TNF-w), [17],
and PI4Kiiif [18], as well as AXL-2, which facilitates mother-to-fetus transmission of coronavirus [19].

Table 1. Antiviral activity of caflanone against human coronavirus (-OC43) and viral/host factors *.

Bioactivity ECs0/ICs509 (UM)
hCov-OC43 beta virus 0.42
ABL-2 0.27
AXL <5.0
Cathepsin L 3.28
IL-1B 2.4
IL-6 9.1
IL-8 9.9
Mip-1a 8.9
TNF-« 8.7
CK2a2 0.038
JAK2 1.85
MNK2 0.549
PI4Kiiip 0.136

* The hCov-OC43 virus was cultured in RD (Rhabdomyosarcoma) cells while the Hotspot kinase profiling assay was
used to assess kinase inhibition. Proinflammatory cytokine inhibition was measured in human PBMC (Peripheral
blood mononuclear cells) cells stimulated with LPS (Liposaccharide). ABL2 (Abelson Murine Leukemia Viral
Oncogene Homolog 2), AXL (AXL Receptor Tyrosine Kinase), IL-1f (Interleukin 1), IL-6 (Interleukin 6), IL-8
(Interleukin 8), Mip-1« (macrophage inflammatory protein 1«), TNF-« (Tumor Necrosis Factor-«), CK2a2 (Casein
kinase 2), JAK2 (Janus kinase 2), MNK2 (Mitogen-activated protein kinase signal-integrating kinase), PI4Kiiif3
(Phosphatidylinositol 4-kinase III beta).

Similarly, Equivir, a blend of natural bioflavonoids: hesperetin, myricetin, and piperine
demonstrated antiviral efficacy. Equivir has a synergistic effect by inhibiting ICAM1 (Intercellular
adhesion molecule 1), ATPase, helicase, polymerase and neuraminidase to reduce or prevent viral entry,
transcription, replication, and budding. It has potential as a treatment and a preventative prophylactic.
The components hesperetin, myricetin, and piperine are all FDA listed as Generally Recognized as
Safe (GRAS). Other studies [7,13] have reported other flavonoid compounds with preliminary results
showing anti-coronavirus and anti-inflammatory activity. Altogether, these results provide significant
impetus for further investigation of these phytomedicines in the fight against COVID-19.

Despite the promising in silico and in vitro results, a major limitation of flavonoids in in vivo
and clinical translation studies is the poor bioavailability of flavonoids [20]. Thus, there is often
need to enhance the bioavailability of these flavonoids in-vivo. To this end, approaches to increase
bioavailability include the use of absorption enhancers, improving metabolic stability, changing the
site of absorption from large intestine to small intestine, and the use of drug delivery systems [20].

Smart nanoparticles present as viable drug delivery systems. The SARS-CoV-2 itself is the
quintessential smart nanoparticle of 60-140 nm [8,19,21], and has together with other viruses been
described as smart and capable nanoparticles that cause human loss, havoc, and devastation [22].
One approach to counter this is to also develop anti-COVID-19 (AC) smart nanoparticles (nanodrones).
Figure 4A illustrates such an AC nanodrone with the capacity to target the ACE2 receptor and deliver
both hydrophobic and hydrophilic payloads. The flavonoids can be encapsulated in the nanodrones
using microfluidic approaches [23]. The flavonoids can also be conjugated as targeting moieties on
the AC nanodrones. Our preliminary work with nanodrones for targeting lung lesions (Figure 4B-E)
suggests that such a pulmonary (INH) route of delivery may be advantageous with higher amounts of
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payload reaching the lung [24-26], which is ground zero for COVID-19 [1]. Here the targeting moieties
conjugated on the nanoparticle drones could be flavonoid molecules with targeting SARS-CoV-2
infection in the lungs.
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Figure 4. (A) A schematic of the anti-COVID-19 (AC) nanodrone designed to target ACE2
receptor allowing for image-guided monitoring of space-time distribution and treatment monitoring;
(B—C) results of smart nanoparticles (RGD-pGNPs) targeting lung lesions; (D) Fluorescence intensity of
smart nanoparticles targeting lung lesions in mice administered via INH (pulmonary delivery) versus
via i.v. (intravenous delivery).

Beside addressing bioavailability, use of AC nanodrones could allow the ability for image-guided
targeting and monitoring including via computed tomography (CT) or magnetic resonance imaging
(MRI). While nanodrones [23,26,27] can use gold nanoparticles as core material, this could be readily
replaced with iron or gadolinium for MRI. Using the latter would allow them to be directed with
magnetic fields for superior targeting to disease sites.

In perspective, previous studies on CLQ have shown that chloroquine can block endocytosis of
nanoparticles [28]. The docking study results above suggest that smart nanoparticles with flavonoids
might be more effective in binding the ACE2 receptor and could represent a significant improvement
or advance in targeting such indications. Smart nanoparticles can also be constructed along the lines
of the multi-compartment liposome [29], which have hydrophobic and hydrophilic compartments to
carry flavonoids or other drugs for more effective targeting to enhance their effectiveness. In general,
advantages of using such smart technology includes better disease targeting, ability to cross membranes
and enter cells, longer duration drug action, lower doses, and reduced side effects, which is of
vital importance.

205



Molecules 2020, 25, 2707

3. Conclusions

In summary, our preliminary results highlight significant potential for COVID-19 phytomedicines
in the war against the novel coronavirus pandemic. While the activity of other flavonoids like hesperetin
and myricetin are known, the results for flavonoids like caflanone and linebacker are presented as new
candidates for further investigation. Overall, the findings justify further cross-disciplinary research
collaborations investigating such viable flavonoids and leveraging advances in smart nanomaterials for
targeted delivery. This could accelerate the development of effective phytomedicines for COVID-19 that
could save innumerable lives, with capacity for expedient adaptation to combat likely future pandemics.

4. Materials and Methods

4.1. In-Silico Studies

Molecular Docking is an effective and competent tool for in silico screening, which plays an
important and ever-increasing role in rational drug design. Molecular modeling approaches are
increasingly being used to accelerate the drug discovery process. Molecular docking is an effective
molecular modeling tool that is used to identify key interactions of ligands within the active site of a
target protein and assigns a predicted binding affinity. Docking was performed using the Schrodinger
software suite (Maestro, version 11.8.012, Schrodinger New York, NY, USA)following well-established
approaches described in previous studies [13,30,31]. Compounds were extracted from the PubChem
database in the SDF format and were combined in one file. The file was then imported into Maestro and
prepared for docking using LigPrep. Ioniser was used to generate an ionized state of all compounds at
the target pH 7 + 2. This prepared low-energy conformers of the ligand were taken as the input for an
induced—fit docking. Prior to docking, the atomic coordinates of the crystal structure of SARS-CoV
were retrieved from the Protein Data Bank (PDB 1R4L). The protein was prepared with the Protein
Preparation Wizard where bond orders and hydrogens were assigned, missing side chains and loops
were filled, heteroatomic states generated and restrained minimization with OPLS_2005 force field
conducted. The induced-fit docking protocol was run from the graphical user interface accessible
within Maestro 11.8.012 and Maestro 12.1. Receptor sampling and refinement were performed on
residues within 5A of each ligand for each of the ligand—protein complexes. Induced-fit receptor
conformations were generated for each of the ligands. Re-docking was performed with the test ligands
into their respective structures that are within 30 kcal/mol of their lowest energy structure. Finally, the
ligand poses were scored using GlideScore scoring functions.

4.2. In Vitro Studies

4.2.1. Inhibition of Hcov-OC43 Human Coronavirus

For in-vitro studies, test compounds were prepared in 20-mM solutions and sent to Institute for
Viral Research (USU) for analysis. Compounds were serially diluted using eight half-log dilutions in
test medium (MEM supplemented with 5% FBS and 50 ug/mL gentamicin) so that the starting (high)
test concentration was 100 uM. Each dilution was added to 5 wells of a 96-well plate with 80-100%
confluent RD cells. Three wells of each dilution were infected with virus, and two wells remained
uninfected as toxicity controls. Six wells were infected and untreated as virus controls, and six wells
were uninfected and untreated as cell controls. hCoV-OC43 virus was prepared to achieve the lowest
possible multiplicity of infection (MOI) that would yield >80% cytopathic effect (CPE) within 5 days.
M128533 was tested in parallel as a positive control. Plates were incubated at 37 + 2 °C, 5% COs.

On day 5 post-infection, once untreated virus control wells reached maximum CPE, plates were
stained with neutral red dye for approximately 2 h (+15 min). Supernatant dye was removed and
wells rinsed with PBS, and the incorporated dye was extracted in 50:50 Sorensen citrate buffer/ethanol
for >30 min and the optical density was read on a spectrophotometer at 540 nm. Optical densities
were converted to percent of cell controls and normalized to the virus control, then the concentration
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of test compound required to inhibit CPE by 50% (EC50) was calculated by regression analysis.
The concentration of compound that would cause 50% cell death in the absence of virus was similarly
calculated (CC50). The selective index (SI) is the CC50 divided by EC50.

4.2.2. Kinase Inhibition Assay

The HotSpot kinase profiling assay platform (Reaction Biology Corporation) was used to kinase
inhibitory properties of FBL-03G. The detailed protocol for the assay was previously described by
Anastassiadis et al., 2011 [32]. In brief, for each reaction, kinase and substrate were mixed in a
buffer containing 20 mM HEPES (pH 7.5), 10 mM MgCl,, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL
BSA, 0.1 mM Na3zVOy, 2 mM DTT, and 1% DMSO. Compounds were then added to each reaction
mixture. After a 20-min incubation, ATP (Sigma-Aldrich, Saint Louis, MO, USA) and [g-33P] ATP
(PerkinElmer, Waltham, MA, USA) were added at a final total concentration of 10 mM. Reactions were
carried out at room temperature for 2 h and spotted onto P81 ion exchange cellulose chromatography
paper (Whatman). Filter paper was washed in 0.75% phosphoric acid to remove unincorporated ATP.
The percent remaining kinase activity relative to a vehicle-containing (DMSO) kinase reaction was
calculated for each kinase/inhibitor pair. Outliers were identified and removed. ICsy values were
calculated using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA).

4.2.3. Proinflammatory Cytokine Inhibition

The Human Cytokine/Chemokine Magnetic bead panel from Millipore (Catalog # HCYTOMAG-60K)
was used in this study according manufacturer’s instructions. Monocyte/macrophage inhibition in
human PBMC cells stimulated with LPS was analyzed. Cryopreserved human PBMC cells were
seeded in 96 well plates at density of 5 x 10* cells/well in 150 uL RPMI culture media. The plates were
incubated for 1 h at 37 °C with 5% CO,. To the wells, 10 pL diluted compounds, Dexamethasone,
and vehicle controls were added to appropriate wells according to the plate map. The plates were
incubated at 37 °C with 5% CO, for 1 h. To appropriate wells, 40 uL LPS (E. coli, 50 pg/mL) was added
and plates further incubated at 37 °C, 5% CO,, for 24 h. The plates were centrifuged at 1000 rpm for
10 min and supernatant harvested. The supernatants were transferred to a clean plate and stored
at -80 °C until ready to analyze on the Luminex and cytokine (IL-1f3, IL-6, IL-8, MIP-1x and TNFw)
levels measured. Levels of cytokine induction were interpolated off a standard curve using a 5-point
non-linear regression analysis. The interpolated data was normalized to vehicle control and analyzed
to generate ICs, values.

4.3. Smart Nanoparticles Studies

Smart nanoparticles discussed in this study were made using: gold (III) chloride trihydrate
(HAuCly.3H,0O), THPC- tetrakis (hydroxymethyl) phosphnium chloride (80% solution in water),
sodium hydroxide, dimethyl sulfoxide (DMSO), and HPLC grade water procured from Sigma Aldrich
and used without further purifications. Mono-functional mPEG-thiol (Mw: 2000 Da) and hetero
bi-functional anime-PEG-thiol (Mw: 3,400 Da) and carboxymethyl-PEG-thiol (Mw: 2000 Da) from
Laysan Bio Inc were used for the PEGylation of as-prepared gold nanoparticles. Fluorophore, Alexa
Fluor 647 (AF647) carboxylic acid, succinimidyl ester was purchased from Invitrogen (Carlsbad,
CA, USA). For purification of nanoparticle, cellulose dialysis membrane (12-14 kDa) and microfuge
membrane filters (NANOSEP 100K OMEGA) were procured from Sigma Aldrich (Saint Louis, MO,
USA) and Pall Corporation (Westborough, MA, USA), respectively.

THPC capped nanoparticles were synthesized by controlled reduction of auric (III) chloride as
reported previously by our group. Briefly, 0.5 mL of freshly prepared 1 M NaOH was added to 45 mL
of HPLC grade water followed by addition of 1 mL of THPC solution (prepared by adding 12 uL of
80% THPC in water to 1 mL of HPLC water). The solution was stirred vigorously at room temperature.
After 5 min of stirring, 2 mL of 25 mM HAuCly was added directly into the stirring mixture. A rapid
change of color of the stirring mixture (from yellow to dark brown) indicated the reduction of HAuCly
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and formation of stabilized nanoparticles. The stirring was continued for another 15 min. For grafting
the PEG/functionalized PEG on the surface of as-prepared nanoparticles, ligand exchange method
was used by adding 2 mL of 3.75 mg/mL mPEG-thiol, 2 mL of carboxymethyl-PEG-thiol, and 4 mL of
amine-PEG-thiol to the 45 mL of as-prepared nanoparticles. The reaction mixture was gently stirred
overnight at room temperature. The PEGylated nanoparticles were purified using dialysis against
distilled water for 24 h using a cellulose membrane with a cut-off size of 12-14 kDa. The dialyzed
nanoparticles were sterile filtered using a 0.45-um syringe filter and lyophilized to obtain dried
PEGylated gold nanoparticles (pGNPs). pGNPs were stored at 4 °C for future use. The fluorophore
AF647 was conjugated to the amine groups of the PEG on the surface of the pGNPs. Briefly, 2 mg
of pGNPs were dispersed in 1 mL of carbonate buffer (0.1 M, pH 8.8) followed by addition of 5 uL
of 10 mg/mL AF647 succinimidyl ester in DMSO. The reaction mixture was gently stirred for 2 h at
room temperature. The unbound or free AF647 was separated from the AF647 conjugated pGNPs
using 100 kDa centrifugal spin filters. The purified AF647 conjugated pGNPs (AF647-pGNPs) were
washed three times with HPLC grade water to ensure complete removal of free fluorophore. For active
targeting to lung lesions, RGD peptide was conjugated to carboxyl groups of the PEGylated pGNPs
via carbodiimide chemistry, and the purified nanoparticles were lyophilized for future use.

All in vivo experiments performed in this study were approved by the Animal Care and Use
Committee of the Dana-Farber Cancer Institute (protocol number 17007). Transgenic mouse models
bearing single-nodule lung lesions were generated as described in recent work [33]. RGD targeted
PGNPs were administered to cohort A mice via INH, while the same concentration of RGD-pGNPs was
administered to cohort B mice via i.v. The nanoparticles distribution was measured via fluorescence
imaging and ex-vivo electron microcopy methods. The optical fluorescence imaging was done using
Maestro GNIR FLEX fluorescence imaging system (CRI) using a 633-nm excitation filter. Mice were
dissected and entire lungs were imaged 24 h post nanoparticles administration. The images were
acquired with the same acquisition time of 88 ms for all the experiments. A quantitative estimation of
the fluorescence intensity was done using the Maestro software and Image J.
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Abstract: Cranberry (Vaccinium macrocarpon) is a distinctive source of polyphenols as flavonoids and
phenolic acids that has been described to display beneficial effects against urinary tract infections
(UTIs), the second most common type of infections worldwide. UTIs can lead to significant morbidity,
especially in healthy females due to high rates of recurrence and antibiotic resistance. Strategies and
therapeutic alternatives to antibiotics for prophylaxis and treatment against UTIs are continuously
being sought after. Different to cranberry, which have been widely recommended in traditional
medicine for UTIs prophylaxis, probiotics have emerged as a new alternative to the use of antibiotics
against these infections and are the subject of new research in this area. Besides uropathogenic
Escherichia coli (UPEC), the most common bacteria causing uncomplicated UTIs, other etiological
agents, such as Klebsiella pneumoniae or Gram-positive bacteria of Enterococcus and Staphylococcus
genera, seem to be more widespread than previously appreciated. Considerable current effort is also
devoted to the still-unraveled mechanisms that are behind the UTI-protective effects of cranberry,
probiotics and their new combined formulations. All these current topics in the understanding of the
protective effects of cranberry against UTIs are reviewed in this paper. Further progresses expected in
the coming years in these fields are also discussed.

Keywords: cranberry; urinary tract infections; UTIs; uropathogenic Escherichia coli; UPEC; flavan-3-ols;
A-type proanthocyanidins; phenolic metabolites; antiadhesive activity; probiotics

1. Introduction

Urinary tract infections (UTIs) are the second most common type of bacterial infections worldwide,
behind otitis media. UTIs incidence peaks in individuals are in their early 20s and after age 85 [1].
The lifetime risk for acquiring a symptomatic UTIs is about 12% in men and 50% in women, with a
rate of recurrence after six months of about 40% [2]. Approximately 20-30% of young women will
have a recurrent UTIs, named relapses, which can be caused by the same microorganism or by a
different microorganism. Microbial host-associated reservoirs at the underlying bladder tissue or
gastrointestinal tract could cause reinfection, even after an intensive treatments and subsequent
negative urine culture [3]. All of this means that UTIs account for several millions of outpatient hospital
visits and millions of emergency room visits with a large cost for the Primary Care and Public Health
systems affecting the national economy [4].

According to the anatomical location of the bacteria, UTIs are categorized as pyelonephritis
and kidney infection when they affect the upper part of the urinary tract (ureters and kidney
parenchyma), and as cystitis and urethritis when they affect the bladder or urethra (lower infection
tract). Clinically, uncomplicated UTIs affect healthy individuals without urinary tract anomalies,
while UTTIs associated with factors that compromise the urinary tract or host defense are referred
as complicated UTIs, including urinary obstruction or retention caused by neurological disease,
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renal failure or transplantation, pregnancy and the presence of foreign bodies such as kidney stones,
indwelling catheters or other drainage devices [5]. Among the most common symptoms of UTIs as
cystitis, there is a frequent and urgent need to urinate and pain or burning sensation in the urethra
during urination. Urine is usually cloudy, sometimes even pink color due to the presence of blood.
If infection rises to the kidneys, patients could also be suffer fatigue, fever, nausea and muscle and
abdominal pain [6]. Pyelonephritis is usually a more serious problem as it can lead to irreversible
kidney damage or sepsis [7].

Uropathogenic Escherichia coli (UPEC) is the primary etiological agent for the majority of
these infections, causing around 85% of cystitis, but other Gram-negative bacteria, such as
Klebsiella pneumoniae, and some Gram-positive cocci, such as some staphylococcal and enterococcal
species, seem to be also implicated in the etiopathogeny of the remaining infections [8,9]. Polymicrobial
infections involving Gram-positive bacteria may be more prevalent than previously appreciated
and may also impact on UTI output. As routine care, UTIs were diagnosed and treated based on
symptomatology without performing a urine culture but that UTI empiric treatment commonly led to
a UTI misdiagnosis [10].

Conventionally, the use of antibiotics to treat this pathology has claimed to be very operative,
but they can cause prevalence of resistance among uropathogens and other adverse side effects, such as
damage in intestinal microbiota. For these reasons, there is a growing interest in the search of natural
therapies for UTI prevention and treatment to face increasing bacterial resistance to antibiotics and high
recurrence rates [9,11]. To prevent such infections, different alternatives, such as the use of antiadhesive
components, probiotics or vaccines, have been investigated.

Although the consumption of cranberries (Vaccinium macrocarpon) has been extensively
recommended for UTIs prophylaxis and relief of adverse symptoms, the UTIs preventive activity
of cranberry has been debated in the literature and numerous clinical studies have been carried
out, including some recent meta-analyses [4,12,13]. Several studies have shown a protective effect
of cranberry against UTIs [14-18]; nevertheless, others have not found significant effects [19,20].
This current controversy about conflicting results of the clinical and cost effectiveness of cranberry
supplements has been attributed to different manufactured cranberry based products and doses, as well
as a lack of systematic protocol for the selection of subjects and clinical assay [13].

The red cranberry is rich in several groups of flavonoids, particularly proanthocyanidins,
anthocyanidins, and flavonols, together with phenolic acids and benzoates [21,22]. Among other
possible mechanisms behind the protective effects of cranberries against UTIs is the capacity of cranberry
polyphenols to act as antiadhesive agents in preventing/inhibiting the adherence of pathogens to
uroepithelial cell receptors, which appears to be a major step in the pathogenesis of these infections [23].
Cell culture methodologies have also evidenced anti-adhesive capacity against the UPEC of flavonoids
present in cranberry and their metabolites and of urine samples collected after cranberry consumption
extracts [24-28].

Probiotic bacteria are considered another promising therapy in UTI prevention and
treatment [29,30], and many human intervention studies have evaluated if the consumption of
specific strains, such as Lactobacillus spp. can prevent or treat UTIs [11,31]. Moreover, the combination
of cranberry with some probiotic strains has also been proposed to be effective for the management of
recurrent urinary tract infections [32].

In the light of recent scientific publications on the matter, this review tends to recapitulate all
these aspects related to protective effects of cranberry against urinary tract infections. After a brief
presentation of UTI pathogenesis (Section 2) and UPEC and other uropathogenic bacteria (Section 3),
the review covers the main aspects related to the use of cranberries in UTI prophylaxis (Section 4).
Particular attention is given to the antiadhesive activity derived from cranberry consumption that has
been long considered as a main mechanism involved in the protective effects of cranberry against UTIs
(Section 5), and to other potential mechanisms involved in cranberry efficiency against UTIs, including
interaction with gut microbiota and renal metabolism (Section 6). Finally, the potential of probiotics
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against UTIs and their combined action with cranberries are also considered as a promising strategy
for future treatments against UTIs (Section 7). Global conclusions from all sections are finally drawn
(Section 8).

2. UTIs Pathogenesis

A bacterial ethology associated with the rise in faecal microorganisms to the urinary tract is related
to most UTlIs, but there are other different risk causes, including transmission by person-to-person
direct contact and the faecal-oral route [1]. The higher incidence in women is mainly due to their
anatomy: the female urethra and the tract to ascend to the bladder, shorter than the male. Besides,
anatomical and physiological changes that occur in the urinary tract during pregnancy increase
women’s susceptibility to UTIs. The homeostasis of the vaginal microbial ecosystem, formed mainly
by lactobacilli, is important to protect vaginal mucosa against the colonization of pathogens and their
potential ascending into the urinary system. Therefore, the use of spermicides and antibiotics as well
as the menopause period, altering a woman'’s vaginal microbiota and decreasing the level of estrogen,
favour infections. Incomplete cure or recurrent genitourinary infections also lead to alterations in
vaginal microbiota from a predominance of lactobacilli to coliform uropathogens [33]. Moreover,
the positive correlation between UTI infection history in first-degree female relatives and UTI risk
suggests a genetic component for increased susceptibility [34].

A key step in the pathogenesis of infectious diseases is the pathogenic bacteria adherence to host
cells. According to Beerepoot et al. [35], UTIs are settled in three main phases: microbial colonization,
bacteria adherence to uroepithelium receptors, and invasion of urinary tract cells. The initial step in
the UTIs pathogenesis is the colonization of the urinary tract and the subsequent rise of the pathogen
to the bladder to cause cystitis. If left untreated, uropathogens may ascend the ureters to the kidney
and establish a secondary infection (acute pyelonephritis). The next phase is the pathogens adherence
to uroepithelium, which is mediated by adhesins that recognize the cells” surface receptors, allowing
the uropathogens to withstand the urine hydrodynamic flow. In this manner, uropathogens, such as
Escherichia coli, Klebsiella pneumoniae and Staphylococcus saprophyticus, have the ability to join directly the
bladder epithelium causing non-complicated UTIs. However, complicated UTIs are initiated when the
bacteria, predominately pathogens such as Proteus mirabilis, Pseudomonas aeruginosa and Enterococcus
spp., are attached to a catheter, to a kidney stone or they are retained in the urinary tract by a physical
obstruction [8]. Once installed in bladder cells, pathogens internalize, multiply and produce infection.
It has been assessed that the uropathogen E. coli (UPEC) can access and grow within the bladder
cells to form intracellular bacterial communities, which are detected in exfoliated urothelial cells and
associated to suffer recurrent UTIs [11]. Moreover, internalized UPEC can persist in quiescence for
long periods without causing clinical symptoms [36].

On the other hand, it is worth mentioning that the uropathogens can form biofilms to adhere
more easily and increase its resistance. This has an effect on the rest of microorganisms causing
greater adherence and multiplication, being able to form thick biofilms that significantly decrease the
effectiveness of antimicrobial treatments. When the biofilm resources are limited, mature bacteria are
detached and can colonize a new surface to repeat the cycle [37].

3. UPEC and Other Uropathogenic Bacteria

The uninfected urinary tract has long been assumed to be sterile in healthy individuals and
it was thought that the major uropathogenic organisms only included Gram-negative bacteria,
mainly E. coli [38,39]. Currently, it is widely held that Gram-positive bacteria either alone or along with
Gram-negative uropathogens in the urine are likely to be innocuous. Many species, including some
known to cause UTIs, survive and multiply within the urinary tract without causing chronic infection.
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E. coliis a rod Gram-negative bacterium that colonizes the gastrointestinal tract of humans and
animals after birth, forming part of the natural bowel microbiota. In addition, it can be an opportunistic
pathogen that uses the intracellular environment to survive and protect itself against the action of
antibiotics. Several epidemiological, serological, and bacteriological studies revealed that UPEC is the
pathogen most frequently associated with UTIs [40], accounting for three-quarters of all UTIs among
outpatients [41,42]. These bacteria have evolved a multitude of virulence factors and strategies that
facilitate bacterial growth and persistence within the adverse settings of the host urinary tract.

UPEC’s ability to bind the host uroepithelial receptors is facilitated by virulence factors, hair-like
organelles called fimbriae or adhesins that form part of its bacterial wall. These structures, pili or
fimbriae, allow for the attachment of E. coli in the sites where they usually do not live as the
uroepitelum, and the invasion of host cells and tissues to trigger the infection later. Although the
biogenesis of bacterial adhesins is a tightly controlled process, UPEC can alter binding features in
reaction to environmental changes, including temperature, osmolarity, pH, and nutrient availability [36].
In recurrent UTIs, an increased adherence of E. coli to urogenital epithelial cells was seen compared to
healthy controls [43].

Different types of E. coli adhesins have been described, such as the fimbriae type 1 and type
S, both sensitive to the x-p-Mannose receptor, and the fimbriae type P and Afa, resistant to the
a-p-Mannose receptor [44]. The most common are the fimbriae type 1 and type P, which mainly play a
role in the pathogenesis of cystitis and pyelonephritis, respectively. The fimbriae type 1 has the ability
to interact with the receptor a-p-mannose, present in most of the cells of the uroepitelium. In 99%
of uropathogenic E. coli strains, genes to encode type 1 fimbriae are present [45] and they recognize
uroplakin, a FimH-binding transmembrane protein of urothelial lining cells. Mannoside-containing
host proteins are encoded by the bacterial backbone DNA and are mainly composed of FimA proteins
along with FimF, FimG, and FimH. It is known that Tamm-Horsfall protein (THP) or uromodulin,
a highly mannosylated glycoprotein, strongly interacts with FimH of UPEC decreasing interaction
with uroplakin. Also, most uropathogenic UPEC strains harbour genes encoding adhesive typel
fimbria but its expression is strictly regulated under physiological growth conditions, increasing its
expression when UPEC settles on and infects bladder epithelial cells or colonizes catheters [46]. As a
result, UPEC in these sessile populations enhances bladder cell adherence and invasion potential,
while UPEC low-expression planktonic populations are subsequently released to the urine. Type P
fimbriae, encoded by the gene papG, has been associated with acute pyelonephritis and is prevalent
among the strains that cause invasive and persistent UTIs [47].

Other factors of virulence to highlight are the production of toxins, including x-hemolysin
(HlyA), cytotoxic necrotizing factorl (CNF1), secreted autotransporter toxin (SAT), cytolysin A,
plasmid-encoded toxin (PET), vacuolating autotransporter toxin (VAT), Shigella enterotoxin-1 (ShET-1)
and arginine succinyltransferase (AST) [48], and iron-chelating factors (siderophores) that enables
UPEC to capture iron, both mechanisms impair host immune system and obtain nutrients and growth
factors necessary for their survival. The expression of these virulence factors converts an E. coli
commensal strain into an uropathogen, and, often, the inhibition of a single adhesin may cost enough
to a bacterium to lose its virulence [40]. Moreover, virulence factors located on a bacterial surface,
including capsule and lipopolysaccharides, may also contribute to UTIs providing antiphagocytosis
and antibactericidal complement activity [40]. In recent years, the understanding of virulence factors
and the behavior of this pathogen has increased remarkably, and may facilitate the application of
more precise approaches in phenotypic, molecular diagnosis and the development of alternatives
strategies to antibiotics based on antivirulence prophylaxis. Recently, Tamadonfar et al. [9] reviewed
the development of small-molecule inhibitors and vaccines targeting virulence factors, as bacterial
adhesins or structural components of adherence like siderophores in the effort to reduce UTIs burden
and multidrug resistance. Moreover, E. coli lineages are more likely to cause UTIs exhibiting an
antibiotic resistance phenotype and seem to be more persistent in the rectal tract and pandemic. In this
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way, the ST131 group of extraintestinal E coli strains exhibiting multidrug resistance to beta-lactams
and fluoroquinolones and have been identified globally [41].

Besides the most causative agent of UTIs, E. coli, other Gram-negative bacteria, such as K.
pneumoniae, and/or Gram-positive bacteria, including S. saprophyticus, Enterococcus faecalis, and group B
Streptococcus, are also implied in UTI pathologic outcomes, especially in polymicrobial infections,
but they are systematically overlooked [39]. Traditionally, a bacteriological culture of urine is used to
isolate and identify UTI pathogens, such as the aerobic fast-growing organisms E. coli and E. faecalis.
Conversely, strains from Corynebacterium, Lactobacillus and Ureaplasma genera were rarely isolated from
the urinary tract as these routine culture techniques are not accurate enough to identify anaerobic
slow-growing organisms. However, using advanced detection technologies, these bacteria have been
identified as members of the urinary microbiota in multiple studies [38].

It should be remarked that UTI etiologic agents vary according to age, sex, and underlying
pathology. Thus, in ambulatory patients, E. coli predominates, followed by other Gram-negative bacilli,
Klebsiella spp. and Proteus spp., and Gram-positive cocci, such as S. saprophyticus, Enterococcus spp. and
Streptococcus agalactiae. However, in the elderly infections, Enterococcus spp. are the most common
agent (11.6%) compared to the rest of the population, which only represent 5.3% of cases [49].

4. Cranberry in UTIs Prophylaxis

The increase in global antibiotic resistance and recurrence rates has prompted the exploration
and assessment of new therapeutic strategies by antiadhesive components. As a natural alternative,
the intake of cranberries as fresh or dried fruits, as well as products derived from them (i.e., juices,
extracts, etc.) has been extensively recommended. Cranberry consumption has been indicated to be
effective in decreasing the occurrence and severity of UTIs in women and to prevent the adherence
of pathogenic bacteria in the urinary tract [13,50,51]. Moreover, it could also decrease UTI related
symptoms by suppressing inflammatory cascades as an immunologic response to bacteria invasion [15].

Although numerous epidemiological and intervention studies have proved the efficacy of
cranberry products in UTI prophylaxis [16,17], others have shown mixed results [19,52,53]. Therefore,
the evidence is still insufficient to define a formal health claim. Apart from differences in composition
and doses of the cranberry-based products used in the intervention studies [13], differences among
studies have been attributed to the different susceptibility of the UPEC strains to cranberry preventive
effects [54]. One of the last meta-analyses concerning this topic reported a large interindividual
variability in cranberry efficiency against UTIs, also concluding that patients at some risk of these
infections were more susceptible to the beneficial effects of cranberry consumption [4]. Recently,
Mantzorou and Giaginis [42] critically analyse the current clinical studies that have evaluated the
efficacy of supplementing cranberry products against UTIs in different subpopulations; they conclude
that it seems to be prophylactic by preventing infections recurrence; however, it exerts low effectiveness
in populations at an increased risk of contracting UTIs. At present, cranberry supplementation
can safely be suggested as complementary therapy in women with recurrent UTIs but a lack of
cost-effectiveness for cranberry supplementation has been highlighted.

For the most recent decades, flavonoids as proanthocyanidins (PACs), mainly A-type (Figure 1),
were assumed to be responsible for these preventive effects against UTIs [21,24]. Nevertheless,
this finding has been rebutted due to evidence of the limited absorption of proanthocyanidins and
their extensive metabolism by the gut microbiota [22,55-57]. In accordance with this, PAC levels in
urine after cranberry intake have been found in the low-concentration range (<nM) [58,59]. Moreover,
PACs are widely catabolized by the colon microbiota to give bioactive phenolic metabolites that
can be further absorbed and also secreted in faeces and urine. Among them, there are single
flavonoids, different conjugates (i.e., glucuronides, O-methyl ethers and sulfates) of phenolic acids
(i.e., phenylpropionic, phenylacetic, benzoic and cinnamic acids) and other microbial metabolites such
as phenyl-y-valerolactones in urine collected after cranberry intake [50,55-59]. Therefore, these phenolic
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metabolites might be the responsible compounds behind the preventive actions of flavonoids and
phenolic acids present in cranberry on UTIs.

o
HO. O oH
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Procyanidin A2 Cinnamtannin B1

Figure 1. Structures of A-type proanthocyanidins found in cranberry.

In addition, complex carbohydrates and sugars, terpenes, as well as organic acids such as quinic,
malic, shikimic, and citric are other preponderant cranberry phytochemicals. Among them, D-mannose
has also been reported to inhibit the adherence of UPEC to uroepithelial cells in vitro, although new
studies will certainly be needed to confirm it [38,60]. Vitamin C (ascorbic acid) and fructose have
also been suggested as active compounds against UTIs as they promote changes in urine’s physical
properties (such as acidification) [11]. Another key characteristic of cranberry juice is the low pH
of 2.5 [61]. The unique blend of the organic acids, quinic, malic, shikimic, and citric acid found in
cranberries might also lead to antibacterial effects as it has been found in an experimental mouse model
of urinary tract infection [62].

5. Antiadherence Activity Derived from Cranberry Consumption

The mechanisms implied in the preventive effects of cranberry consumption against UTIs are
not completely established and several leading hypotheses have been proposed. Thus, cranberry
polyphenols, in particular, their microbial-derived metabolites, are claimed to operate in the phase
of bacterial adherence to the uroepithelial cells, disabling or inhibiting the adherence of UPEC and,
therefore, preventing bacterial colonization and the progression of UTIs [23,63]. This potential
mechanism is depicted in Figure 2. In fact, numerous ex vivo studies have confirmed the antiadhesive
activity of urine samples collected from volunteers who consumed cranberry products in comparison
to urine samples collected from the placebo group. As example of this, a recent study demonstrates
the strong ability of human urine after intake of a cranberry chew compared to a placebo chew
to inhibit the ex vivo adherence of both P type and type 1 uropathogenic E. coli in a randomized,
double-blind, placebo-controlled, crossover design pilot trial [20]. In the same way, Baron et al. [59]
reported a significant reduction in the adherence and biofilm formation of a Candida albicans strain
by urine collected after the intake of a cranberry extract and a lecithin formulation with improved
oral bioavailability.

Cell culture methodologies have also applied to assess the antiadhesive activity of cranberry
phenolic compounds/fractions/extracts against uropathogens, specifically in bladder epithelial cell
lines [23,26,28,64]. It should be noted that some of these in vitro studies have dealt with molecules
never appearing or at concentrations far from those found in vivo, and, therefore, the physiological
relevance of these studies should be considered with precaution.
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Figure 2. Proposed mechanisms of cranberry polyphenols action against urinary tract infections (UTIs).

Table 1 recompiles comparative data of the antiadhesive activity of different cranberry phenolic
compounds and their microbial-derived metabolites against a E. coli ATCC® 53503™ into bladder
uroepithelial cells (i.e., ATCC® HTB4™ cells) [23,26,28]. As seen from these data, A-type procyanidins
(A2 and cinnamtannin B-1) exhibit antiadhesive activity (at concentrations > 250 uM), a feature that
is not observed for B-type procyanidins (B2). But, in any case, these concentrations (>250 uM) are
extremely high in comparison to those found in urine (nM range) [62,63], making it unlikely that A-type
proanthocyanidins were the compounds responsible for the antiadhesive activity of urine samples
collected after cranberry consumption. However, some cranberry-derived phenolic compounds
detected in urine after consumption of cranberries and/or cranberry products such as hippuric acid,
a-hydroxyhippuric acid, 3,4-dihydroxyphenylacetic acid, and dihydrocaffeic acid 3-O-sulfate are able
to inhibit the adherence of the uropathogenic bacteria tested at concentrations that may be more
physiologically relevant. Additive (and even synergistic) effects among all the cranberry-derived
phenolic metabolites present in urine are expected in vivo, which could explain, at least partly, the ex
vivo antiadhesive activity of urine samples collected from volunteers who consumed cranberry
products [23].

Another interesting finding about the ex vivo capacity to inhibit UPEC adherence after cranberry
extract is that of [64] that found, from the data of a cranberry trial with 16 subjects, a positive correlation
between urine antiadherence capacity and content in Tamm-Horsfall protein (THP), known as a
mechanism of non-specific defense. Authors concluded that the antiadherence effect derived from
cranberry consumption not only might be related to the direct inhibition of bacterial adhesins by
cranberry-derived metabolites but also to an induction of antiadherence THP in the kidney. Afterwards,
they pointed out that cranberry extract stimulates the innate immune defense in the kidney by an
increased secretion of THP; on the other hand, the direct inhibition of the bacterial adhesion to host
cells has also been proven, which is independent of THP [65]. This is indeed an attractive matter to be
further explored.
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Table 1. Adherence Inhibition (%) of the of E. coli ATCC® 53503™ to ATCC® HTB4™ cells by phenolic
compounds (Adapted from Gonzélez de Llano et al. [23,26,28]).

Concentration (uM)

100 250 500
Flavan-3-ols
Cinnamtannin B1 1.05 411 13.95*
Procyanidin A2 23.67 30.7 54.5 **
Procyanidin B2 6.79 10.0 -14.7
(=)-Epicatechin —6.02 -1.21 -5.82
Simple phenols
1,2-Dihydroxybenzene (catechol/pyrocatechol) 17.0* 26.0* 33.2%
1,3,5-Trihydroxybenzene (phloroglucinol) -8.53 17.6 -8.15
Benzoic acids
Benzoic acid 16.5* 23.3 % 32.2%*
3-Hydroxybenzoic acid 111 17.0* -9.7
3,4-Dihydroxybenzoic acid (protocatechuic acid) 255%* 24.0 9.44
4-Hydroxy-3-methoxybenzoic acid (vanillic acid) 18.3 ** 24.9 ** 29.2 %
3,4,5-Trihydroxybenzoic acid (gallic acid) -3.72 19.7 40.6**
Phenylacetic acids
Phenylacetic acid 335% 39.0 ** 40.6 **
3-Hydroxyphenylacetic acid 15.0 11.9 19.4
3,4-Dihydroxyphenylacetic acid 18.6 32.5% 37.0 **
4-Hydroxy-3-methoxyphenylacetic acid 7.11 11.92 12.8
Phenylpropionic acids
3-Phenylpropionic acid -11.8 14.7 12.2
3-(3-Hydroxyphenyl)-propionic acid 10.2 18.6 30.5*
3-(3,4-Dihydroxyphenyl)-propionic acid 6.66 1.19 13.1
3-(3,4-Dihydroxyphenyl)-propionic acid 3-O-sulphate sodium salt 6.52 11.22 21.0*
Dihydroxyphenyl-y-valerolactones
5-(3’ 4’-Dihydroxyphenyl)-y-valerolactone 6.79 + 3.92 9.95 + 8.28 194 +10.3*
5-Phenyl-y-valerolactone-3’,4’-di-O-sulphate -0.22+0.71 147 +15 30.3+3.6*
5-(4’-Hydroxyphenyl)-y-valerolactone-3’-O-sulphate 119+17 102 +39 222 +59*
5-(3’-Hydroxyphenyl)-y-valerolactone-4’-O-sulphate 10.1+3.1 16.1 + 6.1* 242 +3.1*
Hippuric acids
Hippuric acids 15.6 149 25.5%
a-Hippuric acid 20.8 23.01 20.0

* Mean significantly different from zero (p < 0.05) using a one-sample t-test. ** Mean significantly different from
zero (p < 0.01) using a one-sample t-test.

6. Other Potential Mechanisms Involved in Cranberry Efficiency against UTIs

Emerging evidence shows that the gut microbiota has a key role in homeostasis, regulating
health and disease at distal sites throughout the body [66]. Although microbial profiles and microbial
metabolites of the gut and other organs might influence the urinary microbiota, the relationship between
these actively metabolizing organisms and urogenital health is yet to be completely elucidated [38,67].
It is now widely accepted that the urinary tract harbours a complex microbial network which is
substantially different from the gut populations [68]. Any imbalance in specific bacterial communities
is likely to have a profound effect on urologic health owing to their metabolic output and other
contributions. Contrary to the urine of an asymptomatic healthy individual, an altered microbiome
with specific dominating urotypes was lately reported in subjects with functional disorders of the
urinary tract [67]. On the other hand, non-modifiable host factors (e.g., gender and genetic influences
associated with UTI) seem to have a role in the UTIs colonization, probably through its influence in
intestinal microbiota [69]. Other host factors, such as the response to fibrinogen depositing at the
infection site has been found to be critical to establishing catheter-associated UTIs (CAUTI) [9].

Based on this wide influence of gut microbiota in the body, other hypothesis about the mechanisms
of action of cranberry flavonoids and phenolic acids against UTIs is that cranberry components
(i.e., A-type proanthocyanidins and their metabolites) would interact with gut microbiota, modulating
its composition and/or functionality in such a way that it prevents microbial dysbiosis. In accordance
with this hypothesis, a pilot study of the human faecal microbiome (1 = 10) after 2 weeks of consuming
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dried cranberries (42 g/day) [70] indicates a shift in the Firmicutes:Bacteroidetes ratio, increases
in commensal bacteria, and a particular increase in Akkermansia in most subjects. Similarity, in a
human trial (n = 11) evaluating the effect of a cranberry powder (30 g/day) in the context of an
animal-based diet, [71] found that cranberries attenuated the impact of the animal-based diet on
microbiota composition, bile acids, and SCFA, evidencing their capacity to modulate the gut microbiota.

More specifically in relation to UTIs, and as it is becoming evident that the intestine is a reservoir
for uropathogenic bacteria, in vitro studies have indicated that cranberry flavonoids and phenolic acids
might interact with extra-intestinal E. coli (EXPEC) and decrease its (transient) intestinal colonization,
consequently reducing the risk of UTI incidence [72]. This potential mechanism of action of cranberry
polyphenols against UTIs is also depicted in Figure 2.

Therefore, the effects of cranberry polyphenols as flavonoids and phenolic acids against UTIs
would be influenced by what has been called a “two-way interaction” between polyphenols and gut
microbiota [73] in the sense that not only is the gut microbiome involved in the metabolism of cranberry
polyphenols, but also the cranberry compounds and their microbial metabolites may impact on gut
microbiota and induce preventive effects on intestinal colonization by uropathogens. This two-way
interaction between polyphenols and intestinal bacteria has been reviewed focusing on other foods
such as tea [74] and wine polyphenols [75].

In other words, the beneficial effects of cranberry against UTIs would be modulated by our
intestinal microbiota through its different capacity in metabolizing cranberry flavonoids and phenolic
acids into bioactive metabolites. This is the case, for example, in phenyl-y-valerolactones, one of the
most abundant metabolites in the bioactive urine fraction after cranberry intake [56,59] and whose
antiadhesive activity has been proven in vitro [28]. Therefore, the inter-individual differences found in
the preventive effects of cranberry against UTIs may be attributed, at least partly, to the differences in
intestinal microbiota composition among individuals.

7. Combined Action of Cranberry and Probiotics against UTIs

The vaginal microbiota, that has predominance of lactobacilli, plays a dynamic and often critical
role in UTI pathology by maintaining a low pH and avoiding uropathogen colonization by competitive
exclusion. However, hormonal change due to estrogen deficiency, antimicrobial therapy, contraceptives,
incomplete healing and recurrence of UTIs lead to a shift in the local microbiota (dysbiosis), increasing
the risk of pathogens triggering pathologies (UTIs, bacterial vaginosis and yeast vaginitis) [69,76].
Therefore, the instillation of lactobacilli in the vaginal cavity is presented as a potential therapy for
urinary tract care [29,77]. After their oral administration, selected strains of Lactobacillus have been
found in vaginal exudates and faecal samples [30,78]; Lactobacillus translocation from the intestinal
mucosa to distal mucosal surfaces has also been reported [79].

The use of probiotics/lactobacilli against UTIs has been assessed [80]. The inhibition of the
adherence of pathogenic bacteria (i.e., UPEC and others) to epithelial vaginal cells by different
Lactobacillus strains has been proven in many in vitro studies [81-83]. As a recent example,
Gonzélez de Llano et al. [26] reported the inhibitory effects of different strains of Lactobacillus salivarius,
Lactobacillus plantarum and Lactobacillus acidophilus on the adherence of various uropathogenics strains
from E. coli, Staphylococcus epidermidis and E. faecalis to bladder cells T24. However, the mechanisms
behind these inhibitory effects have thus far not been elucidated, with most studies relying on inferred
evidence [30,84,85]. The production of biosurfactants, bacteriocins, lactic acid and hydrogen peroxide
by Lactobacillus spp. seems to inhibit UPEC growth and adversely affects its fimbrial structure and
adherence as well as upregulate immunogenic membrane proteins [86,87]. Moreover, the phenolic
biotransformation process by the microbiota or probiotic bacteria into low molecular weight cranberry
phenolic metabolites can enhance their pharmacological activities by generating additional biologically
active metabolites. Recently, the role of L. rhamnosus probiotic in the degradation of flavonoids which
are present in cranberry pomace fractions, and the effect of the yielded cranberry metabolites on
hepatocellular carcinoma HepG2 cells in vitro have been investigated by Rupasinghe et al [88] and
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they found an inhibitory effect on HepG2 cell proliferation in a dose- and time-dependent manner
enhancing their anticancer activity.

Several human intervention studies have evaluated the effectiveness of specific Lactobacillus strains’
consumption to prevent or treat UTIs [31,35,89]. So far, the results of these clinical studies remain
inconclusive as a consequence of the wide diversity of populations, small sample sizes, different
probiotic species and dosage forms such as vaginal and oral, and the use of incorrect dosing strategies.
Therefore, more randomized clinical trials about the effect of probiotics against UTIs should be
conducted to make a stronger recommendation as a probiotic benefit cannot be ruled out [11,35].

New products claiming protection against UTIs and combining cranberry extracts and Lactobacillus
probiotic preparations have recently been lunched onto the market, being available to the general public
without prescription. Many of these products do not have scientific support, although some human
studies on the combination of cranberry—probiotics have been reported. In this way, Montorsi et al. [32]
have proved, in a pilot study, the efficacy of the combined intake of Lactobacillus rhamnosus SGL06,
cranberry and vitamin C for the prevention of recurrent UTIs. Polewski et al. [90] have also evaluated
the impact of lactobacilli in combination with cranberry A-type proanthocyanidins on reducing the
invasiveness of extra-intestinal pathogenic E. coli (ExPEC) to intestinal cells. The exploration and
incorporation of advanced probiotic formulations and microbiome-targeted treatment strategies within
urology is warranted [38].

Lastly, new therapies based on vaccination and small-molecule inhibitors targeting uropathogens
virulence factors, are being investigated as future treatments against UTIs [9]. In this lane,
Ahumada-Cota et al. [91] have recently outlined the potential treatment and control of recurrent UTIs in
adults with autologous bacterial lysates, and its composition shown that different surface components
of E. coli, mainly outer membrane proteins are potential immunogens. Thus, bacterial lysates could
be potential candidates to create a polyvalent protective vaccine against recurrent E. coli-associated
UTls. Alternatively, the development of a synthetic urinary microbiota for transplantation might
lead to an effective treatment for patients with recurrent UTIs, but still all these new approaches are
under development.

It is worthy of note that cranberries, like some traditional medicines, are a well-known functional
food, whose efficacy has been assayed in clinical trials. However, the compounds directly responsible
for many of cranberries’ reported health benefits remain unidentified. They are complex mixtures whose
constituents have a synergistic effect by acting at different levels on multiple targets and pathways or
reducing toxicity and drug side effects [92]. Nowadays, cranberry characterization and research into
single/pure compounds focusing on synergy among pure compounds are essential for understanding
their therapeutic effect [92]. In this line, Coleman and Ferreira [93] have recently reported that complex
carbohydrates, specifically xyloglucan and pectic oligosaccharides, are significant components of
cranberry products, and a new target for focused investigations of possible prebiotic effects that
contribute to cranberry bioactivity. However, the use of refined cranberry oligosaccharide constituents
in vivo may be impractical and ineffective until more is understood about the various mechanisms by
which different cranberry components work together to influence overall health.

8. Conclusions

The consumption of cranberry (Vaccinium macrocarpon) has been extensively recommended for
UTI prophylaxis and the relief of adverse symptoms. In vivo evidence has been translated to in vitro
verification, resulting in the widely recommended use of cranberry juice in traditional medicine for
urinary tract pathologies. This review summarizes some relevant considerations about cranberry
polyphenols as flavonoids and phenolic acids, and UTIs derived from the last scientific publications.
One of our first conclusions is that, besides uropathogenic Escherichia coli (UPEC), other etiological agents
such as Klebsiella pneumoniae or the Gram-positive bacteria of Enterococcus and Staphylococcus genera
seem to be widely involved in UTIs. In particular, complicated UTIs caused by UPEC and Enterococciis
spp. represent a major health care concern nowadays. The application of advanced techniques for
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UTI diagnosis comprising PCR, microarray and next-generation sequencing, together with the study
of the individual urological microbiome, may improve diagnosis and treatment of these infections.
The other outcome of this review is that the existing clinical trials support substantial evidence about
the use of cranberry products as total or partial therapeutic alternatives to antibiotics in UTIs, although
it has also been seen that cranberry effectiveness is individual- and/or case-dependent. This variability
among individuals and cases has been attributed to different manufactured cranberry-based products
and doses, as well as to the lack of systematic protocols for the selection of subjects and clinical assays.
However, as more is known about the metabolism of cranberry polyphenols, new factors such as
host microbiota, endogenous metabolism, host genetics and the immune system may also play a role
in cranberry effectiveness against uropathogens. A question that remains to be fully answered is
which cranberry and/or cranberry-derived components are mainly responsible for its protective effects
against UTIs. Although recent studies have shed light on the antiadherence activity derived from
cranberry consumption, other mechanisms might be jointly implicated that need further investigation.
Knowledge of these mechanisms (and the cranberry components involved) might result in a better
management of the potential of cranberry products against infections. For instance, nutraceuticals and
other forms containing cranberry bioactive compounds and ensuring optimum bioavailability and
effectiveness could be designed. Finally, pieces of evidence regarding treatment against UTIs with
probiotics and their combinations with cranberry are too limited to draw any conclusions but they
seem to indeed be a promising strategy for future treatments. However, any development must be
supported by exhaustive research specific to the strain/s and cranberry products, as well as about
the mechanisms involved in these potential beneficial effects of probiotics and their combinations
with cranberry.
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Abstract: Background: This study reports on the relative effects of administrating a
cyanidin-3-O-glucoside-rich black rice fraction (BRF), a standardized wood sterol mixture (WS), and a
combination of both to lower plasma and target tissue lipid concentrations in Wistar Kyoto (WKY)
rats fed atherogenic diets. Methods: Male WKY (1 = 40) rats were randomly divided into five groups,
which included a nonatherogenic control diet and atherogenic diets that included a positive control and
atherogenic diets supplemented with BRF or WS, respectively, and a combination of both BRF + WS.
Plasma and target tissue liver, heart and aorta cholesterol, and triacylglycerides (TAG) content were
also measured. Results: Rats fed atherogenic diets exhibited elevated hyperlipidemia compared to
counterparts fed nonatherogenic diets (p < 0.001); this effect was mitigated by supplementing the
atherogenic diets with BRF and WS, respectively (p < 0.05). Combining BRF with WS to enrich the
supplement lowered cholesterol similar to the WS effect (p < 0.05) and lowered TAG characteristic
to the BRF effect (p < 0.05). Conclusions: Rats fed diets containing BRF or WS effectively mitigate
the hypercholesterolemia and elevated TAG induced by feeding an atherogenic diet. The benefit of
adding BRF + WS together is relevant to the lipid parameter measured and is target tissue-specific.

Keywords: black rice cyanidin-3-O-glucoside; wood sterols; dyslipidemia; CVD

1. Introduction

Cardiovascular disease (CVD) represents a major cause of death in Europe, North America, and in
some parts of Asia [1-4]. According to the World Health Organization 2016 records, CVD accounted for
31% of the total global mortality [5]. This knowledge has empowered today’s consumers to be selective
at identifying foods that have both adequate essential nutrient contents to meet daily requirements
while also providing distinct health benefits attributed to plant-based bioactives that can protect against
CVD. Examples of bioactive food constituents that lower serum cholesterol are plant sterols [6-8]
and, also, pigmented anthocyanins that display antioxidant and anti-inflammatory properties [9-12],
the combination of which could have a greater role in protecting against CVD. Hypercholesterolemia,
along with a disturbed antioxidant status and onset of inflammation, are major underlying causes
of CVD.

Phytosterols are natural ingredients present in vegetable oils and, also, can be recovered from
wood sources. Phytosterol intake from a traditional Western diet depends on personal habits and
geographical location [13]. A typical Western diet contains about 300 mg/day of phytosterols [13-15].
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Plant sterols and stanols are structurally similar to cholesterol (Figure 1) [16] and are effective at
lowering the plasma total and low-density lipoprotein cholesterol [7,17,18].

Figure 1. Chemical structures of (a) cholesterol, (b) campesterol, (c) 3-sitosterol, and (d) 3-sitostanol.

Black rice, on the other hand, is an excellent source of anthocyanidins, in addition to dietary
fiber, flavonoids, and other polyphenols. Rice oil contains nonatherogenic fatty acids [19,20]
and is also a good source of plant sterols, such as oryzanol. These bioactive components are
unsaponifiable, nonglyceride components [20], which contribute to cholesterol-lowering effects
reported in many animal and human studies [19-24]. The pigment from black rice contains two
major anthocyanins—namely, cyanidin-3-O-glucoside and peonidin-3-O-glucoside—the former being
predominant [10,23,25] (Figure 2).
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Figure 2. Structures of cyanidin-3-O-glucoside (a) and peonidin-3-O-glucoside (b).

Anthocyanins are naturally occurring phenolic compounds that provide color and bioactive
properties, such as antioxidants [10] and lowering of serum cholesterol and triacyglycerides in rats,
when fed to rats on a daily basis [26].

There are no studies that have examined the effects of consuming a combination of these bioactive
agents to mitigate the changes of known CVD risk factors induced by feeding on an atherogenic
diet. The objective of the present study was to demonstrate a potential interaction or added effect
of combining a standardized cyanidin-3-O-glucoside black rice fraction (BRF) and a known wood
sterol (WS) mixture to protect against elevated serum lipids and, moreover, target tissue cholesterol
deposition in rats fed an atherogenic diet.
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2. Results

2.1. Body Weight Gain and Heart and Liver Weights

The body weight gain (Figure 3a) of rats fed experimental atherogenic diets with BRF was
significantly higher (p < 0.05) compared to other experimental groups, but no differences were observed
for the feed efficiency ratio (FER, Figure 3b) between groups. Supplementary Table S1 presents the
food intake and tissue organ weights, respectively, of animals fed on atherogenic experimental diets
for 11 weeks. We also include data from rats fed a negative cholesterol (NC) diet for comparison
of the plasma and tissue lipid concentrations typical of an AIN-76 A control diet. The atherogenic
diets supplemented with WS and a combination of WS + BRF lowered the liver weight significantly
(p < 0.05). The heart weight did not vary significantly between treatments. Feeding atherogenic diets
with and without WS and BRF supplements did not affect the hematocrit or hemoglobin concentrations.
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Figure 3. (a) Body weight gain of experimental rats. NC- AIN-76A diet. PCCh positive control
(0.5% cholesterol, 0.05 cholic acid, 3% butter). BRF-black rice fraction. PCCh +BRF positive control
with black rice fraction. PCCh +WS positive control with wood sterols. PCCh +WS+BRF positive
control with wood sterols and black rice fraction. Bars represent means SEM/ (n = 8). The + symbol
signifies a significant difference (p < 0.05) between the negative cholesterol (NC) and positive control
group (PCCh). Bars with different superscript letter (a,b) are significantly different (p < 0.05).Bars with
different superscript letter (a,b) are significantly different (p < 0.05). (b). Fed efficiency ratio of rats.
NC- AIN-76A diet. PCCh positive control (0.5% cholesterol, 0.05 cholic acid, 3% butter). BRF-black rice
fraction. PCCh + BRF positive control with black rice fraction. PCCh + WS positive control with wood
sterols. PCCh + WS + BRF positive control with wood sterols and black rice fraction! Bars represent
means SEM/ (n = 8). The + symbol signifies a significant difference (P < 0.05) between the negative
cholesterol (NC) and positive control group (PCCh).
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2.2. Blood Constituent Analysis

There was no dietary effect observed that indicated differences in the plasma glucose levels of
animals fed the control or experimental diets, respectively. Similarly, the plasma Oxygen Radical
Absorbance Capacity (ORAC) and C-Reactive Protein (CRP) were not different between animals
fed different diets (data not shown). This result may be explained by the fact that only one-time
blood sampling of the blood was made at the time of sacrifice, which was likely insufficient to show
meaningful trends in these biochemical parameters.

Animals fed on the experimental atherogenic diets (PCCh) exhibited hyperlipidemia, compared to
counterparts fed a NC diet. The total plasma cholesterol concentration (TC) was significantly (p < 0.05)
lowered in animals fed on experimental PCCh diets that also contained BRF and WS, respectively.
The relative degree of lowering was greatest in animals fed on the WS atherogenic diet. Combining
BRF + WS in atherogenic diets resulted in changes in the plasma cholesterol that resembled animals
fed the WS diet (Table 1). The high-density lipoprotein (HDL)/TC ratio was significantly higher
(p < 0.05) for all animals fed experimental PCCh diets that included BRF, WS, or the combination of
BER + WS, in comparison to the control PCCh diet (Figure 4). Rats fed the nonatherogenic control
diet also exhibited a distinct high-plasma HDL/TC ratio. This observation can be attributed to the
fact that the HDL cholesterol concentrations were significantly (p < 0.05) higher in WS fed rats on the
atherogenic diet (Table 1). Plasma non-HDL cholesterol concentrations were significantly (p < 0.001)
lower in rats fed atherogenic diets containing BRF, but the greatest reductions were obtained in
counterpart animals fed on WS (Table 1). This observation led to the conclusion that the principle
component for the cholesterol-lowering effect observed in rats fed on the BRF + WS diet (p < 0.05) was
indeed attributed to the presence of WS more so than BRFE. This trend was reversed for the plasma
triacylglyceride (TAG) responses in rats fed the atherogenic diets supplemented with BRE. For example,
plasma TAG levels were significantly (p < 0.01) lower in rats fed diets with added BRF and lower
than those fed WS (p < 0.05). Of interest was the observation that the combination of adding BRF
+ WS produced a significantly lower (p < 0.05) plasma TAG level compared to rats fed only WS
(Table 1). Hence, rats fed on atherogenic diets that contained both BRF + WS exhibited plasma TAG
concentrations that resembled animals fed the BRF supplement. These trends were not observed
for plasma phospholipids responses in rats fed the combination of BRF + WS but, rather, resembled
moreso the WS group (Table 1).

Table 1. Lipid profile in the plasma of rats fed experimental diets.

Diet Treatment TC HDL Non-HDL TAG PL
NC 1.75+0.10 * 1.12+£0.03 % 0.67 +0.09 * 0.52 + 0.04 111.8 9.0
PCCh 421+0.112 0.74 +0.032 347 +0.122 0.56 +0.032 96.97 + 4.67 2
PCCh + BRF 267 +0.12° 0.74 + 0.06 2 1.74 £0.13 0.45 + 0.04° 89.78 £2.12
PCCh + WS 2.07 +0.06 ¢ 1.08 + 0.05° 1.05+0.12¢ 0.74 +0.03 ¢ 115+ 4.6
PCCh + WS +BRF  2.08 +0.07°¢ 0.73 +0.082 1.33 +£0.14°¢ 0.47 +0.02° 1125 +5.7P

TC—total cholesterol (mmol/L), HDL—high-density lipoprotein cholesterol (mmol/L), Non-HDL cholesterol
(mmol/L), TAG—triacylglycerides (mmol/L), and PL—phospholipids (mg/dL). NC: AIN-76A diet. PCCh: positive
control (0.5% cholesterol, 0.05 cholic acid, 3% butter). BRF: black rice fraction. PCCh + BRF: positive control with
black rice fraction. PCCh + WS: positive control with wood sterols. PCCh + WS + BREF: positive control with wood
sterols and black rice fraction. Data are expressed as means + SEM (1 = 8). The + symbol signifies a significant
difference (p < 0.05) between the negative cholesterol (NC) and positive control group (PCCh). Values in columns
with different superscript letters (a, b, and c) are significantly different (p < 0.05).
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Figure 4. Plasma high-density lipoprotein (HDL) cholesterol/total cholesterol ratio in experimental
groups. NC: AIN-76A diet. PCCh: positive control (0.5% cholesterol, 0.05 cholic acid, 3% butter).
BREF: black rice fraction. PCCh + BREF: positive control with black rice fraction. PCCh + WS: positive
control with wood sterols. PCCh + WS + BRF: positive control with wood sterols and black rice fraction.
Bars represent means + SEM (1 = 8). The + symbol signifies a significant difference (p < 0.05) between
the negative cholesterol (NC) and positive control groups (PCCh). Bars with different superscript
letters (a, b, ¢, and d) are significantly different (p < 0.05).

2.3. Tissue Lipid Concentrations

The crude lipid concentration in liver tissue was significantly (p < 0.05) higher in rats fed the
atherogenic diet that did not contain added BRF and WS bioactives, respectively (Table 2). The greatest
relative reduction in liver cholesterol of rats fed atherogenic diets was observed in rats fed on the WS
and BRF + WS diets, respectively (p < 0.05) (Table 2). The presence of both BRF + WS to significantly
reduce liver (p < 0.05) cholesterol in these animals was therefore attributed mostly to the presence of WS
in the phytochemical supplement mixture. In addition, the lowest liver triacylglycerol concentrations
were observed in rats fed on diets with BRF (p < 0.05), which resembled counterparts fed the atherogenic
BRF + WS diet.

Table 2. Lipid concentration in selected tissues in experimental rats (mg/g).

Diet Treatment Liver CL Liver TC Liver TAG Heart TC Aorta TC
NC 58 +2.83 * 6.19 +0.59 * 0.53+0.33* 0.157 +0.01 * 1.14+0.03+
PCCh 390 +202 15.92 + 0.56 2 9.53 + 0.64 2 0.256 + 0.03 2 5.86 +0.832
PCCh + BRF 280 + 12 11.86 + 1.36 ° 6.29 +0.95P 0.186 + 0.03 P 214 +020"
PCCh + WS 96 +15°¢ 8.30 + 0.58 10.17 +0.50 2 0.245 +0.012 0.55+0.10 4
PCCh + WS + BRF 120+10¢ 817 +0.71¢ 7.73 £ 0.56 ° 0.234 +0.022 1.51+0.15°¢

CL = crude lipid (mg/g ww), TC = total cholesterol (mg/g ww), and TAG = triacylglyceride (mg/g ww). NC-AIN-76A
diet. PCCh: positive control (0.5% cholesterol, 0.05 cholic acid, 3% butter). BRF:black rice fraction. PCCh + BRF:
positive control with black rice fraction. PCCh + WS: positive control with wood sterols. PCCh + WS + BRF:
positive control with wood sterols and black rice fraction. Data are expressed as means + SEM (1 = 8). The + symbol
signifies a significant difference (p < 0.05) between the negative cholesterol (NC) and positive control group (PCCh).
Values in columns with different superscript letters (a, b, and c) are significantly different (p < 0.05).

In heart tissue, cholesterol accumulation in animals fed atherogenic diets was higher (p < 0.05)

compared to NC diet-fed control animals. The only exception to this was with the atherogenic
rats supplemented with BRE, which exhibited characteristically low heart cholesterol accumulation
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compared to the WS counterparts (p < 0.05) and more closely resembled the NC controls. The presence
of both BRF and WS in the atherogenic diet was not sufficient to reduce heart cholesterol to the
level observed for rats fed the BRF-only diet. Of interest was the fact that measuring the cholesterol
content in extracted aortic tissue produced dramatically different results. Rats fed the atherogenic
diet produced a five-fold increase in aortic cholesterol content compared to the NC diet-fed animals.
The low aortic cholesterol concentration found in NC controls was also observed in animals fed on
the BRF atherogenic diet, but this was dramatically lower (p < 0.05) compared to counterparts fed on
the WS atherogenic diet. Combining both BRF and WS supplements in the atherogenic diet indeed
produced a lower cholesterol accumulation (p < 0.05) compared to the atherogenic control, but the
extent of the cholesterol reduction did not match what was obtained when WS and BRF were fed
individually (Table 2).

3. Discussion

The present study shows the relative efficacy of supplementing experimental diets that are
formulated to hyperlipidemic, with a standardized anthocyanin-rich BRF and sterol-rich WS,
to characteristically mitigate both plasma and tissue lipid increases that are attributable risk factors for
CVD. Moreover, in some specific instances, the combination of having both BRF + WS included in the
supplemented diet produced an effect that was more or less typical of BRF or WS, added individually,
but this was dependent on the plasma lipid measurement and the specific tissue sampled.

In this study, adding 1% BRF to the atherogenic diet produced a greater weight gain in rats,
indicating a total acceptance of the diet that included BRF. Other workers reported weight loss in mice
and rabbits when fed on BRF-containing diets [9,27]. BRF has been shown to have nutritional qualities
outside their antioxidant capacity that include high calcium and protein bioavailabilities [21,27].
Animals fed atherogenic diets that were formulated to contain added cholesterol and lard as the fat
source, along with the defined anthocyanin mixture that composed BRF supplementation, showed
a lower body weight gain reported by others [28]. In contrast, other studies reported no change in
body weight gain in a variety of different experimental animals fed atherogenic diets that included
BRF [29,30] or plant sterols [31].

The atherogenic diets fed to rats in this study were composed of butter and canola oil, along with
cholesterol and cholic acid. The observed greater liver cholesterol content of control rats corresponded
to the noted hypercholesterolemia that occurred in these animals. Supplementing the atherogenic
diets with BRF and WS produced lower liver weights, respectively. We attribute the effect associated
with BRF to the fact that it is a good source of soluble dietary fiber and, also, contains trace amounts of
oryzanol. These bioactive constituents are well-known to form complexes with cholesterol directly
in the intestine and, also, bind to bile acids that are required for cholesterol absorption, the net effect
being reduced cholesterol absorption that promotes excretion. Oryzanol, a phytosterol also recovered
from the black rice outer layer [32], is also known to be effective at reducing cholesterol absorption
and increasing the excretion of bile acids [33], thus potentially contributing to lower liver weights of
BRF-fed rats.

Similarly, the higher total plasma cholesterol concentrations observed in rats fed on the atherogenic
control diet, compared to the NC diet-fed rodents, were reduced when the atherogenic diets were
supplemented with BRF and WS, respectively. Similar results have been reported with black rice in
C57BL/6] mice fed a high-fat diet containing an anthocyanin-rich extract derived from a similar rice
source [9]. Frequent exposure to anthocyanins has been associated with the stimulation of transporters
that involve anthocyanin absorption [34]. Thus, daily consumption could potentially decrease CVD
risk, associated with conditions of inflammation and atherosclerosis [9,10,24,35,36]. Black rice and
outer layer fractions also significantly reduce serum lipids [35] and atherosclerotic plaque formation
in hypercholesterolemic rabbits and Apo-E-deficient mice [9,22,27]. These authors reported that the
supplementation of experimental diets with the black rice outer layer fraction decreased the level
of LDL cholesterol in Apo-E-deficient mice. This observation was not confirmed in other studies
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with rabbits fed black rice [27]. On the other hand, rats fed diets containing WS alone showed a
greater reduction in plasma cholesterol compared to those fed diets containing only BRE. The primary
mechanism for the hypocholesterolemic effect attributed to phytosterol intake is related to the inhibition
of the micellar cholesterol solubilization of cholesterol, which results in reduced cholesterol absorption
from the intestinal lumen and promotes excretion [18,37,38]. The consumption of about 2 g of sterols
per day reduces LDL cholesterol by 8-15% and, consequently, reduces the risk of cardiovascular
disease in humans [39]. Currently, also, the anti-inflammatory effect of plant sterols is possible;
albeit, these data are inconsistent [38,40,41]. The mechanism for WS lowering plasma cholesterol
is well-defined to include a competition to form mixed micelles that are required for cholesterol
absorption in the small intestine, due to the similarities in structure. The limited solubility of WS in
the intestinal chyme also interferes with the solubility of cholesterol, which, in turn, contributes to
coprecipitation in the intestinal lumen and low cholesterol bioavailability [18]. WS also competes
with cholesterol for various transporters at the apical surface of enterocytes—namely, Niemann-Pick
Cl-like 1 protein (NPC1L1) and adenosine triphosphate (ATP) cassette protein-binding transporters
(ABCG5/GS8), which regulate the influx and efflux of cholesterol and sterols between the intestinal
lumen and the intestinal mucosa [41]. The greater decrease in plasma cholesterol in animals fed diets
supplemented with a combination of WS and BRF paralleled a similar reduction in the total cholesterol
contents of the liver, heart, and aorta tissues. For the most part, the effect on cholesterol lowering was
most dramatic when WS were present in the atherogenic diet. This was also true when both BRF + WS
were combined, with the expected added effect to reduce cholesterol even further not realized but, rather,
attributed mainly to the presence of WS in the mixture. However, having BRF present in the mixture
may be contributed, to some extent, by other mechanisms due to the presence of both anthocyanins
and dietary fiber. In addition to the reported benefits of having the antioxidant activity of anthocyanins
to protect against cardiovascular diseases [42,43], these compounds also inhibit rate-limiting enzyme
activities for cholesterol synthesis—namely, 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA)
and cholesteryl ester transfer protein (CEPT) enzymes, which are linked to changes in endogenous
cholesterol synthesis [43-45]. Pong et al. [46] showed that mulberry extracts contain anthocyanins,
decreased hepatic lipids, and reduce the level of HMG-CoA reductase in hamsters. A similar cascade
of lipid specific metabolic reactions were suppressed in rats fed anthocyanin-rich juice [26]. The soluble
fiber present in back rice also has cholesterol-lowering properties [47,48], attributed to a reduced
dietary cholesterol bioaccessibility for absorption. Moreover, soluble dietary fiber derived from BRF
could also be a substrate for bifidobacteria fermentation in the colon, with a subsequent production of
short-chain fatty acids (SFCA) that may suppress cholesterol biosynthesis, thus further contributing to
low cholesterol levels in plasma and tissue [49,50].

The presence of WS, BRF, or the combination of both in experimental atherogenic diets fed
to rats increased the plasma HDL cholesterol. Great interest exists in the strong inverse and
independent relationship beween HDL and clinical atherosclerosis [49]. HDL transports cholesterol or
cholesterol esters from peripheral tissues to the liver, where cholesterol is metabolized and transformed
into bile acids; thus, this route of cholesterol disposal has an important role in protecting against
atherosclerosis [27,49]. Researchers have shown that plant sterols slightly increase plasma HDL by
elevating a specific subfraction of HDL, HDL3. The mechanism is not completely elucidated and
may depend on many related factors, such as the composition of the food matrix and baseline blood
lipid profile of the clinical subjects [18]. Anthocyanins may also contribute to increasing the level
of HDL cholesterol by the inhibition of cholesteryl ester transfer proteins [51]. On the other hand,
plasma non-HDL cholesterol levels were reduced in rats fed on atherogenic diets that contained
both BRF and WS. LDL, a well-documented risk factor for cardiovascular disease, is involved in
the transportation of cholesterol or cholesterol esters from the liver to peripheral tissues. Increasing
the hepatocyte LDL receptor activity due to the presence of dietary WS and BRF would result in an
increased influx of cholesterol from the plasma to the hepatocyte, thereby resulting in an increased
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compartmentalization of cholesterol that would lower both the plasma non-HDL cholesterol and total
cholesterol concentrations.

Our results showing BRF to reduce serum TAG concentrations are supported by other studies that
demonstrated bioactive constituents present in rice were involved in TAG digestion and metabolism [23].
Our finding that the presence of BRF to lower plasma triacylglyceride levels in rats was more effective
than adding WS could be related to the dietary fiber content, which effectively increases the gut
transit time and, as consequence, the degree of contact with digestive enzymes such as pancreatic
lipase. Studies conducted in rabbits fed a black rice outer layer reported no changes in the plasma
triacylglycerols concentrations [27]. Nevertheless, apo E-deficient mice fed on an anthocyanin-rich
BRF for 20 weeks exhibited reductions in serum TAG content [23]. Roohinejad et al. [52] also reported
a similar finding in rats fed on pregerminated brown rice, and Ausman et al. [20] reported that rice
bran oil was effective at decreasing plasma triacylglyceride (TAG) in hypercholesterolemic hamsters.
Our study also showed that feeding WS effectively increased plasma TAG. This result agrees with
Pritchard et al. [31] in studies conducted with apo E-deficient mice fed on an atherogenic diet containing
WS. Vaskonen et al. [37] reported no significant changes in the TAG level in plasma-obese Zucker
rats fed WS. Human clinical studies that administrated sterols in an encapsulated form at intakes of
1.8 g/day for four weeks reported a 7.4% decrease in plasma TAG in hypercholesterolemic subjects [47].

Although anthocyanins present in BRF possess antioxidant and anti-inflammatory
activities [10,24,43,45], this was not an apparent factor in our experimental results. CRP is
an early biomarker for inflammation and a good indicator of atherosclerosis risk [53]. Ma et al.
and [54] and Oi et al. [55] showed that dietary fiber decreases the concentration of CRP in humans.
Moreover, Devaraj et al. [38] reported that the consumption of orange juice with added WS for
eight weeks resulted in lower serum CRP levels in human subjects. A meta-analysis by Rocha and
coworkers [8] showed that the CRP level was not affected by WS in diets in various human studies.
Unfortunately, our sampling protocal may not have enabled us to detect possible differences in
CRP between rats fed different experimental diets. Future studies are required to include more
frequent blood sampling to determine if, indeed, the inclusion of BRF and WS in atherogenic diets
can promote a positive effect on CRP.

4. Materials and Methods

4.1. Animals and Diets

Wistar Kyoto (WKY) male rats, all 5 weeks of age, were purchased from Charles River,
Montreal, PQ, Canada. Animals were acclimatized for 1 week on standard lab chow
(Ralston Purina, St. Louis, MO, USA). After acclimatization, WKY (n = 40) rats were randomly divided
into five groups (1 = 8/group) and fed an atherogenic diet (with 0.5% cholesterol and 0.05% cholic acid)
and atherogenic diets supplemented with 1% black rice extract (BRF) in the presence or absence of 2%
wood sterols (WS) for 11 weeks. The BRF was obtained from Guangdong Province, China. The basic
chemical composition of BRF is shown in Table 3 and Figure 2. The WS was obtained from Forbes
Medi-Tech Inc. (Vancouver, BC, Canada), previously prepared from tall oil soaps via a proprietary
extraction and purification protocol under the GMP food standards. The purity of the final product
was over 99% and contained a mixture of sterols and stanols (Table 4 and Figure 1).
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Table 3. Basic chemical composition of the black rice fraction and selected bioactive contents.

Ingredient g/100 g d.m.

Protein 17

Fat 15

Ash 8.3
Digestible carbohydrates 50.02
Soluble dietary fiber 3.08
Insoluble dietary fiber 6.60

Anthocyanins (%)

cyanidin-3-O-glucoside 97.86
peonidin-3-O-glucoside 2.14
Total anthocyanins (mg/g) 31.3
Oryzanol (% of total fat) 3.83

Table 4. Wood sterols composition (%).

Total Sterol Content 99.6
Sitostanol 16
Sitosterol 73

Campasterol 6
Stigmasterol 1
Other sterols 2

The composition of experimental diets is shown in Table 5. Experimental diets were prepared based
on an AIN-76A diet [56]. The basal (g/kg) diet contained 250-g/kg casein (ICN Biochemical, Cleveland,
OH, USA), 470-g/kg cornstarch (Neptune Food Service, Richmond, BC, Canada), 50-g/kg alphacel
nondigestible fiber (ICN Biochemical, Cleveland, OH, USA), 30-g/kg sucrose (Neptune Food Service,
Richmond, BC, Canada), 30-g/kg mineral mix (ICN Biochemical, Cleveland, OH, USA), 30-g/kg vitamin
mix (ICN Biochemical, Cleveland, OH, USA), 2.0-g/kg choline chloride (ICN Biochemical, Cleveland,
OH, USA), 3.0-g/kg p-L methionine (ICN Biochemical, Cleveland, OH, USA), 30-g/kg monofos
(Van Waters and Rogers, Abbotsford, BC, Canada), 0.5-g/kg cholic acid (ICN Biochemical Cleveland,
OH, USA), 5.0-g/kg cholesterol (ICN Biochemical, Cleveland, OH, USA), 30-g/kg butter (Dairyworld
Foods, Burnaby, BC, Canada), and 70-g/kg canola oil (Neptune Food Service, Richmond, BC, Canada)
to provide an adequate supply of essential fatty acids.

Table 5. Experimental diet compositions (g/100 g).

Ingredient Negative Control (NC) PCCh PCCh + BRF PCCh + WS PCCh + WS + BRF
Casein 25.5 255 25.5 255 255
Corn starch 47 45.95 45.5 43.5 43.5
Sucrose 3.0 3.0 3.0 3.0 3.0
Cellulose 5.0 5.0 5.0 5.0 5.0
Monophosphate 3.0 3.0 3.0 3.0 3.0
Vitamin mix 3.0 3.0 3.0 3.0 3.0
Choline chloride 0.20 0.20 0.20 0.20 0.20
D-L Methionine 0.30 0.30 0.30 0.30 0.30
Mineral mix 3.0 3.0 3.0 3.0 3.0
Canola Oil 10 7.0 7.0 7.0 7.0
Butter - 3.0 3.0 3.0 3.0
Wood sterols 0 - - 2.0 2.0
Cholesterol 0 0.50 0.50 0.50 0.50
Cholic acid 0 0.050 0.05 0.05 0.05
BRF - - 1.0 - 1.0

NC: cholesterol and bile acid-free diet; negative control. PCCh: positive control (0.5% cholesterol, 0.05 cholic acid,
3% butter). BRF: black rice fraction. PCCh + BRF: positive control, atherogenic diet with added black rice fraction.
PCCh + WS: positive control, atherogenic diet with added wood sterols. PCCh + WS + BRF: positive control,
atherogenic diet with added wood sterols and black rice fraction.
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Animals were individually housed in stainless-steel cages under 25 °C and lighting (14:10 light:
dark cycle) conditions and fed diets for 12 h per day for 11 weeks. Daily feed intakes and the
weekly body weight gains of animals were routinely recorded throughout the experimental period.
Animal care protocols were in accordance with the principles of the Guide to the Care and Use of
Experimental Animals, Vol. 1 of the Council of Animal Care [57], as approved by the University of
British Columbia Animal Care Committee (H04-0095: 05/02/11).

4.2. Experimental Design and Plasma Analysis

At 16 weeks of age, nonfasted rats were killed by exsanguination under halothane anesthesia
at 13:00 h, and blood was drawn into heparinized tubes prior to centrifugation for recover plasma
(1000x g for 5 min, 4 °C). Aliquots of plasma were analyzed for hemoglobin (Cayman Chemical,
Ann Arbor, MI, USA), total cholesterol, HDL cholesterol, triacylglycerol, phospholipids glucose,
and CRP using commercial kits from Sigma Aldrich (Sigma, St. Louis, MO, USA). HDL was recovered
by precipitating non-HDL particles with 0.5-mM sodium phosphotungstic acid and 25-mM magnesium
choride. After centrifugation, the supernatant containing the HDL particles was analyzed for cholesterol
and triacylglyceride using CHOD-PAP and GPO-PAP, respectively (Boehringer, Mannheim, FRG).
The antioxidant capacity of the plasma was measured with the method described by Kitts and Hu [58].

4.3. Liver, Heart, and Aorta Tissue Analyses

Liver, heart, and aorta tissues were removed, washed in 4 °C 0.9% NaCl, dried, and weighed.
The arotic tissue was removed from the bachicephalic arteries to the bifurcation and the aorta to the
iliac branching. Lipids were extracted using the Folch method [59]. Crude lipids content was measured
with the Folch method under nitrogen with subsequent drying at 105 °C. The levels of total cholesterol
and triacylglycerol were measured using the methods described by Carlson and Goldfarb [60].

4.4. Statistics

All data are expressed as mean + SEM. A paired f-test was used to determine if a difference
existed between animals fed on the noncholesterol (NC diet) diet and the positive control,
atherogenic-formulated (PCCh) diet (p < 0.05). One-way analysis of variance (ANOVA; SPSS/Win Inc.,
IBM Co., Armonk N.Y. USA) was used to test for differences between experimental treatments (PCCh-).
Where differences did exist, the source of the differences was identified by the Student-Newman-Keuls
multiple range test at a p < 0.05 significance level.

5. Conclusions

In this study, we presented the effects of known bioactive phytochemical components—namely,
an anthocyanin-rich BRF, standardized mixture of WS, and a combination of both—to control
hyperlipidemia in rats fed on an atherogenic diet. Feeding WS alone produced lower plasma
cholesterol concentrations that were related to lower tissue cholesterol notably in liver and aorta tissues.
Similar benefits in controlling plasma and tissue TAGs were observed in rats fed BRE. The combination
of adding both WS and BRF to the atherogenic diet also produced an improvement in both cholesterols:
HDL cholesterol and non-HDL cholesterol, and TAGs, which were attributed more to the presence
of WS or BREF, respectively, than the combination of both. These findings support developing novel
diets containing value-added BRF and WS components to enable benefits associated with reduced
modifiable atherosclerosis risk factors attributed to hyperlipidemia.
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Abstract: Functional nutrition is a valuable supplementation to dietary therapy. Functional foods
are enriched with biologically active substances. Plant polyphenols attract particular attention
due to multiple beneficial properties attributed to their high antioxidant and other biological
activities. We assessed the effect of grape polyphenols on the life span of C57BL/6 mice and on
behavioral and neuroinflammatory alterations in a transgenic mouse model of Parkinson disease
(PD) with overexpression of the A53T-mutant human «-synuclein. C57BL/6 mice were given a
dietary supplement containing grape polyphenol concentrate (GPC—1.5 mL/kg/day) with drinking
water from the age of 6-8 weeks for life. Transgenic PD mice received GPC beginning at the age
of 10 weeks for four months. GPC significantly influenced the cumulative proportion of surviving
and substantially augmented the average life span in mice. In the transgenic PD model, the grape
polyphenol (GP) diet enhanced memory reconsolidation and diminished memory extinction in
a passive avoidance test. Behavioral effects of GP treatment were accompanied by a decrease in
a-synuclein accumulation in the frontal cortex and a reduction in the expression of neuroinflammatory
markers (IBA1 and CD54) in the frontal cortex and hippocampus. Thus, a GP-rich diet is recommended
as promising functional nutrition for aging people and patients with neurodegenerative disorders.

Keywords:  flavonoids; cognition; passive avoidance test; memory extinction; mice;
microglia; neuroprotection

1. Introduction

There is growing evidence that diets rich in polyphenols decrease the risk of chronic diseases
such as obesity, diabetes, heart disease, and cancer [1-5]. Polyphenols are the most abundant group of
biologically active molecules and natural antioxidants that can protect human cells from oxidative
damage thereby reducing the risk of developing various degenerative diseases associated with oxidative
stress. The main sources of polyphenols are fruits, tea, coffee, cacao, and grapes. These compounds
are also found in vegetables and seeds of different crops, but in lower concentrations [6,7]. In plants,
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polyphenols are secondary metabolites participating in plant protection from a wide range of biotic
and abiotic stress factors [8,9].

Even with a standard diet, we consume about 1 g of polyphenols daily, which is 10 and 100 times
higher than the daily doses of vitamins C and E (as well as carotenoids), respectively [10]. In addition
to antioxidant activity, polyphenols depending on their chemical structure, manifest a wide range of
biological activities, such as anti-inflammatory, capillary-strengthening, hepatoprotective, diuretic,
antiallergic, antimicrobial and antitumor properties [5,11-13].

There is a special interest in reusing winemaking waste, such as grape seed, fruit skin or
vine. These waste products are rich in polyphenols, specifically, catechins, quercetin, anthocyanins,
proantocyanidins, phenolic acids, and resveratrol [14,15] having most of the activities described
above [5,12,13], so they may be used to produce valuable extracts. Furthermore, the photoprotective
effect of polyphenolic compounds extracted from red grapes was observed during in vitro human
cell culture studies [7]. Red grapes effectively inhibit UV-A-induced synthesis of type III collagen
both at the RNA and protein levels. This confirms the potential of grape polyphenols in slowing
down the skin photoaging [7]. In addition, polyphenols can overcome the blood-brain barrier and
produce a neuroprotective effect on the central nervous system [16,17]. Hence, the application of
grape-derived polyphenols as an adjunctive treatment paradigm to prevent neuropathologies including
such neurodegenerative disorders as Alzheimer and Parkinson diseases is widely discussed [18].
Parkinson disease (PD) is the second most common neurodegenerative disorder, placing huge economic
and social burdens on societies all over the world. The main risk factor for the development of PD
is aging. Current therapies for PD are symptomatic and limited they do not cope with the disease
onset or progression as they do not address multiple overlapping mechanisms involved in the PD
pathogenesis. Moreover, PD patients develop drug tolerance and suffer from serious side effects of
the drugs due to uninterrupted long-term treatment. Nutritional supplementation with polyphenols
is regarded as a promising prophylactic treatment for neurodegenerative disorders, as it potently
and simultaneously targets inflammatory and oxidative pathways [18]. It is noteworthy that a recent
study by Ben Youssef et al. [19] evidenced the neuroprotective effect of grape seed and skin extract
on a mouse PD model induced by 6-OHDA neurotoxin through reducing apoptosis, oxidative stress,
and inflammation. Pathological aggregation and accumulation of a-synuclein in neurons and Lewy
bodies appear to play a core role in the pathogenesis of PD [20]. However, the potential impact of
grape polyphenols on this mechanism is scantily studied.

In the current study, we assessed the effect of grape polyphenols on the life span of C57BL/6
mice and on behavioral and neuroinflammatory alterations in a transgenic mouse model of PD with
overexpression of the A53T-mutant human o-synuclein.

2. Results

2.1. Diet Tolerance and the Effects on Life Expectancy and Body Weight Gain

In mice of the C57Bl/6 strain born and reared at the conventional animal facility, grape polyphenol
concentrate (GPC) significantly influenced the cumulative proportion of surviving (p < 0.01; Figure 1A)
and substantially augmented the average life span (p < 0.01; Figure 1B).

The last mouse in the experiment was a GPC-treated male who died at the age of 1031 days.
Moreover, in two-year-old mice the general condition of GPC-treated animals appeared to be better
than of the controls, including the state of their fur and eyes (Figure 1C). Mice of the B6.Cg-Tg
(Prnp-SNCA*A53T)23MKkle/] strain (further mut(PD)), a genetic model of PD, and control wild-type
(WT) mice that had been born and reared under SPF conditions also endured the GPC-supplemented
diet well. No significant difference was found between the groups in body weight gain after four
months of the experiment (Figure 2).
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Figure 1. The effect of dietary supplementation with GPC on the cumulative proportion of surviving
(A), average life span (B), and general condition (C) in mice of the C57Bl/6 strain. The data are presented
as a Kaplan-Meier diagram (A) or the means + SEMs (B) of the values obtained in an independent
group of animals (n = 8-15 per group). Statistically significant differences: ** p < 0.01 vs. controls.
(C) photographs of control and GPC-treated mice at the age of two years.
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Figure 2. Effects of the overexpression of A53T-mutant «-synuclein and dietary supplementation with
GPC for four months on body weight gain in mice.The data are expressed as the means + SEMs of the
values obtained in an independent group of animals (1 = 5-9 per group).
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2.2. Behavioral Effects

2.2.1. The Open Field Test

An open field test was performed to assess general locomotion, vertical locomotor and exploratory
activity, anxiety, and emotionality in mice (Table 1).

Table 1. Effects of GPC supplementation and overexpression of x-synuclein (genetic Parkinson’s
disease (PD) model) on the behavior of mice in the open field test.

Group
Parameter WT Mut (PD) Ep
Control GPC Control GPC

G: F(1,28) = 10.8, p < 0.01
3773 £266  3704+297 4964 £ 602 5236 +492%%  D:F(1,28) <1
Dx G:F(1,28) <1
G:F(1,28) = 1.8, p > 0.05

Distance
travelled, cm

Rearings, n 74.7 + 6.3 67.0 8.9 764 +7.3 91.8 +12.3 D:F(1,28) <1
D x G:F(1,28) = 1.4, p > 0.05
G:F(1,28) <1
Timeinthe 35, 48 332:45 36098 30.6 + 6.6 D:F(1,28) < 1
center, s

DxG:F(1,28) <1
G:F(1,28) <1

Fecalbolin  222+074 289 +0.75 28+ 1.16 1.0 £ 0.58 D:F(1,28) <1
D x G: E(1,28) = 2.4, p > 0.05

G—genotype factor, D—diet factor. Data are presented as the Mean + S.E.M. of the values obtained in an independent
group of animals (1 = 5-9 per group). Statistically significant differences: && 1 <0.01 vs. a WT + GPC group.

When testing a PD model, two-way ANOVA followed by an LSD post-hoc test revealed a
significant effect of the genotype on the distance travelled. Mut(PD) mice had higher horizontal
locomotion than WT mice, which is quite in line with previous studies on this PD model [21-23].
The other measured parameters were not significantly affected by the genotype factor or the diet factor
or their interaction.

2.2.2. The Passive Avoidance Test

We recorded a significant effect of the repeated measures (learning) factor (F(1,28) = 96.4, p < 0.001)
on the step-through latency when evaluating contextual memory retrieval in mice (Figure 3A).

Latency to enter a dark compartment during training (before the foot shock) did not differ
significantly among the experimental groups. As evidence of learning and acquisition of the conditioned
passive avoidance reaction on testing day, 24 h after receiving the foot shock, mice of all groups
demonstrated increased step-through latencies, often ~10-times greater than latencies on the training
day. However, memory extinction was influenced not only by the repeated measures (time) factor
(F(11,297) = 14.6, p < 0.001)) but also by the interactions between the genotype and diet factors
(F(1,27) =6.03, p < 0.05) and between the repeated measures and diet factors (F (11, 297) = 3.9,
p <0.001) (Figure 3B). With exposure to the context in the absence of additional shocks, the fear
response gradually diminishes which is called memory extinction [24]. In the WT control, WT + GPC,
and mut(PD) control groups, the values of step-through latency remained significantly increased
for seven, seven, and two days, respectively, compared to the training day. A significant decrease
in step-through latency was observed to start from the 6th, 8th, and 4th day of the extinction phase
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compared to the test day in WT control, WT + GPC, and mut(PD) control group, respectively. Hence,
extinction was more pronounced in the mut(PD) control group. At the same time, the values of
step-through latency stayed significantly increased for ten days of the extinction phase as compared to
the training day in a mut(PD) + GPC group. We failed to observe a substantial reduction in step-through
latency in mice of the mut(PD) + GPC group within ten days of the extinction phase. Thus, the mut
(PD) mice demonstrated GPC enhanced memory reconsolidation and diminished memory extinction.
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Figure 3. Effects of the overexpression of A53T-mutant x-synuclein and dietary supplementation
with GPC for four months on memory retrieval (A) and memory extinction (B) in mice in the passive
avoidance test. The data are expressed as the means + SEMs (A) or means (B) of the values obtained in
an independent group of animals (1 = 5-9 per group). Statistically significant differences: " p < 0.05,
~p <0.01,™ p < 0.001 compared to values of the same group on the training day; # p < 0.05, # p < 0.01,

### p < 0.001 compared to values of the same group on the test day.

2.3. Immunohistochemical Analysis

First, we evaluated the accumulation of human a-synuclein in the mouse brain. We detected
immunofluorescence against human a-synuclein only in the frontal cortex of seven-month-old
transgenic mut(PD) mice (Figure 4B). Both the genotype (F (1, 8) = 35.2, p <0.001) and diet (F (1, 8) = 7.5,
p < 0.05) factors had a significant effect on a-synuclein accumulation in the 2nd layer of the frontal
cortex (Figure 4A).
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Figure 4. Effects of the overexpression of A53T-mutant x-synuclein and dietary supplementation with
GPC for four months on a-synuclein accumulation (A,B) and expression of the microglial marker IBA1
(C,D) or inflammatory marker CD54 (E,F) in the frontal cortex of mice. (A,C,E): quantitative results.
The data are expressed as the means + SEMs of the values obtained in an independent group of animals
(n =3 per group). Statistically significant differences: ** p < 0.01, ** p < 0.001 vs. WT controls; ® p < 0.05,
%5 1 < 0.01 vs. mut (PD)controls. (B) a-synuclein immunoreactivity in the frontal cortex. (zoom: 100x;
bar: 100 um.) (D) IBA1 immunoreactivity in the frontal cortex. (zoom: 200x; bar; 50 um.) (F) CD54
immunoreactivity in the frontal cortex. (zoom: \200X; bar: 50 pm).

Dietary supplementation with GPC significantly reduced the accumulation of human «-synuclein
in the frontal cortex of mut(PD) mice (p < 0.01). Indices of neuroinflammation (microglial marker
IBA1, Figure 4C; inflammatory marker CD54, Figure 4D) were also increased in the frontal cortex of
transgenic mut(PD) mice, while GPC treatment significantly suppressed them back to the levels of WT
mice. Similar effects on the expression of the inflammatory markers were recorded in the hippocampus
(Figure 5; Supplementary Materials: Figure S1).

The diet factor (F (1, 8) = 23.5, p < 0.01) produced a significant effect on the expression of IBA1
in the CA1 hippocampal area. The parameter was markedly decreased in both WT (p < 0.05) and
mut(PD) (p < 0.01) mice by GPC supplementation (Figure 5A). The expression of CD54 was significantly
influenced by the diet factor (F(1, 8) = 5.6, p < 0.05) in the CA3 hippocampal area (Figure 5E) and
by the genotype factor (F(1, 8) = 11.96, p < 0.01), diet factor (F(1, 8) = 13.1, p < 0.01), and interaction
between the factors (F(1, 8) = 6.8, p < 0.05) in the dentate gyrus of the hippocampus (Figure 5F).
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Dietary supplementation with GPC significantly reduced the CD54 expression in the CA3 area (p < 0.05)
and dentate gyrus (p < 0.01) in mut(PD) mice.
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Figure 5. Effects of the overexpression of A53T-mutant x-synuclein and dietary supplementation with
GPC for four months on the expression of the microglial marker IBA1 (A-C) or inflammatory marker
CD54 (D-F) in the hippocampus (A,D in the CA1 area; B,E in the CA3 area; C,F in the dentate gyrus)
in mice. The data are expressed as the means + SEMs of the values obtained in an independent group
of animals (1 = 3 per group). Statistically significant differences: * p < 0.05, ** p < 0.01 vs. WT controls;
$p <0.05,% p < 0.01 vs. mut(PD) controls.

3. Discussion

3.1. Safety of Long-Term Supplementation with Grape Polyphenols and Their Effect on Life Span in Mice

Pallauf et al. [25] reviewed the data on life span extension by flavonoids in worms, flies and
mice, describing possible mechanisms that may underpin longer life spans of model organisms treated
with flavonoids: energy-restriction-like effects, inhibition of insulin-like-growth-factor signaling,
induction of antioxidant activity, hormesis and antimicrobial properties.

In the experiments, with mice, their life span increased when the diets were supplemented with
combined extracts of blueberry, green tea and pomegranate powder [26] or green tea polyphenols
containing approximately 70% epigallocatechins, epicatechins and gallocatechins [27]. In other
studies, however, experimenting with blackcurrant juice (containing anthocyanins, quercetin and
quercetin glycosides), epimedium flavonoids (containing 20% icariin) [28], green tea extracts [29,30],
blueberry extract [30], triple combination of green tea extract, black tea extract and morin [30] or
pomegranate powder [30] failed to induce a longer life span in mice. Overall, several issues should be
taken into account when the potential effect of flavonoids on animal or human life span in discussed.
When different flavonoids are consumed simultaneously, they may have an additive or even synergistic
impact on life expectancy. Moreover, other compounds in extracts may either attenuate or improve
the life-extending effect of flavonoids. Besides, synergy was observed between polyphenols, drugs,
and hormones [16]. The duration of treatment and the age when the supplementation starts also matter
and may lead to different outcomes.
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In our study, grape polyphenol concentrate (containing a wide range of anthocyanins, flavan-3-ols,
hydroxycinnamic acids, high molecular weight, oligomeric and condensed procyanidins plus
121.2 mg/L, of quercetin, 46.0 mg/L of quercetin-3-O-glycoside,928.4 mg/L of gallic acid and 5.6 mg/L of
trans-resveratrol; Supplementary Materials: Table S1) increased life span (Figure 1). A conclusion can
be made that GPC was safe for mice during almost life-long supplementation starting from an early age.
The long-term treatment did not produce any visible harmful effects on the general condition of the
animals, nor disturbed their behavioral performance or cognitive function. This observation is quite
important, since a preventive long-term intervention at the asymptomatic preclinical and early stages
of the disease progression is considered the most promising in the management of neurodegenerative
disorders [31].

3.2. Polyphenols Attenuate Neuropathological Changes Associated with Aging and PD-Like Disturbances

Our experiments with a transgenic PD model, demonstrated the grape polyphenols enhanced
memory reconsolidation and abated memory extinction in the passive avoidance test (Figure 3).
It should be mentioned that the open field test revealed no significant alterations in the GPC-treated
groups. Hence, the observed effect of GPC on cognitive functions was specific and did not depend on
general changes in locomotor or exploratory behavior. The beneficial effect of grape polyphenols on
cognitive functions agrees well with the previous findings on the restoration of impaired cognition in
the mouse models of aging or Alzheimer disease [32-35].

Low bioavailability of flavonoids questioned their direct effects on the central nervous system.
However, when their bioactive metabolites are taken into account, including those associated with the
activity of the gut microbiota and interaction products, bioavailability appears to be much higher [36].
For example, anthocyanins and their metabolites were found in almost all organs and tissues including
the brain of animals fed with anthocyanin-rich feeds. The latter observation attests to active absorption
and the ability to overcome the blood-brain barrier [37-39]. Hence, the results obtained on biological
activity and impact mechanisms of the intact compounds produced in vitro should be interpreted
with a certain caution and need to be confirmed by in vivo findings. Moreover, the dosage is also
an essential issue. For example, high doses of resveratrol applied to overcome its low bioavailability
caused various side effects [40]. Moreover, some components of the GPC mixture, such as resveratrol
and epigallocatechin-3-gallate, are regarded as pan-assay-interference (PAINS) compounds [41]. Hence,
their effect on an organism might be nonspecific, including cell membrane perturbations, rather than
specific protein binding [42], especially when high supraphysiological doses are applied.

Nevertheless, preclinical animal studies revealed that grape polyphenols might affect certain
pathogenetic mechanisms involved in the aging-related cognitive decline and neurodegenerative
disorders, such as neuroinflammatory response, oxidative stress, protein homeostasis, and apoptotic
signaling [17,32,33]. A systematic review of 43 publications performed by de Andrade Teles et al. [43]
summarized that the main targets of action for the flavonoid-based PD therapy were the reduction of
the cellular oxidative potential and activation of neuronal death mechanisms. Strathearn et al. [44]
suggested that anthocyanin- and proanthocyanidin-rich plant extracts could alleviate PD-induced
neurodegeneration by enhancing the mitochondrial function.

Although pronounced motor disturbances occur in transgenic mice with overexpression of mutant
human a-synuclein at the age of 9-13 months [23], certain behavioral and cognitive alterations appear
at early stages of the pathology course including memory deficit [22]. Those non-motor symptoms
are associated with the accumulation of x-synuclein and neuroinflammation in the forebrain regions.
Indeed, we revealed the deposits of x-synuclein and enhanced expression of inflammatory markers
(IBA1 and CD54) in the frontal cortex of transgenic mice. GPC supplementation significantly decreased
the «-synuclein accumulation and reduced the expression of the neuroinflammatory markers in the
frontal cortex (Figure 4). We did not find any d «-synuclein deposition in the hippocampus while
the neuroinflammatory response was less pronounced. However, GPC treatment produced e similar
effects attenuating the inflammatory markers in the hippocampal regions (Figure 5). Many studies
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reported on the anti-inflammatory effect of polyphenols, including the recent study of a mouse PD
model induced by 6-OHDA neurotoxin [20]. At the same time, the effect of polyphenols on a-synuclein
aggregation and neurotoxicity was observed in vitro in cellular models [45,46]. Specifically, the major
metabolite among anthocyanins cyanidin 3-glucoside inhibited aggregation and fibril formation of
a-synuclein [47,48]. The present study confirmed the neuroprotective activity of grape polyphenols
against x-synuclein in vivo. Thus, GPC supplementation has a potential therapeutic effect in preventing
and treating Parkinson disease.

4. Materials and Methods

4.1. Experimental Animal and Design

Experiments were performed using male mice: (1) non-SPF mice of the C57Bl/6 strain
born and reared in a conventional animal facility at the Federal State Budgetary Scientific
Institution “Scientific Research Institute of Neurosciences and Medicine” (SRINM; former Scientific
Research Institute of Physiology and Basic Medicine) (Novosibirsk, Russia); (2) mice of the
B6.Cg-Tg(Prnp-SNCA*A53T)23MKkle/]) strain (hereinafter: mut(PD)) and control WT mice acquired
from the SPF-vivarium of the Institute of Cytology and Genetics SB RAS (Novosibirsk, Russia).
Hemizygous mut (PD) mice were produced by inserting the human A53T missense mutant form of
alpha-synuclein cDNA in the mouse genome downstream of a mouse prion Prnp promoter [49].

Animals were housed in groups of 4-5 animals per cage (40 x 25 x 15 cm) under standard
conditions (light-dark cycle: 14 h light and 10 h dark (lights off at 15:00); temperature: 18-22 °C;
relative humidity: 50-60%). All experimental procedures were carried out in accordance with the
guidelines of the NIH Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the SRINM. Every effort was made to minimize the
number of animals used and their suffering.

In each experiment, mice of each strain were subdivided into two groups and prescribed one
of the following diets. The mice of the control groups received a standard granulated chow for
laboratory mice (Ssniff R/M-H V1534-300, Soest, Germany) and pure water (Rosinka, Novosibirsk,
Russia) ad libitum. The mice of the GPC groups were given the standard chow and the grape polyphenol
aqueous solution of the concentrate Enoant (produced by RESSFOOD, Company, Yalta, Russia) [50]
ad libitum. Enoant was diluted with the pure water to a concentration of 0.5-0.8% taking into account
a mouse body weight and liquid consumption to provide the daily averaged dosage of 1.5 mL/kg.
Fresh solution was prepared every other day. To adjust the dosage, liquid consumption per cage was
measured daily and mice were weighed weekly. Concentrations of polyphenolic compounds in Enoant
are described in Supplementary Materials: Table S1.

The experiment with non-SPF mice of the C57Bl/6 strain born and reared at the conventional
animal facility started when mice reached an age of 6-8 weeks and lasted until the death of the last
mouse (control, n = 15; GPC, n = 8). Mut(PD) mice, a genetic model of PD, and control WT mice
born and reared under SPF conditions were fed with the GPC supplement since the age of six weeks
(WT control, n = 9; WT + GPC, n = 9; mut(PD) control, n = 8; mut(PD) + GPC, n = 9). After four
months of GPC feeding mut(PD) and WT mice were tested for behavior and then sacrificed for further
immunohistochemical analysis of their brains.

4.2. Behavioral Tests

Each animal was handled for 5 min/day on three consecutive days, prior to being taken into the
experiment. Open field and passive avoidance tests were performed. Observations were made during
the dark phase between 15:00 and 22:00 h. For behavioral testing, the animals were placed individually
in a clean cage (25 x 40 x 20 cm), and transported to a dim observation room (28 lux of the red light)
with sound isolation reinforced by a masking white noise of 70 dB. Performance in the behavioral
tests was monitored using a video camera Panasonic WV-CL930 (Panasonic System Networks Suzhou
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Co.,Ltd., Suzhou, China) positioned above an apparatus and processed with original EthoVision XT
software (Noldus, Wageningen, The Netherlands). The test equipment was cleaned using 20% ethanol
and thoroughly dried before each test trial.

4.2.1. The Open Field Test

This test was carried out in an apparatus with a square arena (40 x 40 cm) and plastic
walls 37.5 cm high brightly lit from above (1000 lux). A mouse was placed in the center of the
arena, and its movements were recorded for 10 min. The following parameters were assessed:
general locomotion (distance travelled in cm); vertical locomotor and exploratory activity (number of
rearing); anxiety (time spent in the central part of the arena); and emotionality (number of defecations).

4.2.2. The Passive Avoidance Test

Training on the passive avoidance reaction was performed by a standard single-session method
in an experimental chamber with dark and light compartments and an automated Gemini Avoidance
System apparatus (San Diego Instruments, San Diego, CA, USA)) as described in detail earlier [51].
The Gemini software automatically recorded the latency of the transfer to the dark compartment and
the data of testing served as a measure of acquisition of the conditioned passive avoidance reaction.
Memory extinction was measured during the next ten days.

4.3. Immunohistochemical Analysis

On the day of euthanasia, mice were culled with CO;. The animals were perfused transcardially
with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS, then the brains were
rapidly excised and postfixed in PBS containing 30% sucrose at 4 °C until further neuromorphological
analysis. The analysis was performed on 30-pm-thick cryosections according to a protocol described in
detail previously [18]. Coronal slices along the frontal cortex (AP: 2.93 to —2.45 mm) or hippocampus
(AP: —2.03 to —2.15 mm) of each mouse brain were made. We applied a rabbit polyclonal antibody
(NB110-61645, 1:1000 dilution, Novus Biologicals, Littleton, CO, USA) as the primary antibody to detect
human a-synuclein, a goat polyclonal antibody (NB100-1028, 1:200 dilution, Novus Biologicals, Littleton,
CO, USA) as the primary antibody to detect the AIF-1/IBA1 microglial marker, or a rat monoclonal
antibody (catalog # 16-0542-81, 1:300 dilution, Invitrogen, Carlsbad, CA, USA) as the primary
antibody to detect the CD54(ICAM-1) inflammatory marker. A fluorescently labeled (Alexa Fluor
488-conjugated) goat anti-rabbit IgG antibody (ab150077, 1:600 dilution, Abcam, Cambridge, UK),
Alexa Fluor 488-conjugated donkey anti-goat IgG antibody (ab150129, 1:200 dilution, Abcam,
Cambridge, UK), or Alexa Fluor 594-conjugated goat anti-rat IgG antibody (ab150160, 1:500 dilution,
Abcam, Cambridge, UK) served as the secondary antibodies, respectively. Fluorescent images were
finally obtained by means of an Axioplan 2 (Carl Zeiss) imaging microscope and then analyzed in
Image Pro Plus Software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). Fluorescence intensity
was measured as background-corrected optical density (OD) with subtraction of staining signals
of the non-immunoreactive regions in the images converted to grayscale. The area of interest was
7423 pm? (IBA1 or CD54) or 30,014 pm? (o-synuclein) in the frontal cortex; 19,353 um?, 26,100 pm?,
and 50,868 um? in the hippocampal CA1, CA3 areas, and dentate gyrus, respectively.

4.4. Data Analysis

Survival analysis was performed using Gehan’s Wilcoxon test and presented as a Kaplan-Meier
diagram; average life span for each diet was compared with the Mann-Whitney U-test. The results
on the PD model were presented as mean + SEM and compared using a two-way ANOVA followed
by Fisher LSD post-hoc test. The independent variables for the two-way ANOVA were Genotype
(WT or mut(PD)) and Diet (control or GPC). Repeated Measures ANOVA followed by Fisher LSD
post-hoc comparison was applied to analyze the data of the passive avoidance test with Genotype and
Diet as between-subject variables and Time (Training, Test, or Extinction days) as a repeated measure.
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The level of significance was defined as p < 0.05. STATISTICA 10.0 software was used to perform all
statistical analyses.

5. Conclusions

GPC proved safe for mice during almost life-long supplementation starting from an early age.
The long-term GPC feeding did not produce any visible harmful effects on the general condition of the
animals, nor disturbed their behavioral performance or cognitive function. Hence, such treatment
seems to be applicable as a preventive long-term intervention at the asymptomatic preclinical and
early stages of neurodegenerative diseases. GPC affected the cognitive function in transgenic PD
mice by modulating their memory-specifically, by enhancing memory reconsolidation and abating
memory extinction. The behavioral and cognitive effects of GPC were accompanied by a reduction in
a-synuclein accumulation in the frontal cortex and neuroinflammatory response in the frontal cortex
and hippocampus. Our findings confirmed the neuroprotective activity of grape polyphenols against
a-synuclein in vivo. Thus, a diet supplemented with grape polyphenol concentrate is suggested
as promising functional nutrition for aging people and patients with neurodegenerative disorders,
especially Parkinson’s disease.

Supplementary Materials: The following are available online at Figure S1: Effects of the overexpression of
A53T-mutant «-synuclein and dietary supplementation with GPC for four months on the immunoreactivity against
the IBA1 microglial marker or CD54 inflammatory marker in the hippocampal CA1 area, CA3 area, and dentate
gyrus (DG) in mice, Table S1: Content (mg/L) of active polyphenols in the grape concentrate Enoant (GPC) and dry
wine material (DWM) from Vitis vinifera L. cv. ‘Cabernet Sauvignon” according to Zaitsev et al. (2010).
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Abstract: An imbalance of angiogenesis contributes to many pathologies such as cancer, arthritis
and retinopathy, hence molecules that can modulate angiogenesis are of considerable therapeutic
importance. Despite many reports on the promising antiangiogenic properties of naturally occurring
flavonoids, no flavonoids have progressed to the clinic for this application. This systematic review
and meta-analysis therefore evaluates the antiangiogenic activities of a wide range of flavonoids and
is presented in two sections. The first part of the study (Systematic overview) included 402 articles
identified by searching articles published before May 2020 using ScienceDirect, PubMed and Web
of Science databases. From this initial search, different classes of flavonoids with antiangiogenic
activities, related pathologies and use of in vitro and/or in/ex vivo angiogenesis assays were identified.
In the second part (Meta-analysis), 25 studies concerning the antiangiogenic evaluation of flavonoids
using the in vivo chick chorioallantoic membrane (CAM) assay were included, following a targeted
search on articles published prior to June 2020. Meta-analysis of 15 out of the 25 eligible studies
showed concentration dependent antiangiogenic activity of six compared subclasses of flavonoids
with isoflavones, flavonols and flavones being the most active (64 to 80% reduction of blood
vessels at 100 uM). Furthermore, the key structural features required for the antiangiogenic activity of
flavonoids were derived from the pooled data in a structure activity relationship (SAR) study. All in all,
flavonoids are promising candidates for the development of antiangiogenic agents, however further
investigations are needed to determine the key structural features responsible for their activity.

Keywords: flavonoids; angiogenesis; inflammation; cancer; in-vivo angiogenesis; CAM assay; SAR

1. Introduction

Angiogenesis is the process of forming new blood vessels. Physiologically, angiogenesis is
pivotal for tissue growth and regeneration [1] which is beneficial for many processes including
embryogenesis and wound healing. Regulation of angiogenesis is complex and is maintained by the
balance between endogenous stimulators (e.g., vascular endothelial growth factor (VEGF), platelet
derived growth factors (PDGFs) and hypoxia-inducible factors (HIFs)), and inhibitors (e.g., angiostatin
and endostatin). Other body conditions also contribute to the regulation of angiogenesis under
physiological conditions. For example, certain metabolic demands such as the need for more oxygen
can induce VEGF secretion and angiogenesis in heart and brain tissues [2,3]. Since angiogenesis
affects many organs and tissues in the body, an imbalance in its regulation has been associated with
different pathologies [4]. For instance, cancer, rheumatoid arthritis and diabetic retinopathy feature
an upregulation of proangiogenic factors [5]. Conversely, if antiangiogenic factors were upregulated,
several cardiovascular diseases are more likely to happen [6]. The use of drugs like Bevacizumab

Molecules 2020, 25, 4712; d0i:10.3390/molecules25204712 255 www.mdpi.com/journal/molecules



Molecules 2020, 25, 4712

(Avastin®, Genentech) and Aflibercept (Eylea®, Regeneron) for the treatment of cancer and ocular
diseases, emphasizes the imperative medicinal applications of antiangiogenic agents [7,8].

Flavonoids are widely distributed in fruits, vegetables and nuts. They are one of the most
important chemical classes of natural compounds showing various pharmacological profiles that include
anticancer [9-11], anti-inflammatory [12], cardioprotective [13] and neuroprotective activities [14].

The antiangiogenic activity of flavonoids has been extensively studied over the last two decades.
Several studies document the ability of flavonoids to inhibit the proliferation and migration of
endothelial cells by interfering with key angiogenesis signaling cascades such as the mitogen activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways. Nevertheless, they can
inhibit the expression of major proangiogenic factors such as VEGF and matrix metalloproteinases
(MMPs) [2,7,15].

Researchers rely on different in vitro and in/ex vivo assays to quantitatively assess the effects of
chemical compounds on angiogenesis [16,17]. Each of these assays can probe one or more of the different
steps involved in the angiogenesis process such as cell proliferation, migration and tubulogenesis.

Despite considerable research concerning the antiangiogenic activities of flavonoids, to date they
have neither progressed to the market nor clinical trials for that purpose. Therefore, the aim of this
review is to systematically assess the antiangiogenic activities of flavonoids to provide greater insight
into their potential as therapeutic agents. This study is comprised of two parts: Section 1 provides a
systematic overview of the classes of flavonoids that have been investigated for their antiangiogenic
activities, along with a summary of the different in vitro and/or in/ex vivo angiogenesis assays that have
been used; Section 2 is a meta-analysis study of a quantitatively comparative subset of data, based on
the in vivo chick chorioallantoic membrane (CAM) assay;, to statistically evaluate the antiangiogenic
effects of flavonoids.

2. Results
2.1. Section 1: Systematic Overview

2.1.1. Search Results

For Section 1 of the study, 3708 records were initially identified in three electronic databases
(1555 from ScienceDirect, 1984 from PubMed and 169 from Web of Science). Search results were then
limited to research articles, review articles, short communications and systematic reviews and the
remaining 3380 articles were subjected to title and abstract screening. 2556 records were found to be
irrelevant of the subject in focus or did not fulfill the inclusion criteria. After the removal of duplicates
(422), 402 articles were finally included in the qualitative analysis for Section 1 of this study (Figure 1).

2.1.2. Study Characteristics

The pool of studies included was classified with respect to: (a) flavonoid class (Figure 2),
(b) flavonoid name, (c) disease, (d) in vitro test and (e) in/ex vivo tests. Characteristics of the included
studies are summarized in Table 1 (flavonols are used as a representative example in Table 1 and
Table S1 contains similar data for all classes of flavonoids). A total of 402 research and review articles
were considered. All of the included articles reported angiogenesis related in vitro and/or in/ex vivo
assays for different classes of flavonoids.
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Figure 1. PRISMA flow diagram of study search and selection process of Section 1.
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Figure 2. Chemical structures of classes of flavonoids.
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Table 1. Characteristics of the studies included in Section 1 for flavonols subclass (see Table S1 for all

9 subclasses).

Flavonol Disease In Vitro Tests In/Ex Vivo Tests Author, Year
Beturetol Angiogenesis CAM Hisanori Hattori, 2011 [18]
Casticin Cancer * Shanaya Ramchandani, 2020 [19]
Denticulatain Lung Cancer ZFM Da Song Yang, 2015 [20]
Dihydrokaempferide Angiogenesis CAM Hisanori Hattori, 2011 [18]
Cancer * Dharambir Kashyap, 2018 [21]
Cancer * Thamaraiselvan Rengarajan, 2016 [22]
Cancer * Deeba N.Syed, 2016 [23]
Cancer * Lall K. Rahul, 2016 [24]
Breast Cancer In Cheng Fang Tsai, 2018 [25]
Breast Cancer WH, In Xu Sun, 2018 [26]
Breast Cancer WH, In Mets in mice Jie Li, 2018 [27]
Fisetin Cervical Cancer In Ruey Hwang Chou, 2013 [28]
Glioma In Chien Min Chen, 2015 [29]
Hepatic Cancer In Xiang Feng Liu, 2017 [30]
Leukemia In Anna Klimaszewska-Wiéniewska,
2019 [31]
Lung Cancer WH, In Saba Tabasum, 2019 [32]
Lung Cancer WH, In, Ad Junjian Wang, 2018 [33]
Prostate Cancer WH, In, Ad Chi Sheng Chien, 2010 [34]
Renal Cancer In Yih Shou Hsieh, 2019 [35]
Retinopathy RbCN A M Joussen, 2000 [36]
Hepatic Cancer * Dengyang Fang, 2019 [37]
Angiogenesis TE, Ad Jong Deog Kim, 2006 [38]
Glioma TF, In CAM’AMD in Daliang Chen, 2019 [39]
mice
Galangin Glioma In Degiang Lei, 2018 [40]
Hepatic Cancer WH, In, Ad Shang Tao Chien, 2015 [41]
Ovarian Cancer TF CAM Haizhi Huang, 2015 [42]
Renal Cancer WH, In Jingyi Cao, 2016 [43]
Renal Cancer In Yun Zhu, 2018 [44]
Gossypin Gastric Cancer In Wang Li, 2019 [45]
Herbacetin Melanoma In Lei Li, 2019 [46]
Hyperoside Arthritis WH, In CIAM in mice Xiang Nan Jin, 2016 [47]
Bone disease * Xin Zhang, 2014 [48]
Cancer * Meixia Chen, 2016 [49]
Angiogenesis TE In RAR Byung Hee Chung, 2008 [50]
Lcariin Esophageal Cancer In Zhen Fang Gu, 2017 [51]
Ovarian Cancer WH Pengzhen Wang, 2019 [52]
Wound healing EWM in rats Wangkheirakpam Ramdas Singh,

2019 [53]
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Table 1. Cont.

Flavonol Disease In Vitro Tests In/Ex Vivo Tests Author, Year
Icariside Cancer * Meixia Chen, 2016 [49]
Glioma WH, In Kai Quan, 2017 [54]
Isoviolanthin Hepatic Cancer WH, In Shangping Xing, 2018 [55]
Isosakuranetin Angiogenesis CAM Hisanori Hattori, 2011 [18]
Cancer * Allen Y. Chen, 2013 [56]
Cancer * Dharambir Kashyap, 2017 [57]
Angiogenesis WH, TB, In Hsien Kuo Chin, 2018 [58]
Angiogenesis WH, TB ZFM Fang Liang, 2015 [59]
Angiogenesis CAM Shigenori Kumazawa, 2013 [60]
Angiogenesis TE, Ad Jong Deog Kim, 2006 [38]
Diabetes EWM in rats Yusuf Ozay, 2019 [61]
Glioma WH Vivek Sharma, 2007 [62]
Glioma In Mets in mice S.C. Shen, 2006 [63]
Kaempferol Hepatic Cancer WH, In Mets in mice Youyou Qin, 2015 [64]
Hepatic Cancer In Genglong Zhu, 2018 [65]
Lung Cancer WH, In Eunji Jo, 2015 [66]
Medulloblastoma Ad David Labbé, 2009 [67]
Oral Cancer In Chiao Wen Lin, 2013 [68]
Osteosarcoma WH, In, Ad Hui Jye Chen, 2013 [69]
Ovarian Cancer CAM Haitao Luo, 2009 [70]
Pancreatic Cancer In Jungwhoi Lee, 2016 [71]
Renal Cancer WH, In Mets in mice Tung Wei Hung, 2017 [72]
Va&clfj::l‘za; o WH, In Hsiang Wen Chien, 2019 73]
Kaempferol-3-O-[(6-
caffeoyl)-f3-
glucopyranosyl (1-3) Angiogenesis WH Marco Clericuzio, 2012 [74]
a-rhamnopyranoside]-7-
O-o-rhamnopyranoside
Kaempferide Angiogenesis CAM Hisanori Hattori, 2011 [18]
Arthritis WH, TB CIAM in rats Ni Zeng, 2015 [75]
Morin Arthritis WH, TB CIAM in rats Mengfan Yue, 2018 [76]
Leukemia Ad Nagaja Capitani, 2019 [77]
Melanoma WH Hua Wen Li, 2016 [78]
Melanoma * Nam Joo Kang, 2011 [79]
Angiogenesis TF, Ad Jong Deog Kim, 2006 [38]
Breast Cancer In Cn/?ilzle/ ,I\IgADIin Zhiqing Zhou, 2019 [80]
Breast Cancer WH, In, Ad Mets in mice Yinggian Ci, 2018 [81]
Myricetin Glioma WH, In Wen Ta Chiu, 2010 [82]
Hepatic Cancer In Noriko Yamada, 2020 [83]
Hepatic Cancer WH, In Hongxin Ma, 2019 [84]
Lung Cancer WH, In, Ad Yuan Wei Shih, 2009 [85]
Medullobalstoma In, Ad David Labbé, 2009 [67]
Ovarian Cancer TF CAM Haizhi Huang, 2015 [42]
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Table 1. Cont.

Flavonol Disease

In Vitro Tests In/Ex Vivo Tests

Author, Year

Breast Cancer *

Maryam Ezzati, 2020 [86]

Cancer *

Si-min Tang, 2020 [87]

Cancer *

Dharambir Kashyap, 2016 [88]

Colorectal Cancer

Saber G. Darband, 2018 [89]

Angiogenesis WH, In Nu Ry Song, 2014 [90]
Angiogenesis WH, TB ZFM Chen Lin, 2012 [91]
Angiogenesis TF, Ad Jong Deog Kim, 2006 [38]
Bladder Cancer WH, In Yu Hsiang Lee, 2019 [92]
Breast Cancer WH Divyashree Ravishankar, 2015 [93]
Breast Cancer MD in mice Xin Zhao, 2016 [94]
Breast Cancer CAM Soo Jin Oh, 2010 [95]
Breast Cancer WH, In Asha Srinivasan, 2016 [96]
Breast Cancer WH, In Cheng Wei Lin, 2008 [97]
Breast Cancer In Anmilcar Rivera Rivera, 2016 [98]
Cancer TF ZFM Daxian Zhao, 2014 [99]
Cancer TF, In CAM ‘Wen Fu Tan, 2003 [100]
Cancer MD in mice Xiangpei Zhao, 2012 [101]
Cancer WH, In Lung Ta Lee, 2004 [102]
Cancer WH Dong Eun Lee, 2013 [103]
Colorectal Cancer WH, In Mets in mice Ji Ye Kee, 2016 [104]
Glioma WH Hong Chao Pan, 2015 [105]
Glioma WH, In Wen Ta Chiu, 2010 [82]
Glioma WH, In Yue Liu, 2017 [106]
Clioma In Jonathan Micha[t;x(;:;-]Levesque, 2012
Glioma WH Alessandra Bispo da Silva, 2020 [108]
Quercetin Glioma WH, TB, In Yue Liu, 2017 [109]
Hepatic Cancer In Noriko Yamada, 2020 [83]
Hepatic Cancer WH, In Jun Lu, 2018 [110]
Lung Cancer WH Anna Klimazsgf;v[sllial-]\/\’iéniewska,
Lung Cancer In Tzu Chin Wu, 2018 [112]
Lung Cancer In Yo Chuen Lin, 2013 [113]
Medulloblastoma In, Ad David Labbé, 2009 [67]
Melanoma In Mun Kyung Hwang, 2009 [114]
Melanoma In Hui Hui Cao, 2015 [115]
Melanoma WH, In Mets in mice Hui Hui Cao, 2014 [116]
Oral Cancer In Junfang Zhao, 2019 [117]
Osteoblasts In Tae Wook Nam, 2008 [118]
Osteosarcoma WH, In, Ad Shenglong Li, 2019 [119]
Osteosarcoma WH, In Mets in mice Haifeng Lan, 2017 [120]
Osteosarcoma WH, Ad Kersten Berndt, 2013 [121]
Pancreatic Cancer WH, In Ying Tang Huang, 2005 [122]
Pancreatic Cancer WH, In Yu Dinglai 2017 [123]
Prostate Cancer WH, In Firdous Ahmad Bhat, 2014 [124]
Prostate Cancer TE In MD in mice Feiya Yang, 2016 [125]
Retinoblastoma In Wei Song, 2017 [126]
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Table 1. Cont.

Flavonol Disease In Vitro Tests In/Ex Vivo Tests Author, Year
Quercetin-3-O-[(6-
caffeoyl)-f3-
glucopyranosyl(1—3) Angiogenesis WH Marco Clericuzio, 2012 [74]

a-rhamnopyranoside]-7-
O-o-rhamnopyranoside

Angiogenesis CAM César Munoz Camero, 2018 [127]
Angiogenesis CAM Shigenori Kumazawa, 2013 [60]
Rutin Cancer WH, In, Ad Mohamed ben Sghaier, 2016 [128]
Glioma WH Alessandra Bispo da Silva, 2020 [108]
Neuroblastoma WH, In Hongyan Chen, 2013 [129]

* Review article; TB, Tube Formation; WH, Wound Healing; In, Invasion; Ad, Adhesion; Mets, Metastasis; CAM,
Chick Chorioallantoic Membrane; MPA, Matrigel Plug Assay; RAR, Rat Aortic Ring; EWM, Excision Wound Model;
SF, Skin Flap; RRN, Rat Retinal Neovascularization; MAR, Mice Aortic Ring; MD, Microvessel Density; MRN, Mice
Retinal Neovascularization; MCN, Mice Corneal Neovascularization; RbCN, Rabbit Corneal Neovascularization;
ZFM, Zebra Fish Model; RCN, Rat Corneal Neovascularization; CIAM, Collagen Induced Arthritis Model; DASM,
Dorsal Air Sac Model; IWM, Incision Wound Model.

2.1.3. Data Analysis

The majority of articles (332, 82%) focused on the implications of angiogenesis on cancer growth
and metastasis. 7% of the articles studied antiangiogenic effects of flavonoids on other diseases such
as diabetes, bone and eye diseases, whilst 11% focused on the antiangiogenic activity of flavonoids
without application to a specific pathology (Figure 3a). A profiling of the studies retrieved with respect

to chemical class of flavonoids is shown in Figure 3b.
- 0,
/- &
- -

2%

. 2
1% \ 1%
| 0.45%
0.22%
= Cancer (all types) = Angiogenesis = Flavone = Flavonol = Flavanol
= Eye disease = Bone disease = Miscellaneous = Flavanone = |soflavone
= Wound healing s Diabetes = Anthocyandine = Isoflavanone = |soflavane

() (b)

Figure 3. Profiling of papers retrieved in Section 1 with respect to: (a) pathology type; (b) chemical
class of flavonoid.

Figure 4 summarizes the types of in vitro and in vivo assays that were utilized in the studies.
From a pool of 342 research articles included in this study, 152 articles (44%) reported a combination of
in vitro and in/ex vivo assays in their studies. The percentage of research articles that depended only
on in/ex vivo tests to evaluate antiangiogenic activity of flavonoids were comparatively low compared
to those conducting only in vitro assays (3% vs. 53%, respectively).
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Eye neovascularization
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Adhesi
geo/:‘on_\ 7 Zebraﬁ;; model
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9 —
o
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Matrigel plug assay _,
15%

In vitro assays In vivo assays
Figure 4. Types of assays used for in vitro and in vivo antiangiogenic evaluation of flavonoids.

2.2. Section 2: Meta-Analysis

2.2.1. Search Results

The second subset search, which is the basis of the meta-analysis forming Section 2 of this study,
followed the same general methodology as detailed in the initial overview. 960 records were identified
from four electronic databases (381 from ScienceDirect, 496 from PubMed, 65 from Web of Science and
18 from Google Scholar). 25 research articles were finally included in the quantitative analysis after the
sequential steps of screening and sifting, as shown in Figure 5.

Records excluded by publication

Records identified through type (only research articles, review
database searching »  articles, mini reviews and short
(n=960) communications were included)
(n=63)

) ) Records excluded based
Records included for title and abstract onrelovanca:and
screening inclusion/exclusion criteria
(n=897) (n=832)

v

i Studies excluded after full text assessment
Full-text articles assessed <
Review (n = 2)

s eli_g;?ity > Duplicates (n = 34)
(n=65) Extracts/Chalcones (n = 4)

[ Eligibility ] [ Screening ] [ Identification ]

—
i Studies included in
3 quantitative synthesis

£ (n=25)

—J

Figure 5. PRISMA flow diagram of study search and selection process of Section 2.

2.2.2. Study Characteristics

The main study characteristics of the research articles included in Section 2 for the meta-analysis
are summarized in Table 2 by study name.
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2.2.3. Meta-Analysis (Antiangiogenic Effect of Flavonoids on CAMs)

25 studies reporting the CAM assay for the in vivo evaluation of flavonoids were eligible for
the meta-analysis. The number of blood vessels relative to the control was used as the outcome
measure, the lower the ratio the higher the antiangiogenic activity. The studies were grouped into
3 sub-sets based on the controls used. In the first set (12 studies), the normal vasculature of the
CAM was used as a control without any interventions that would induce angiogenesis. The second
and third sets, however, tested the antiangiogenic activity of flavonoids on CAMs with abnormal
angiogenesis using either proangiogenic factors for set 2 (4 studies) or cancer cell lines for set 3
(9 studies). 10 studies [18,95,100,132,137,139-141,145,149] out of the 25 eligible studies were not
included in any of the conducted meta-analyses as they failed to report the required data outcomes or
did not fit under any particular subgroup.

Set 1: Antiangiogenic effect of flavonoids under normal conditions

To ensure consistency in our comparison, for the meta-analysis of set 1, the concentrations were
grouped into three ranges i.e., low (10-20 uM), medium (40-50 uM) and high (100 uM). Flavonoids
were sub grouped based on their chemical class as shown in Figure 6. Pooled results indicate that all
subclasses, except for anthocyanidines, demonstrate concentration dependent antiangiogenic activity
expressed as a reduction in the number of blood vessels in a CAM. For the flavonols subgroup,
for instance, the overall means ratios (summary estimates of antiangiogenic activity of a subgroup
of flavonoids relative to control) were 0.74 (95%CI: 0.69, 0.79; p-value < 0.00001), 0.50 (95%ClI: 0.46,
0.56; p-value < 0.00001) and 0.26 (95%CI: 0.19, 0.35; p-value < 0.00001) for the low, mid and high
concentrations, respectively. On the other hand, the anthocyanidines subgroup exhibited only a minor
overall reduction of 18% at the highest concentration and a slightly proangiogenic effect (overall means
ratio: 1.07; 95%CI: 0.86, 1.33; p-value: 0.53) at 20 pM.

In addition to the forest plot analysis that gives a general idea about the overall in vivo
antiangiogenic activity of flavonoids and identifies trends of activity among the different subclasses,
some structure activity relationship (SAR) conclusions were drawn from the pooled results (Figure 7).

First, there was no correlation between the number of hydroxyl groups and antiangiogenic activity.
However, the position of the hydroxyl groups appeared to be of importance as most of the highly
active flavonoids had hydroxyl groups at positions 3, 5 and 7 and/or 4’ (e.g., as demonstrated for 3-OH
flavone, acacetin, biochanin A, apigenin, silibinin and kaempferol). The 7-OH group can be considered
to be of greatest importance for activity since 7-OH flavone showed higher activity in the low and
medium concentrations compared to the 5-OH analogue. Absence of the 3-OH group caused up to a
14% decrease in activity at the 50 and 100 uM concentrations, as demonstrated, for example, for 3-OH
flavone vs. flavone, kaempferol vs. apigenin and 3,7-diOH flavone vs. 7-OH flavone. This was also
true for quercetin vs. luteolin but with only a trivial drop of activity of 1 to 2%. However, this was not
the case for 3,6-diOH flavone vs. 6-OH flavone where removal of the 3-OH group slightly increased
the activity by 1 to 5% at the mid and high concentrations.

Secondly, unsaturation of the C2 and C3 bond is a common feature of most of the highly active
flavonoids and is important for activity. 7-OH flavone and 7-OH flavanone are two good examples
that exemplify this, as demonstrated by a reduction of the number of vessels: 27%, 32% and 52% for
7-OH flavone and 10%, 22% and 39% for 7-OH flavanone at 10 uM, 50 uM, and 100 uM, respectively.

Third, there are examples of where the presence of a methoxy group at position 4’ increases
activity (e.g., biochanin A, diosmin and formononetin). However, the presence of a methoxy group
at C7 caused a decrease in the activity when compared to the unsubstituted analogue (ie for the
3-OH flavone vs. 3-OH-7-OCHj; flavone, reduction of number of vessels: 35% and 20% at 10 uM,
64% and 42% at 50 uM, 79% and 69% at 100 uM, respectively). On the other hand, conversion of the
7-OH group in 3,7-diOH flavone to a 7-OCHj group in 3-OH-7-OCHj3 flavone slightly improved the
activity (reduction of number of vessels) from 18% to 20% at 10 uM and from 63% to 69% at 100 uM,
respectively. Finally, glycosylation at positions 3 or 7 showed neither a pronounced nor a consistent
effect on the antiangiogenic activity of flavonoids. While a decrease in activity was observed with
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quercetin vs. rutin, hesperitin vs. hesperidin and cyanidin vs. cyanidin-3-O-glucoside, an increase was
observed in the cases of naringin vs. naringenin and delphinidin vs. delphinidin-3-O-glucoside.

Means Ratio Means Ratio
Study or Subgroup log[Means Ratio] SE_Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Isoflavones
Gacche 2011 (Genistein) -0.42 001 331% 0.66 [0.64, 0.67) L
Gacche 2015 (Biochanin-A) -0.33 001 331% 0.72[0.70,0.73] L]
Gacche 2015 (Formononetin) -0.29 0004 337% 0.75(0.74,0.75) o
Subtotal (95% ClI) 100.0% 0.71 [0.66, 0.76] <
Heterogeneity: Tau®= 0.00; Chi*= 149.97, df= 2 (P < 0.00001); F=99%
Testfor overall effect: Z = 8.85 (P < 0.00001)
1.1.2 Flavones
Gacche 2010 (5-Hydroxy flavone) -0.22 002 99% 0.80(0.77,0.83] -
Gacche 2010 (6-Hydroxy flavone) -0.21 001 105% 0.81[0.79,0.83] L
Gacche 2010 (7-Hydroxy flavone) -0.32 001 105% 0.73[0.71,0.74) =
Gacche 2010 (Flavone) -0.4 001 105% 0.67 [0.66, 0.68] #
Gacche 2011 (5,7-Dihydroxy flavone) -0.36 001 105% 0.70[0.68,0.71] =
Gacche 2011 (Apigenin) -04 001 105% 0.67 [0.66, 0.68] t
Gacche 2011 (Luteolin) -0.36 001 105% 0.70[0.68,0.71] =
Gacche 2015 (4-Methoxy flavone) -0.26 0.004 10.7% 0.77[0.77,0.78) .
Gacche 2015 (Diosmin) -0.27 001 105% 0.76[0.75,0.78] =
Pratheeshkumar 2012 (Luteolin) -0.3 006 6.0% 0.74[0.66,0.83] —
Zhu 2016 (Baicalein) -013 14  00% 088[0.06,13.65) ¢ >
Zhu 2016 (Baicalin) 0.22 16  0.0% 1.25[0.05 2867 ¢ >
Subtotal (95% CI) 100.0% 0.73[0.70,0.77] ¢
Heterogeneity: Tau*= 0.00; Chi*= 480.27, df= 11 (P < 0.00001); F= 98%
Test for overall effect: Z=13.94 (P < 0.00001)
1.1.3 Flavonols
Gacche 2010 (3-Hydroxy flavone) -0.43 002 10.8% 0.65 [0.63, 0.68] -
Gacche 2011 (3,6-Dihydroxy flavone) -013 001 11.1% 0.88 [0.86, 0.90] =
Gacche 2011 (3,7-Dihydroxy flavone) -0.2 001 111% 0.82[0.80,0.83] =
Gacche 2011 (Fisetin) -0.36 001 111% 0.70(0.68,0.71] -
Gacche 2011 (Kaempferol) -0.33 001 111% 0.68 [0.66, 0.69] *
Gacche 2011 (Quercetin) -0.38 001 11.1% 0.68 [0.66, 0.69] *
Gacche 2011 (Rutin) -034 001 111% 0.71[0.70,0.73] o
Gacche 2015 (3-Hydroxy-7-methoxy flavone) -0.22 0.004 11.2% 0.80[0.80,0.81] L
Gacche 2015 (Myricetin) -0.27 001 111% 0.76[0.75,0.78] .
Subtotal (95% ClI) 100.0% 0.74[0.69, 0.79] *
Heterogeneity: Tau®= 0.01; Chi*= 878.21, df= 8 (P < 0.00001); F=99%
Test for overall effect: Z=9.71 (P < 0.00001)
1.1.4 Flavanols
Gacche 2015 (Silibinin) -0.45 001 50.0% 0.64 [0.63, 0.65] u
Gacche 2015 (Taxifolin) -015 001 50.0% 0.86[0.84, 0.88] L
Subtotal (95% ClI) 100.0% 0.74 [0.55, 0.99] el
Heterogeneity: Tau®= 0.04; Chi*= 450.00, df=1 (P < 0.00001); F=100%
Test for overall effect: Z= 2.00 (P = 0.05)
1.1.5 Flavanones
Gacche 2015 (2-Hydroxy flavanone) -016 002 136% 0.85(0.82,0.89] -
Gacche 2015 (4-Hydroxy flavanone) <012 001 14.4% 0.89(0.87,0.90] =
Gacche 2015 (7-Hydroxy flavanone) <011 001 14.4% 0.90(0.88,0.91) -
Gacche 2015 (Hesperidin) <012 001 14.4% 0.89[0.87,0.90] =
Gacche 2015 (Hesperitin) -0.14 001 14.4% 0.87[0.85,0.89) o
Gacche 2015 (Naringenin) -0.24 001 14.4% 0.79(0.77,0.80] =
Gacche 2015 (Naringin) -0.29 001 144% 0.75(0.73,0.76] L
Subtotal (95% CI) 100.0% 0.84 [0.80, 0.89] *
Heterogeneity: Tau®= 0.01; Chi*= 288.24, df= 6 (P < 0.00001); F= 98%
Test for overall effect: Z= 6.02 (P < 0.00001)
1.1.6 Anthocyanidines
Viegas 2019 (Cyanidin) 011 01 248% 0.90[0.74,1.09) —e
Viegas 2018 (Cyanidin-3-0-glucoside) 026 008 268% 1.30[1.11,1.52 —
Viegas 2019 (Delphinidin) 026 013 21.7% 1.30[1.01,1.67) =
Viegas 20189 (Delphinidin-3-0-glucoside) -011 008 26.8% 0.80[0.77,1.08) —T
Subtotal (95% ClI) 100.0% 1.07 [0.86, 1.33] -~
Heterogeneity: Tau®= 0.04; Chi*=16.02, df= 3 (P=0.001); F=81%
Test for overall effect: Z= 0.63 (P = 0.53)

05 07 15 2

. Antiangiogenic Proangiogenic
Test for subaroup differences: Chi*= 30.99, df= 5 (P < 0.00001), F=83.9%

(a) Low conc. (10-20 uM)

Figure 6. Cont.
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Means Ratio Means Ratio
Study or Subgroup log[Means Ratio] SE_Weight IV, Random, 95% CI IV, Random, 95% CI
2.1.1Isoflavones
Gacche 2011 (Genistein) -0.76 0.01 40.5% 0.47 [0.46, 0.48] L
Gacche 2015 (Biochanin-A) -0.82 0.01 405% 0.44[0.43,0.45] u
Gacche 2015 (Formononetin) -067 005 19.1% 0.51 [0.46, 0.56] ==
Subtotal (95% CI) 100.0% 0.46 [0.44, 0.49] +
Heterogeneity: Tau®= 0.00; Chi*= 23.65, df= 2 (P < 0.00001); F=92%
Test for overall effect: Z= 26.04 (P < 0.00001)
2.1.2 Flavonols
Gacche 2010 (3-Hydroxy flavone) -1.03 002 11.0% 0.36[0.34,0.37] -
Gacche 2011 (3,6-Dihydroxy flavone) -0.39 001 11.1% 0.68 [0.66, 0.69] .
Gacche 2011 (3,7-Dihydroxy flavone) -062 001 11.1% 0.54 [0.53, 0.55] E
Gacche 2011 (Fisetin) -06 001 11.1% 0.55[0.54, 0.56] .
Gacche 2011 (Kaempferol) -073 001 111% 0.48[0.47,0.49] .
Gacche 2011 (Quercetin) -069 001 11.1% 0.50[0.49,0.51] .
Gacche 2011 (Rutin) -062 001 11.1% 0.54 [0.53, 0.55] =
Gacche 2015 (3-Hydroxy-7-methoxy flavone) -0.54 0.003 11.2% 0.58 [0.58, 0.59] =
Gacche 2015 (Myricetin) -094 001 11.1% 0.39[0.38, 0.40] Ll
Subtotal (95% CI) 100.0% 0.50 [0.46, 0.56] L 2
Heterogeneity: Tau®= 0.02; Chi*= 2701.66, df= 8 (P < 0.00001); F=100%
Test for overall effect: Z=13.23 (P < 0.00001)
2.1.3 Flavanols
Gacche 2015 (Silibinin) -0.97 001 50.0% 0.38(0.37,0.39] ]
Gacche 2015 (Taxifolin) -03 0.01 50.0% 0.74[0.73,0.76] u
Subtotal (95% CI) 100.0%  0.53[0.27,1.02] —eati— |
Heterogeneity: Tau®= 0.22; Chi*= 2244.50, df= 1 (P < 0.00001); F=100%
Test for overall effect: Z=1.90 (P = 0.06)
2.1.4Flavones
Bhat 2013 (Acacetin) -1.24 001 9.1% 0.29[0.28,0.30] »
Gacche 2010 (5-Hydroxy flavone) -003 001 91%  0.97[0.95 099 1
Gacche 2010 (B-Hydroxy flavone) 04 001 91%  0.67[0.66, 068 .
Gacche 2010 (7-Hydroxy flavone) -0.38 002 91% 0.68 [0.65,0.70] =
Gacche 2010 (Flavone) -08 002 91% 0.45(0.43,0.47] =
Gacche 2011 (5,7-Dihydroxy flavone) -06 001 9.1% 0.55[0.54, 0.56) .
Gacche 2011 (Apigenin) -0.67 001 9.1% 0.51 [0.50,0.52) =
Gacche 2011 (Luteolin) -0.67 001 9.1% 0.51[0.50,0.52] =
Gacche 2015 (4-Methoxy flavone) -0.46 0.01 9.1% 0.63[0.62, 0.64] o
Gacche 2015 (Diosmin) 071 001 9.1% 0.49[0.48, 0.50] =
Pratheeshkumar 2012 (Luteolin) -065 007 87% 0.52[0.46, 0.60] ==
Zhu 2016 (Baicalein) -0.11 14 05% 0.90([0.06,13.93] ¢
Subtotal (95% CI) 100.0% 0.55[0.45, 0.67] >
Heterogeneity: Tau®= 0.11; Chi*= 8370.34, df= 11 (P < 0.00001); F=100%
Test for overall effect: Z=5.98 (P < 0.00001)
2.1.5Flavanones
Gacche 2015 (2-Hydroxy flavanone) -0.27 002 140% 0.76(0.73,0.79] =
Gacche 2015 (4-Hydroxy flavanone) -0.31 001 143% 0.73[0.72,0.75) =
Gacche 2015 (7-Hydroxy flavanone) -0.25 001 143% 0.78[0.76,0.79] L
Gacche 2015 (Hesperidin) -0.2 0.004 14.4% 0.82[0.81,0.83] L
Gacche 2015 (Hesperitin) -0.22 001 143% 0.80[0.79,0.82] L
Gacche 2015 (Naringenin) -0.42 001 143% 0.66 [0.64, 0.67) L]
Gacche 2015 (Naringin) -0.48 001 143% 0.62[0.61,0.63] -
Subtotal (95% CI) 100.0% 0.74[0.68, 0.80] *
Heterogeneity: Tau®= 0.01; Chi*= 1007.20, df= 6 (P < 0.00001); F= 99%
Test for overall effect: Z=7.07 (P < 0.00001)
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Figure 6. Cont.
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Means Ratio Means Ratio
Study or Subgroup log[Means Ratio] SE_Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Isoflavones
Gacche 2011 (Genistein) -204 001 333% 0.13[0.13,0.13] L]
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Gacche 2015 (Hesperidin) -04 001 143% 0.67 [0.66, 0.68] =
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Heterogeneity: Tau®= 0.02; Chi*= 959.16, df= 6 (P < 0.00001); F=99%
Test for overall effect: Z=10.62 (P < 0.00001)
3.1.6 Anthocyanidines
Viegas 2019 (Cyanidin) 022 01 192%  0.80[0.66,0.98) -
Viegas 2019 (Cyanidin-3-0-glucoside) -011 015 10.2% 0.90[0.67,1.20] i i
Viegas 2019 (Delphinidin) -011  0.07 29.9% 0.90[0.78,1.03] b
Viegas 2019 (Delphinidin-3-0-glucoside) -0.29 005 40.6% 0.75[0.68, 0.83] L
Subtotal (95% ClI) 100.0% 0.82[0.74, 0.90] ¢+
Heterogeneity: Tau®= 0.00; Chi*= 4.97, df=3 (P=0.17); F= 40%
Test for overall effect: Z= 3.90 (P < 0.0001)

005 02 5 20

. : Antiangiogenic Proangiogenic
Test for subaroup differences: Chi*= 118.08, df= 5 (P < 0.00001), F= 95.8%

(c) High conc. (100 uM)

Figure 6. Forest plots of means ratio and 95% confidence interval (CI) of number of blood vessels
relative to control at 3 concentration ranges as calculated by inverse variance (IV) method: (a) low
(10-20 uM); (b) medium (40-50 uM); (c) high (100 uM).
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Figure 7. Summary of antiangiogenic SAR of flavonoids.

Set 2: Antiangiogenic effect of flavonoids under inflammatory conditions

Lin etal. evaluated the antiangiogenic activity of the flavone wogonin on LPS (the main component
of gram negative bacterial membrane) and IL-6 induced angiogenesis in two reports [130,147].
The documented reduction in the number of CAM blood vessels by wogonin was shown to be dose
dependent in both cases but more prominent in the case of IL-6 induced angiogenesis (75% as opposed to
38% in the case of LPS induced angiogenesis at 100 M) (Figure 8). The authors also probed the possible
mechanisms of wogonin’s inhibition of this inflammation-induced angiogenesis through different
in vitro techniques such as western blotting and polymerase chain reaction (PCR) in which both LPS and
IL-6 resulted in an upregulation of the IL-6/IL-6R pathway [130,147]. Although wogonin attenuated the
IL-6/IL-6R pathway and levels of VEGF in both cases, it exhibited different expression of downstream
vascular endothelial growth factor receptors (VEGFRs). Only VEGFR2 expression was downregulated
with wogonin LPS-induced angiogenesis inhibition as opposed to VEGFR1 downregulation with IL-6
induced angiogenesis inhibition. This data needs further investigation in order to understand why
these two similar mechanisms lead to the downregulation of two different downstream receptors
(VGFR2 and VEGFR1) and to address the impact of this on the antiangiogenic potency. Inhibition
of LPS-induced angiogenesis was also reported for wogonoside, which is the 7-glucuronic acid of
wogonin, by Chen et al. [139] 150 ng/CAM of wogonoside reduced neo-vascularization of CAMs by
43%. Additionally, wogonoside downregulated mammalian toll-like receptor (TLR4), extracellular
signal-regulated kinase (ERK1/2) and p38MAPK in a western blotting assay [139].
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Figure 8. Reported antiangiogenic effect of wogonin on LPS and IL-6 induced angiogenesis + SEM.

Set 3: Antiangiogenic effect of flavonoids under tumor conditions.
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Since angiogenesis plays a vital role in tumor growth and metastasis, several studies have
focused on the antiangiogenic evaluation of promising cytotoxic agents. Figure 9 shows the estimated
antiangiogenic effect of the 4 flavonoids apigenin, myricetin, acacetin and keampferol on the ovarian
cancer cell line (OVCAR-3) at 10-20 uM. The reduction in the number of CAM blood vessels ranged
from 30 to 60% with an overall summary outcome of 0.35 (95%CI: 0.27, 0.45; p-value < 0.00001).
HIFx and VEGF were significantly downregulated, as evidenced by immunoblotting analysis of
CAM OVCAR-3 tissues that were treated with apigenin or acacetin [131,144]. The antiangiogenic
activity of the flavone wogonoside was evaluated on the estrogen receptor positive (MCF-7) and two
triple negative breast (MDA-MB-231 and MDA-MB-468) cancer cell lines by Huang et al. [138,142].
At 50 ng/CAM, wogonoside’s effect on the 3 cell lines was not prominent (Figure 10). However,
a 55% reduction of the number of blood vessels was observed at 100 ng/CAM for the MDA-MB-468
cell line. A two-fold increase in the concentration of wogonoside to 200 ng/CAM did not, however,
result in an increased antiangiogenic effect on the same cell line. On the other hand, reduction of the
neo-vascularization for the MDA-MB-231 cell line increased from 32% to 77% upon increasing the
concentration from 100 to 200 ng/CAM. Huang et al. demonstrated the ability of wogonoside to target
the Hedgehog signaling pathway, which is upregulated in triple negative breast cancer, in MDA-MB-231
and MDA-MB-468 cell lines [138]. Expression of the Hedgehog downstream transmembrane protein
smoothened (SMO) and glioma-associated oncogene homolog protein (Gli), is significantly increased
in triple negative breast cancer [150] leading to an elevation in VEGF levels [151]. According to Huang
and his colleagues, wogonoside promoted SMO degradation and inhibited Glil activity as well as
expression of VEGF [138].

Means Ratio Means Ratio
Study or Subgroup log[Means Ratio]  SE_Weight IV, Random, 95% CI IV, Random, 95% CI
Fang 2007 (Apigenin) -1.2 0002 532% 0.30(0.30, 0.30] | ]
Huang 2015 (Myricetin) -092 008 441% 0.40[0.34,0.47) =
Liu 2011 (Acacetin) -0.69 1 16% 0.50 [0.07, 3.56] e E—
Luo 2009 (Kaempferol) -0.49 1.2 11% 0.61 [0.06, 6.44]
Total (95% Cl) 100.0% 0.35[0.27, 0.45] L 2
Heterogeneity: Tau?= 0.03; Chi*= 12.85, df= 3 (P = 0.005); F= 77% o 505 012 é 210

Test for overall effect: Z=8.23 (P < 0.00001) Antiangiogenic  Proangiogenic

Figure 9. Forest plot of means ratio and 95% confidence interval (CI) of number of blood vessels relative
to control of flavonoids on OVCAR-3 cell lines.
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Figure 10. Reported antiangiogenic effect of wogonoside on breast cancer cell lines; MCF-7,
MDA-MB-231 and MDA-MB-468 + SEM.

2.2.4. Sensitivity Analysis

The high heterogeneity (I? > 80%) observed for all subgroups in the generated forest plots, except
for the anthocyanidines subgroup at the mid and high concentrations analyses (I> = 0% and 40%,
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respectively), was expected given that each class included different flavonoid molecules. In that context,
a sensitivity analysis was conducted by a leave-one-out strategy to assess the robustness of the results
and determine the contribution of each flavonoid to heterogeneity. Overall, the results showed good
robustness and the overall summary estimates did not show significant changes upon the systematic
removal of individual studies (Tables S2-54). This was the case in all subgroups with the exception of
the flavanol subgroup which showed some difference in the overall summary at all concentrations.
At the 40-50 uM range for instance, the overall pooled means ratio changed from 0.53 (95%CI: 0.27, 1.02,
I? = 100%) to 0.74 (95%CL: 0.73, 0.76, NA) and 0.38 (95%CI: 0.37, 0.39, NA) upon removal of the Gacche
2015 (Silibinin) and Gacche 2015 (Taxifolin) flavonoids, respectively (Table S3). This indicates that
data provided on the flavanols subgroup is not sufficient to draw meaningful conclusions. Likewise,
heterogeneity (I?) of the subgroups totals did not show significant change, with very few exceptions,
upon implementation of the leave-one-out strategy (Tables S2-54). This might be due to the fact that
most of the flavonoids in a single subgroup belong to the same study, consequently, there are no
differences in their experimental designs. In that case heterogeneity is believed to be either of clinical
or statistical origin.

3. Discussion

Flavonoids have been reported to modulate several angiogenic factors and cascades in either a
proangiogenic or an antiangiogenic manner which is postulated to be dose dependent [2,148]. A good
illustration of this dual effect is demonstrated by the flavone baicalin; low doses were reported to
stimulate angiogenesis [152] whilst high doses showed an inhibitory effect [153]. Due to the emerging
importance of the use of angiogenesis modulators in the treatment of various pathological conditions
including cancer, diabetes, bone, eye, cardiovascular and neurological disorders, the identification of
flavonoids altering angiogenesis has gained new significance [2,154]. To the best of our knowledge,
no systematic reviews have been conducted to quantitatively assess the antiangiogenic effects of
flavonoids, despite the potential of such a study to have a positive impact on the treatment of serious
health issues like cancer and rheumatoid arthritis. Given the breadth of the literature related to the
antiangiogenic effects of flavonoids, a systematic search of the literature was initially conducted in
this research program to identify (a) the extent to which angiogenesis modulation effects had been
proposed for flavonoids and (b) the most widely used in vitro and in/ex vivo assays to determine the
antiangiogenic activities of flavonoids.

Various study designs have been used in the literature to report on the antiangiogenic activity
of chemical compounds. There are a number of comprehensive reviews in the literature comparing
the different available angiogenesis assay models [16,17,155,156]. Although in vitro studies are less
expensive and quicker to perform than in vivo studies, the results do not always convert into the same
effect, in vivo. In vitro assays usually focus on monitoring the individual steps of angiogenesis such as
migration or proliferation of endothelial cells rather than the collective formation of new tube-like
structures [16]. In vivo assays offer the considerable advantage of mimicking more closely the body’s
physiological conditions which is particularly important in angiogenic studies due to the complex
nature of the process. While in vivo angiogenesis assays can be more informative, they present some
cost, time and experimental design limitations. Inflammation resulting from the trauma that is caused
by some assays, for instance, can stimulate several proangiogenic factors which compromise the
sensitivity and specificity of the results [17]. Hence, it is recommended that a combination of in vitro
and in vivo assays is used to provide consistent and complementary results. In relation to this, 44% of
the research articles included in the conducted preliminary search reported a combination of in vitro
and in/ex vivo assays.

Herein, a meta-analysis study was carried out in order to quantitatively evaluate the antiangiogenic
effects of flavonoids. Only articles implementing the CAM assay in their study design were included.
This is because the CAM assay is currently the most widely used in vivo angiogenic assay and,
as such, it allows a comparison across different flavonoid types and offers many advantages over
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other angiogenic assays [157-159]. For instance, it is fairly simple, inexpensive, suitable for large scale
screening and also offers the important advantage of expressing almost all of the known angiogenic
factors [17,156]. Set-up of the assay is briefly as follows: fertilized chicken eggs are incubated at 37 °C
for 3 days, a small hole is made in the egg shell to remove some of the albumin in order to facilitate
detachment of the CAM from the shell. Compounds under investigation are added to approximately 5
to 10 day old chicks on specific carriers, such as matrigel or sterile filter/plastic discs, through a small
window cut in the egg shell. After 48 to 72 h, existing blood vessels or tubules can be visualized and
evaluated by light or electron microscopy [17,156]. Nevertheless, the CAM test comes with certain
limitations such as sensitivity to oxygen tension and difficulty of visualization of newly formed vessels
due to the presence of pre-existing ones [157].

Meta-analysis of results of the antiangiogenic evaluation of flavonoids via the in vivo CAM
assay showed increasing activities with increasing concentrations. The evaluated flavonoids also
demonstrated antiangiogenic activities of varying potencies. In light of this, results were inspected
to gain some insights on the SAR of antiangiogenic activity of flavonoids (Figure 7). Although SARs
of chemical compounds change based on the sought pharmacological activity, there are some
common structural features of flavonoids that are recognized as important for activity [160].
Combination of the C2=C3 double bond and a 4-C=0 is favorable for the antiviral/bacterial [161],
anticancer [162,163], cardioprotective [164], anti-inflammatory [165], and antioxidant [164] activities
of flavonoids. This conjugation maintains the planarity of the molecule and helps with the electron
delocalization between rings A and C which is important for interaction with several targets [160].
Similarly, the 5, 7 di-OH is important for many of the biological activities of flavonoids [164,166-168].
This can be explained by the fact that flavonoids exert different pharmacological activities that have
mutual and/or overlapping mechanisms. For example, the antioxidant activity of flavonoids contributes
to their anti-inflammatory activity and both contribute to their anticancer activity. Moreover, several
targets in the body have structurally similar binding sites and this is a phenomenon that is partially
responsible for drug promiscuity or polypharmacology (binding of a drug to multiple targets). This was,
in fact, observed for binding of the flavonoid quercetin with phosphatidylinositol 4,5-bisphosphate
3-kinase (PI3KCG) and the serine/threonine proto oncogene, PIM1 kinase [169].

With respect to the antiangiogenic activity of flavonoids, limited SAR studies have been reported.
Lam et al. tested the antiangiogenic activity of a number of polymethoxylated flavonoids in vitro and
in vivo [170]. The authors concluded that methylation of C5, C6, C7 and/or C4’ OH groups increased
the activity which is in agreement with Ravishankar et al. [93] who reported the in vitro antiangiogenic
activity of a number of quercetin and luteolin derivatives. Our results also suggest that the presence of
a 4’-OCHj increases the antiangiogenic activity. Despite this, there were some discrepancies between
the aforementioned SAR conclusions. In this SAR analysis we showed that the presence of a 3-OH
group enhanced the antiangiogenic activity, which is in contrast to the report from Ravishankar et al.
that noted that the same 3-OH caused a drop in the activity yet methylation of that OH increased
the activity [93]. A study by Lam et al. reported that glycosylation at C7 dramatically decreased
the activity [170] while our study showed such modification to cause a minor or no decrease in the
activity and even a slight increase in some cases. These inconsistencies are likely to be a result of the
different experimental methodologies and flavonoid concentrations used in each study. Additionally,
the different evaluated flavonoids might exert their antiangiogenic activities by binding to different
targets that require different structural features. This highlights the need for larger scale studies to more
fully probe the antiangiogenic SAR of flavonoids taking in consideration the employed mechanisms
of action.

Since the relation between inflammation and angiogenesis is well established and many flavonoids
possess anti-inflammatory activities, several studies assessed the antiangiogenic effects of flavonoids
on inflammation-induced angiogenesis. Inflammatory cells like T-lymphocytes and macrophages
secrete cytokines that can control the survival, proliferation, activation and migration of endothelial
cells [171,172]. Endothelial cells can additionally produce several cytokines and chemokines
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themselves [173]. Flavonoids such as baicalin, quercetin and kaempferol caused a reduction in
both inflammatory and angiogenic markers in cultured macrophages and human umbilical vein
endothelial cells (HUVECsS) [174,175].

Bacterial infections also trigger angiogenesis through inflammatory pathways. In that context,
binding of LPS to the TLR4 receptor located on the surface of endothelial cells leads to upregulation
of ERK1/2 and p38MAPK pathways and increases production of pro-inflammatory cytokines like
IL-6 [176,177]. Pro-inflammatory cytokines like IL-6 and tumor necrosis factor o (TNF«) can interact
with VEGF expression and promote angiogenesis [178,179]. The flavone, wogonin, and its glucoside,
wogonoside, showed promising antiangiogenic activity against LPS induced angiogenesis [130].
Wogonin also inhibited IL-6 induced angiogenesis in a concentration dependent manner where it was
reported to downregulate VEGFR1 not VEGFR2 genetic expression [147]. While VEGR2 is the main
receptor for VEGF and is downregulated by many flavonoids [91,180], VEGFR1’s role in angiogenesis
is still not fully understood and needs further investigation.

As mentioned earlier, cancer is one of the most serious pathologies related to angiogenesis. When
cells grow malignantly beyond a certain size, they need more vascularization to receive oxygen and
nutrients i.e., tumors depend on angiogenesis to grow above a certain limit, and to metastasize [181].
The tumor vasculature is characterized by an imbalance between pro and anti-angiogenic factors where
several angiogenic stimulators like VEGF and HIF are overexpressed. The HIFs are major regulators of
angiogenesis and orchestrate many of the steps involved [182]. Under physiological conditions, HIFs
are released in response to low oxygen levels in the blood (hypoxia) and stimulate angiogenesis at
various levels from endothelial cell proliferation to activating the transcription of angiogenic genes like
VEGF and platelet derived growth factor (PDGF). During malignancy, HIF dependent angiogenesis is
activated either in response to the predominant hypoxic environment or by the genetic transformations
caused by cancer. Flavonoids can downregulate HIFx and VEGEF in different cancer cell lines such as
OVCAR-3, A2780, MCF-7 and PC-3 [42,70,95,131,144,145]. Many studies have also reported the ability
of the flavonoids 3-hydroxy flavone, hesperidin, apigenin, fisetin and many others to reduce tumor
size, capillary density and metastasis of different cancers, such as osteosarcoma, melanoma, lung and
breast cancers, in xenograft mice [26,183-187].

Although this meta-analysis demonstrated the overall promising in vivo antiangiogenic activity
of flavonoids whether in normal, inflammatory or tumor conditions, there were some limitations to
the study. First, the standard forms and guidelines used in a systematic analysis are only applicable for
clinical or animal trials. Consequently, the quality of the retrieved studies and publication bias were not
taken into account here, as this would be methodologically inappropriate. As such, large scale animal
studies and meta-analyses evaluating the antiangiogenic activity of flavonoids are much needed in the
future to provide more definitive conclusions about the role of flavonoids in angiogenesis.

Second, despite subgrouping flavonoids based on their chemical class and using the random effects
model, heterogeneity remained high in this study. There are three types of heterogeneity as defined by
the Cochrane handbook for systematic reviews, (i) clinical: differences in participants, interventions or
outcomes, (ii) methodological: differences in study design, risk of bias and (iii) statistical: variation in
intervention effects or results [188]. Looking deeper into the generated forest plots we concluded the
cause of heterogeneity to be clinical and/or statistical. This is mainly because most of the flavonoids
in a single subgroup are from the same study hence methodological heterogeneity was excluded.
This was further supported by the fact that no single flavonoid was found to solely contribute to
the heterogeneity when applying the leave-one-out strategy in the sensitivity analysis. In that case,
heterogeneity is mainly due to the different flavonoids used in the study (variation in interventions) in
addition to other factors like variable outcomes (number of blood vessels). This clinical heterogeneity
can lead to a statistical heterogeneity manifested as a variation among the effects or results (ratio of
means of number of blood vessels).
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4. Materials and Methods

This review and meta-analysis were conducted according to Preferred Reporting Items for
systematic reviews and Meta Analyses (PRISMA) guidelines [189].

4.1. Search Strategy

For Section 1, a literature search was conducted using ScienceDirect, PubMed and Web of Science
databases between 3 April 2020 and 23 April 2020 with no time limits. The first set of keywords,
(flavonoid, flavone, flavonol, flavanol, anthocyanidin, polyphenol) was combined systematically
using the Boolean operator AND with the second set, (angiogenesis, antiangiogenic, proangiogenic,
“cell migration”, “wound healing”) in all databases (Table S5).

With regards to the detailed meta-analysis for Section 2, the literature search was carried out
using ScienceDirect, PubMed, Web of Science and Google Scholar databases between 8 June 2020 and
10 June 2020 with no time limits. The first set of keywords, (flavonoid, flavone, flavonol, flavanol,
anthocyanidin, polyphenol) was combined systematically using the Boolean operator AND with the
second set, (angiogenesis, “chick chorioallantoic membrane”, “in vivo angiogenesis”) in all databases
(Table S6).

4.2. Inclusion and Exclusion Criteria

Studies were included in the Section 1 overview search if they met the following eligibility criteria:
(i) natural or synthetic flavonoids (ii) in vitro, in vivo and/or ex vivo angiogenesis assays (iii) focus
on cancer, diabetes, bone regeneration or eye diseases. For the meta-analysis Section 2, the inclusion
criteria were: (i) natural or synthetic flavonoids (ii) in vivo CAM angiogenesis assays. Articles not
written in English and/or focusing on chalcones, plant extracts/total flavonoids content, combination
of compounds, nanoformulations, prodrugs, neurological disorders or cardiovascular diseases were
excluded from both searches. This systematic review and meta-analysis followed PRISMA guidelines
(Table S7).

4.3. Data Extraction

Initially, articles’ titles and abstracts were screened based on relevance and inclusion/exclusion
criteria. Full texts were checked in some cases when abstracts failed to provide a detailed description.
Eligible articles were retrieved and data extracted into a specially designed form. The first set of
extracted data for Section 1 included title, publication type, year of publication, flavonoid, disease
of focus and conducted in vitro and/or in/ex vivo angiogenesis assays. The second set of data were
extracted for the meta-analysis Section 2 study and included title, year of publication, flavonoid,
angiogenesis promotor, cancer cell line, concentration, time and duration of flavonoid treatment, results
representation and number of CAMs used for each test concentration (1).

4.4. Data Analysis

Means of the number of blood vessels in a CAM relative to control were used as the outcome
measure. Concentrations were reported in uM in all analyses except for analysis of wogonoside’s
antiangiogenic effect on breast cancer cell lines in which ng/CAM was used. Values are represented as
means ratio + standard error of means (SEM). For studies reporting standard deviation (SD), the SEM
was calculated by dividing SD by square root of the corresponding study sample size. Pool effect size
was expressed as means ratio and 95% CI and was calculated using the inverse variance (IV) method.
The random effects model was used because it accounts for between study variability. Heterogeneity
was assessed using Higgins’ I> measure where I > 50% indicates substantial heterogeneity [190].
Sensitivity analysis was applied to evaluate the effect of each flavonoid on summary effect size and
on heterogeneity. It is based on the sequential removal of one study at a time. Statistical analysis
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was performed using Review Manager Version 5.1 (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark) and Microsoft Excel 2016.

5. Conclusions

Despite the promising antiangiogenic activity of flavonoids presented in many literature studies,
no flavonoids have reached clinical trials for this application. This systematic review and meta-analysis
therefore aimed to provide further insight into this area by evaluating the in vivo antiangiogenic activity
of flavonoids as determined by the widely reported, clinically relevant CAM assay. A comprehensive
overview of the antiangiogenic activities of flavonoids with regards to the class of flavonoids, pathology
and assays used was presented. Results have shown that the biggest fraction of studies focused
on the flavone subclass, cancer related angiogenesis, and in vitro assays. Furthermore, an overall
evaluation of the in vivo antiangiogenic activity of flavonoids was offered focusing on SAR and
mechanistic considerations. Isoflavones, flavonols and flavones were found to be the most active
classes of flavonoids where antiangiogenic activity was dose dependent. Several structural features
were considered, from which it was concluded that the position of the hydroxyl substituents and the
degree of unsaturation are key for high activity. Even though there were some limitations such as
the miscellany of the studied flavonoids and the high heterogeneity, this study provided substantial
information that will underpin further investigations by addressing current gaps in the literature
regarding the antiangiogenic activity of flavonoids, and highlighting their future prospective as
potentially clinically active antiangiogenic agents.
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Abstract: Isorhamnetin is a flavonoid that is abundant in the fruit of Hippophae rhamnoides L. It is
widely studied for its ability to modulate inflammatory responses. In this study, we evaluated
the potential of isorhamnetin to prevent gram-negative sepsis. We investigated its efficacy using
an Escherichia coli-induced sepsis model. Our study reveals that isorhamnetin treatment significantly
enhances survival and reduces proinflammatory cytokine levels in the serum and lung tissue of
E. coli-infected mice. Further, isorhamnetin treatment also significantly reduces the levels of aspartate
aminotransferase, alanine amino transferase and blood urea nitrogen, suggesting that it can improve
liver and kidney function in infected mice. Docking studies reveal that isorhamnetin binds deep
in the hydrophobic binding pocket of MD-2 via extensive hydrophobic interactions and hydrogen
bonding with Tyr102, preventing TLR4/MD-2 dimerization. Notably, binding and secreted alkaline
phosphatase reporter gene assays show that isorhamnetin can interact directly with the TLR4/MD-2
complex, thus inhibiting the TLR4 cascade, which eventually causes systemic inflammation, resulting
in death due to cytokine storms. We therefore presume that isorhamnetin could be a suitable
therapeutic candidate to treat bacterial sepsis.

Keywords: isorhamnetin; flavonoid; bacterial sepsis; toll-like receptor 4; inflammation

1. Introduction

Inflammation is an innate immune response against microbial infection. However, if it persists for
a long time, it can cause several fatal diseases, including sepsis. Sepsis is a clinical condition defined
as a systemic inflammation in the body in response to microbial infection, which eventually leads to
multiple organ failure. Sepsis is reported to be the leading cause of mortality across the globe, and thus
the World Health Organization (WHO) devoted the year 2017 to prioritize this disease and its treatment
strategies [1-3]. The organs and systems that are commonly affected by sepsis include the lung,
abdomen, blood and kidneys, with associated incidences of 64%, 20%, 15% and 14%, respectively [3].
Pathophysiological studies also reveal that the activation of toll-like receptors (TLRs) by microbes or
microbial peptides represents the principle mechanism underlying the development of sepsis [3,4].

TLRs are transmembrane receptors present in major immune cells, and are composed
of an extracellular leucine-rich repeat domain, a transmembrane region and an intracellular
toll-interleukin-1 receptor (TIR) domain [5,6].

In total, 10 and 12 TLRs are identifiable in human beings and mice, respectively, and each of them
recognizes specific pathogen-associated molecular patterns [7]. However, among these TLRs, TLR4 is
responsible for the recognition of bacterial lipopolysaccharide (LPS) and the initiation of an immune
response against LPS and/or gram-negative bacteria. Notably, TLR4 requires MD-2 to recognize LPS,
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and a TLR4-MD-2-LPS complex is essential to activate the TLR4 pathway in macrophages. Once TLR4
recognizes LPS, it undergoes an oligomerization process to recruit downstream adaptor molecules via
interactions with the TIR domain. Five adaptor proteins that contain the TIR domain are identifiable,
including MyD88 (myeloid differentiation primary response gene 88), TIRAP (TIR domain-containing
adaptor protein, also known as Mal, MyD88-adapter-like), TRIF (TIR domain-containing adaptor
inducing IFN-f), TRAM (TRIF-related adaptor molecule), and SARM (sterile « and HEAT-Armadillo
motifs-containing protein) [8]. These adaptor proteins play crucial roles in the TLR4 pathway, which
eventually results in the translocation of NF-kB from the cytoplasm to the nucleus to trigger the
production of pro-inflammatory cytokines [7].

Flavonoids are naturally-occurring polyphenols that are found in a variety of edible plants.
Chemically, they exist in glycosylated (conjugated with sugar) or aglycone forms (free form) [9].
The role of flavonoids in plants is crucial, as they confer infection resistance to the plant [10], in addition
to protecting them from harmful ultraviolet rays [10,11]. Moreover, much research was carried out
to explore the role of flavonoids in animal systems, and among the various activities shown by all
types of flavonoids, their antioxidant potential is the most notable [12]. They are also reported to have
other health-promoting effects, such as anti-inflammatory activity. For example, the cytoprotective
efficacy of plant flavanol quercetins is widely explored [13,14]. Isorhamnetin (Figure 1), another
plant flavanol, is a 3’-O-methylated metabolite of quercetin, and is found predominantly in the
fruit of Hippophae rhamnoides L.; it exerts various biological effects, including anti-inflammatory [15],
anticancer [16] and antioxidant activities [17]. Further, we previously reported that this flavonoid
has potent anti-tuberculosis activity against Mycobacterium tuberculosis H37Rv and multi-drug- and
extensively drug-resistant clinical isolates [18]. Importantly, the absorption and metabolic stability of
methylated flavonoids are believed to be higher than those of unmethylated flavanols [16]. Thus, this
property makes isorhamnetin more potent than quercetin.

Figure 1. Chemical structure of isorhamnetin also known as 3’-methoxyquercetin (molecular weight:
316.26). The image was drawn using Chemdraw software.

In the present study, we explored the potential of isorhamnetin to protect against Escherichia
coli-induced sepsis by establishing a murine model. Furthermore, based upon binding affinity and
a molecular docking examination, we show for the first time, to our knowledge, that isorhamnetin can
bind TLR4/MD-2 directly, thus preventing the activation of the TLR4 cascade, which is responsible
for sepsis progression. The outcomes of our study might provide further insights into the natural
flavonoid isorhamnetin and its role in sepsis prevention and treatment.

2. Results

2.1. Isorhamnetin Treatment Protects Mice from E. coli-Induced Sepsis

It was previously reported that isorhamnetin can reduce inflammation by downregulating nitric
oxide (NO) and cytokine production [19]. Therefore, we sought to examine the ability of isorhamnetin
to protect mice from E. coli-induced sepsis. To establish a bacterial sepsis model, we used a virulent
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E. coli K1 strain to infect isorhamnetin-pretreated mice for 96 h for survival assays and 18 h to examine
inflammation. As depicted in Figure 2A, mice in the isorhamnetin-treated group survived until the
end of the experiment, but the E. coli-treated mice died within 24 h of infection. Further, we assessed
the bacterial burden in the visceral organs of the mice (lung, liver, and kidneys) and found that
isorhamnetin treatment significantly reduced the bacterial population in all organs compared to that in
the E. coli only group (Figure 2B). Although isorhamnetin has no antibacterial activity in vitro, it is
reported to enhance macrophage functions, such as phagocytosis, by increasing superoxide generation
after the engulfment of bacteria [20]. Thus, we speculate that the reduction in bacterial loads in the
organs is a result of the immunomodulatory potential of isorhamnetin.
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Figure 2. Invivo examination of the effects of isorhamnetin on Escherichia coli-induced sepsis.
(A) Potential of this compound to promote the survival of mice in response to E. coli-induced
sepsis. (B) Evaluation of the bacterial load in the visceral organs of mice. Data are presented as the
means + standard error of the mean (SEM). * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the
E. coli group.

2.2. Isorhamnetin Treatment Protects Mice from E. coli-Induced Inflammation

The effect of isorhamnetin on E. coli-induced myeloperoxidase (MPO) and proinflammatory
cytokines (TNF-« and IL-6) was then examined. As depicted in Figure 3A,B, MPO activity is high in
untreated mice infected with E. coli, whereas treatment with isorhamnetin decreased MPO activity in the
kidney, liver and lung. However, the best results were obtained in the lung tissue (Figure 3B). Moreover,
the secretion of cytokines is also highly increased in the sera and lung lysates after E. coli infection,
which was drastically reduced in the isorhamnetin-treated group, suggesting that isorhamnetin can
suppress the inflammatory response (Figure 3C,D).
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Figure 3. In vivo anti-inflammatory and toxicity evaluation of isorhamnetin. (A,B) Examination of
myeloperoxidase (MPO) activity in lung, liver and kidney. (C,D) Production of cytokines (TNF-«, IL-6)
in the sera and lung lysates. (E) Aspartate aminotransferase (AST), alanine amino transferase (ALT)
and blood urea nitrogen (BUN) levels in the serum. (F) Hematoxylin and eosin staining of the lung
tissue. Data are presented as the means + SEM. * p < 0.05; ** p < 0.01; and *** p < 0.001 compared to the
E. coli group.

Additionally, aspartate aminotransferase (AST), alanine amino transferase (ALT) and blood urea
nitrogen (BUN) assays were carried out to evaluate liver and kidney function, and the results of these
assays reveal that untreated mice infected with E. coli develop severe liver and kidney dysfunction
(Figure 3E). However, isorhamnetin treatment protects the mouse liver and kidneys from E. coli-induced
inflammation, as indicated by the reduced levels of AST, ALT and BUN (Figure 3E). Notably, we also
examined the effect of isorhamnetin on uninfected mice to assess toxicity; here, we observed that this
treatment does not alter the levels of AST, ALT and BUN, compared to those in the control group
(Figure 3E), clearly indicating its safety. Moreover, we examined the histopathology of the lung tissues
to assess neutrophil infiltration; the results indicate that isorhamnetin treatment could reduce the
infiltration of neutrophils in the lung, which is noticeable after E. coli treatment (Figure 3F).

2.3. Interactions between Isorhamnetin and MD-2 Represent the Principal Mechanism Underlying the
Anti-Inflammatory Activity

As we observed that isorhamnetin could successfully promote the survival of E. coli-infected mice
and ameliorate inflammation, we next determined its probable mechanism of action. Isorhamnetin
was previously reported to downregulate the TLR4 pathway [21], which has a crucial role in the
development of inflammation. We therefore measured the binding affinity of isorhamnetin to MD-2 by
surface plasmon resonance (SPR), as it is reported that MD-2 is responsible for binding hydrophobic
LPS and other small molecules [22], which eventually induces the dimerization of TLR4/MD-2.
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The binding affinity of isorhamnetin for MD-2 is very strong, specifically 5.41 x 107® M (association
rate: 2.296 x 102 M1 s71; dissociation rate: 1.242 x 1073 s71; Figure 4A).
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Figure 4. Effect of isorhamnetin on binding to MD-2, LPS-induced SEAP secretion and LPS neutralization
(A) Surface plasmon resonance (SPR) analysis to determine the binding interaction. (B) Secretary
alkaline phosphate (SEAP) assay in HEK-Blue™ hTLR4 cells (toll-like receptors (TLRs)). (C) Limulus
amebocyte lysate (LAL) assay in serum of mice. (D) LAL assay to detect LPS neutralization in vitro.

Furthermore, we performed a SEAP (secreted embryonic alkaline phosphatase) assay using
HEK-Blue™-hTLR4 cells to confirm the selectivity of isorhamnetin for the TLR4 receptor. SEAP is
a protein secreted after the translocation of NF-«B from the cytosol to the nucleus; the amount of
SEAP secreted into the medium correlates with the activation of the TLR4 pathway. Results of this
experiment reveal that isorhamnetin could reduce SEAP activity in a concentration-dependent manner,
with a 52% inhibition rate, indicating its specificity for the TLR4 receptor (Figure 4B).

We also carried out a Limulus amebocyte lysate (LAL) assay to examine the level of LPS in the
mice serum and the in vitro LPS neutralizing efficacy of isorhamnetin. As, depicted in Figure 4C
the level of LPS in the E. coli treatment group is significantly higher than those of the isorhamnetin
treatment group (p < 0.001), suggesting that isorhamnetin treatment causes the reduction of the E. coli
count, thus the level of LPS is decreased. However, the in vitro assessment of LPS neutralization
reveals that isorhamnetin has no effect on the neutralization of LPS, as the level of LPS is similar in
both the isorhamnetin treatment group as well as the LPS-only-treated group (Figure 4D), implying
that isorhamnetin does not neutralize LPS, and instead it may give a competition to LPS in binding
with MD-2.
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2.4. Molecular Docking

To understand the interaction between isorhamnetin and MD-2 at the molecular level, a binding
model of isorhamnetin to MD-2 was determined by a docking simulation. A model of the binding
between isorhamnetin and MD-2 shows that isorhamnetin was inserted into the hydrophobic binding
pocket of MD-2, which is a part of the LPS-binding site (Figure 5a). Isorhamnetin also exhibits
extensive hydrophobic interactions with MD-2. Further, the 3’-OCHS3 of isorhamnetin bound to the
deep hydrophobic pocket of MD-2, forming hydrophobic interactions with Leu74 and Phe147. The B
ring is also shown to form two pi—pi interactions with Phe104 and Phe147, whereas Tyr102 forms
pi—pi interactions with the A ring. Furthermore, pi interactions were observed between the C ring of
isorhamnetin and Leu61 and Ile117, with one between the B ring and 163, L71, L74 and V113, as shown
in the two-dimensional plots of Figure 5b,c. Therefore, isorhamnetin displays extensive hydrophobic
interactions with the hydrophobic pockets of MD-2, resulting in a tight binding affinity. Furthermore,
7-OH of isorhamnetin forms a hydrogen bond with Tyr102. It was reported that xanthohumol and
curcumin also exhibit the same interactions with Tyr102 of MD-2 [23,24]. Docking studies and mutation
studies of R90A and Y102A show that Arg90 and Tyr102 are the crucial residues required for the
recognition process during inhibitor binding to the MD-2 protein [25-27]. These results confirm that
Tyr102 might be the crucial residue required for binding between isorhamnetin and MD-2.
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Figure 5. Binding interactions between isorhamnetin and MD-2. (a) Isorhamnetin (blue and red sphere)
overlapped with LPS (yellow stick) in the hydrophobic binding cavity of MD-2 (gray) together with TLR4
(green), and its 90-degree rotated complex structure is shown. (b) Overview of the MD-2-isorhamnetin
complex. Isorhamnetin is shown as sky blue sticks, and important residues in MD-2 (gray ribbon
cartoon) are shown as yellow sticks. (c) Two-dimensional illustration of the MD-2-isorhamnetin
docking pose showing hydrophobic interactions and hydrogen bonding interactions.
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3. Discussion

Isorhamnetin, a natural flavonoid and metabolite of quercetin, has gained much scientific attention
due to its broad range of biological activities. Specifically, it is reported to exert anti-inflammatory [19],
anti-gastric cancer [28] and antioxidant [17,29] effects. In a recent study carried out by Yang et al.,
it is found that isorhamnetin can protect against LPS-induced acute lung injury by inhibiting
cyclooxygenase-2 (COX-2) expression [30]. However, to the best of our knowledge, there have
been no studies reporting the efficacy of isorhamnetin in protecting mice from bacterial sepsis.
Therefore, we explored this aspect in the present study.

Natural products isolated from plants and herbs are categorized in complementary and alternative
medicine, and are now replacing synthetic drugs. A report published by the National Health Interview
Survey (NHIS) reveals that approximately 38% of adults in America use complementary and alternative
medicine [31], which shows the importance of natural product research. Among these natural products,
flavonoids have gained increasing attention due to their wide range of biological activities [9,11].
Flavonoids are reported to exert anticancer effects by inducing apoptosis in cancer cells and interfering
with signal transduction pathways associated with metastasis [32]. Quercetin, a well-studied flavonoid
found abundantly in apples, berries and Brassica vegetables, is reported to stabilize mast cells and
protect the gastrointestinal tract; moreover, its potent anti-inflammatory and antioxidant activity
was also reported [33]. However, the toxicity and efficacy of these compounds have always been
an obstacle for their development as alternative medicines. Therefore, we examined the toxicity of
isorhamnetin using a mouse model, in which isorhamnetin was administered alone without bacteria,
and evaluated the AST, ALT and BUN levels. We found that this compound does not alter these
biochemical parameters, suggesting that it is safe to use as a drug. In contrast, in our previous study,
rhamnetin, another derivative of quercetin, was found to exhibit anti-inflammatory activity by binding
to c-Jun NH2-terminal kinase 1 and p38 MAP kinase [34]; however, it exhibits cytotoxicity towards
HEK293 cells. In another study, we report that tamarixetin, another derivative of quercetin, exhibits
anti-septic activity similar to that of isorhamnetin [35].

The exaggerated production of cytokines is a major cause of systemic inflammation, often referred
to as septic shock. Septic shock or sepsis is the most fatal condition, and here the mortality rate is
predominantly high with very few treatment options [3]. As we observe that isorhamnetin protects
macrophages from LPS-induced pro-inflammatory cytokine secretion, we next sought to examine the
efficacy of isorhamnetin against E. coli-induced sepsis using a mouse model. We observed a significantly
high survival rate in mice treated with isorhamnetin compared with that in the E. coli only group.
Moreover, the bacterial load in the visceral organs (lung, liver and kidney) is greatly decreased in
the isorhamnetin-treated group, suggesting that this compound protects mice from E. coli infection.
Further, the secretion of IL-6 and TNF-« is reduced significantly in the sera and lung lysates from the
isorhamnetin-treated mice, whereas this is predominantly high in the E. coli only group, suggesting
that isorhamnetin suppresses E. coli-induced inflammation in mice.

To induce systemic inflammation or sepsis, bacteria or their byproducts target TLR signaling,
and more specifically, the TLR4 pathway. Natural compounds, and precisely, flavonoids, represent
principal candidates that target the TLR4 pathway. For example, epigallocatechin gallate, a polyphenolic
flavonoid found in green tea, has been identified as a potent antagonist of the TLR4 pathway [36].
Therefore, flavonoids have always attracted research attention as valuable resources for the development
of TLR4 antagonists due to their lack of toxicity and regular consumption in food. Curcumin, for
example, has been explored for its various biological effects, including anti-inflammatory activity [37].
Further, cinnamic acid and its derivatives are known for their anti-inflammatory properties [25].
Similarly, cordycepin, a traditional oriental medicine from the Cordyceps species, is found to suppress
LPS-induced inflammatory signaling by inactivating the MAPK and NF-«B pathways and inhibiting
TLR4-mediated signaling [38].

In addition, curcumin, sulforaphane, 6-shagaol, glycyrrhizin, isoliquiritigenin, caffeic acid
phenethyl ester, cinnamaldehyde, paclitaxel, morphine, naloxone, chitohexose and xanthohumol
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are natural small molecular inhibitors that target TLR4 activation and signaling [36]. Among these,
xanthohumol and curcumin were further studied for their TLR4 antagonistic activity; it is reported
that they interact with MD-2 with high affinity, thus interfering with the binding between LPS with
MD-2, which eventually antagonizes TLR4 [23,39].

In this study, we examined the binding efficacy of isorhamnetin to MD-2 in order to regulate the
TLR4/MD-2 interaction, which eventually leads to the induction of TLR4 pathway. We carried out the
SEAP assay using HEK-Blue™-hTLR4 cells, as the translocation of NF-«B from the cytosol to the nucleus
tends to release the SEAP protein in cell supernatant, and is directly associated with the activation
of the TLR4 pathway. From this experiment, we observed that isorhamnetin treatment reduces the
activation of TLR4 pathway as the secretion of SEAP protein is drastically reduced even at the 1 uM
concentration, suggesting that isorhamnetin may inhibit TLR4-inflammatory signaling pathway.

Isorhamnetin, a flavonoid, has potent anti-inflammatory potential [21]; therefore, we sought
to examine the target through which it executes its anti-septic activity. To examine this mechanism,
we determined the binding affinity of isorhamnetin for MD-2, as the latter is responsible for TLR4/MD-2
dimerization, thereby activating the TLR4 pathway upon exposure to LPS [40]. The SPR method that
we applied to examine binding reveals that isorhamnetin has micromolar binding affinity for the
MD-2 protein. We further confirmed our results through docking simulations, where we observed
that the hydrophobic region of MD-2 is responsible for the interaction with isorhamnetin, resulting in
an antagonization of the TLR4 pathway. Especially, the O-methyl group of isorhamnetin is found to
exhibit hydrophobic interactions with Leu74 and Phe147 of MD-2, and 7-OH is suggested to form
a hydrogen bond with Tyr102 of this protein. Therefore, we confirmed that isorhamnetin binds directly
to MD-2 in vitro and in silico.

Additionally, we carried out the LAL assay to examine whether isorhamnetin neutralizes the LPS,
because that might also be another way to block the TLR4 pathway. However, our results of this in vitro
LAL assay demonstrate that there is no neutralizing effect of isorhamnetin against LPS. On the other
hand, there is significant difference in the amount of LPS present in the serum of the E. coli-infected
group and the isorhamnetin-treated group, suggesting that isorhamnetin treatment exerts the reduction
of the bacterial load in blood, and thus decreases the level of LPS. Taken together both in vitro and
in vivo, LAL assay results indicate that isorhamnetin does not target LPS neutralization, instead it
might give a competition to the LPS while binding with MD-2 in order to inhibit the TLR4/MD-2-LPS
interaction which eventually downregulates the activation of the TLR4 pathway. Moreover, it is
reported that treatment of isorhamnetin significantly decreases the expression of TLR4 and MyD88
in the LPS-treated cell [21]. Similarly, curcumin is reported to non-covalently interact with MD-2,
and this interaction leads to competitive binding for LPS, resulting in the inhibition of TLR4/MD-2
dimerization, which is essential to initiate the TLR4 cascade [39,41]. Therefore, it can be suggested that
isorhamnetin binds to MD-2, resulting in the inhibition of the TLR4/MD-2 dimerization, which may
eventually downregulate the activation of TLR4 pathway-induced inflammation and sepsis.

In conclusion, this is the first study, to our knowledge, to report that isorhamnetin, a natural
flavonoid, protects against E. coli-induced sepsis in a mouse model. Moreover, our study, for the first
time, reports that from binding affinity, molecular docking and SEAP assay experiments, isorhamnetin
directly interacts with MD-2, implying that this compound could be a potent therapeutic candidate for
the treatment of TLR4-mediated inflammation and sepsis.

4. Materials and Methods

4.1. Chemicals and Biological Reagents

All chemicals, unless otherwise stated, were of the highest quality (this is a general statement
for all chemicals used; we can not specify the exact purity) and were used as supplied. Isorhamnetin
(95.0% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). We further purified it to
99% purity using high performance liquid chromatography in Korea Basic Science Institute (Ochang,
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South Korea). Compounds were dissolved in dimethyl sulfoxide (DMSO) to produce a 10-mg/mL
stock solution.

4.2. Animals

Female BALB/c (six weeks old) mice were used for the E. coli-induced sepsis model. All mice
used in this study were purchased from Orient (Daejeon, Korea) and were housed under specific
pathogen-free conditions in a temperature- and humidity-controlled environment for one week prior
to the experiments. All procedures were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of Konkuk University, South Korea (IACUC number: KU18163-1).

4.3. SEAP Assay

HEK-Blue™-hTLR4 cells (toll-like receptors (TLRs)), obtained via the co-transfection of human
TLR4, MD-2 and CD14 co-receptor genes and an inducible SEAP reporter gene into HEK293 cells, were
purchased from Invitrogen (San Diego, CA, USA). HEK293 cells that stably expressed TLR4 contained
a secreted alkaline phosphatase reporter gene (SEAP) located downstream of the NF-xB promoter.
HEK-Blue™ hTLR4 cells were seeded in 96-well plates at 2.5 x 10* per well, using HEK-Blue detection
media (Invitrogen; San Diego, CA, USA) and these were treated with isorhamnetin. After 1 h, LPS
at 20 ng/mL was added for stimulation. After 16 h, SEAP production was determined based on the
absorbance of the supernatant, measured at 630 nm, as described previously.

4.4. Measurement of Binding Affinity by SPR

The binding affinity between isorhamnetin and MD-2 was determined by SPR using a Biacore T100
(GE Healthcare, Sweden). Briefly, MD-2 protein was immobilized onto a CM5 chip using a standard
EDS/NHS amine coupling method with sodium acetate (pH 5.0, acidic). MD-2 protein at 30 ug/mL was
injected onto the surface of the CM5 chip at a resonance value of 2300. To analyze the kinetics, we used
a running buffer composed of phosphate-buffered saline (PBS) (pH 8.0, slightly alkali), 0.05% Tween 20
and 1% DMSO. The chip was regenerated with 5 mM sodium hydroxide (NaOH) after the analysis of
every sample. Equilibrium dissociation constant (Kp) values for the binding affinity were measured
using a 1:1 binding assay with BIA Evaluation 2.0 software (GE Healthcare, CA, USA).

4.5. Molecular Docking

To analyze the TLR4/MD-2/isorhamnetin interaction, molecular docking was carried out using
AutoDock Vina implemented by Yasara software (http://www.yasara.org) [42]. The crystal structure of
the human TLR4/MD-2/E. coli LPS Ra complex was obtained from the protein data bank (PDB ID: 3FXI).
The structure of isorhamnetin was acquired from the PubChem compound database (PCID:5281654),
and the structure was subjected to energy optimization before docking. Water molecules and hetero
atoms were removed from the protein, and polar hydrogen atoms were added. One hundred docking
cycles with 500,000 evaluation steps were performed. Based on the cluster information, binding energy,
molecular interactions such as hydrogen bonds and hydrophobic interactions, the best docked pose
was selected.

4.6. Survival test for the sepsis mouse model

Survival tests were carried out as described previously [43]. Briefly, 20 BALB/c mice were used
in each of the four groups. For the control group, mice were administered an intraperitoneal (i.p.)
injection of PBS. For the second group, mice were administered an i.p. injection of 0.2 mL of E. coli
(1 x 107 CFU/mouse). For the third group, mice were administered an i.p. injection of isorhamnetin
(1 mg/kg) with 0.2 mL of E. coli (1 x 107 CFU/mouse). For the fourth group, mice were administered
an i.p. injection of isorhamnetin (1 mg/kg) without E. coli. Survival in each group was observed for up
to four days (0, 6, 12, 18, 24, 30, 36, 48, 60, 72, 84 and 96 h).
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4.7. Cytokine Levels in the Serum and Lung Lysates in the Sepsis Mouse Model

Isorhamnetin (1 mg/kg) was injected 60 min before the E. coli (1 x 107 CFU/mouse) injection,
and the mice were housed for 12 h. After 12 h, the mice were sacrificed, and blood and lung tissues
were collected to examine inflammatory cytokines (TNF-« and IL-6) in the serum or lung lysates, using
respective ELISA kits (R&D system), according to the manufacturer’s instructions.

4.8. Detection of AST, ALT, and BUN in the mouse serum

The detection of aspartate aminotransferase (AST), alanine amino transferase (ALT) and blood urea
nitrogen (BUN) in the serum was performed using a standard kit available from Asan Pharmaceutical,
(Gyeonggi-do, South Korea) as per the manufacturer’s instructions. The levels of AST, ALT and BUN
were determined relative to a standard provided by the kit after subtracting the background levels.
PBS was used as the negative control and a standard solution was used as the positive control to
calculate the rates.

4.9. Determination of E. coli Counts in Organ Tissues

At the time of sacrifice, the lungs, liver and kidneys were removed aseptically and placed
separately in 1 mL of sterile PBS. The tissues were then homogenized on ice using a tissue homogenizer
under a vented hood. The lung, liver and kidney homogenates were diluted with PBS to 1:1000. After
plating 10 pL of each diluted sample onto Luria Bertani (LB) agar, the plates were incubated at 37 °C
for 24 h. We then counted the numbers of E. coli colonies, which were used to assess the relative
abundances of E. coli.

4.10. LAL Assay

To determine the endotoxin concentration in mice serum we have carried out the LAL assay.
The assay was carried out using Pierce LAL Chromogenic Endotoxin Quantification Kit (Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s instruction. Similarly, to examine
the LPS neutralizing efficacy of isorhamnetin in vitro, we incubated the different concentrations of
isorhamnetin (0, 1, 5, 10, 25 and 50 uM) with Ing/mL of LPS at 37 °C in a 96-well plate which was then
analyzed by a Pierce LAL Chromogenic Endotoxin Quantification Kit (Thermo Scientific, Rockford,
IL, USA) according to the manufacturer’s instruction.

4.11. Histopathological Examination

For histopathological examination, all samples were fixed in 10% formalin buffer and dehydrated
with graded alcohol. The tissues were then embedded in paraffin blocks, and pathological sections were
sliced along the longitudinal axis. From each sample, 5-mm thick sections were obtained, and staining
with hematoxylin and eosin was performed to evaluate lung tissue morphology.

4.12. Statistical Analysis

All statistical analyses were carried out using GraphPad Prism software. Dunnett’s multiple
comparisons test (Prism 7.0, GraphPad Software Inc., La Jolla, CA, USA) was used for the comparisons
of multiple groups. Values were considered statistically significant at p < 0.05. The error bars represent
the mean =+ standard error of the mean (SEM) (* p < 0.05, ** p < 0.01, and *** p < 0.001 compared to cells
treated with agonist).
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Abstract: The present study was conducted to optimize extraction process for defatted pitaya seed
extract (DPSE) adopting response surface methodology (RSM). A five-level central composite design
was used to optimize total phenolic content (TPC), total flavonoid content (TFC), ferric reducing
antioxidant power (FRAP), and 2,2’-azino-bis (3-ethylbenzothizoline-6-sulfonic acid (ABTS) activities.
The independent variables included extraction time (30—-60 min), extraction temperature (40-80 °C)
and ethanol concentration (60%-80%). Results showed that the quadratic polynomial equations
for all models were significant at (p < 0.05), with non-significant lack of fit at p > 0.05 and R?
of more than 0.90. The optimized extraction parameters were established as follows: extraction
time of 45 min, extraction temperature of 70 °C and ethanol concentration of 80%. Under these
conditions, the recovery of TPC, TFC, and antioxidant activity based on FRAP and ABTS were
128.58 + 1.61 mg gallic acid equivalent (GAE)/g sample, 9.805 + 0.69 mg quercetin equivalent (QE)/g
sample, 1.23 + 0.03 mM Fe2+/g sample, and 91.62% =+ 0.15, respectively. Ultra-high-performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS) analysis
identified seven chemical compounds with flavonoids constituting major composition of the DPSE.

Keywords: defatted pitaya seed; extraction; phenolic content; flavonoid content; antioxidant activity;
response surface methodology

1. Introduction

Pitaya, Hylocereus polyrhizus, or commonly known as dragon fruit in English or ‘Buah Naga’ in
Malay, is oblong in shape with scaly structures on its outer peels. It belongs to the family, Cactacae from
the genus Hylocereous. Pitaya originates from Central and Northern South America and presently has
become a recent fruit crop of interest being cultivated in Malaysia, Thailand, Vietnam, Australia, Taiwan,
and other regions around the world. Other than appealing appearance of the fruit, pitaya has recently
gained much attraction due to its high dietary contents [1,2]. The flesh of the fruit is tasty and sugary
with numerous tiny and grainy black seeds. Pitaya fruit seeds contain oil like most other fruit seeds
such as seeds of grape [3], linseeds [4] and berry including blackberry, blueberry and red raspberry
seeds) [5]. Seed oil from pitaya fruit has been successfully extracted and reported to be potentially
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suitable in food, health and cosmetic applications. However, biological activities of polyphenols
extracted from defatted pitaya seed (DPS) as a byproduct after extraction, still remains unexplored.

Polyphenols or phenolic compounds are plants” secondary metabolites produced to shield plants
from ultraviolet rays or damaging insect pests or disease pathogens. Present in plant tissues, they play
important roles in plants’ nutrients assimilation, protein synthesis, enzyme activities, photosynthesis,
cell signaling, and protection against adverse environmental conditions [6]. Flavonoids are one of the
important classes of natural compounds which encompass the largest group of plant polyphenols.
The compounds are made up of fifteen carbon atoms having common basic structures of two aromatic
rings bound together by three carbon atoms. This group of compounds is classified as low molecular
weight compared to other groups of polyphenols that are widely distributed in plants. There are several
classes of flavonoids, such as flavonols, flavones, flavanones, flavanols, isoflavones, and flavanonols.

Flavones and flavonols are the most abundantly present in most plants [7]. A number of studies
have reported medicinal features of this group of polyphenols such as anticancer [8], anti-inflammatory,
antimicrobial and antioxidant activities [9]. The main mechanism for these activities comprises of
the reduction of oxidative stress by scavenging free radicals [10]. It had been documented that the
mechanism was either by transferring electron to complete the radicals compound or by breaking them
down to make them safer and become more stable [11]. A number of extensive research works had
been conducted to extract phenolic and flavonoid compounds from natural sources for their potentially
high therapeutic properties.

Extraction process is the primary stage to source crude extract of bioactive compounds from
plant materials. Various plant materials require distinct extraction conditions and procedures to yield
optimum retrieval of phenolic compounds as every single plant has distinctive characteristics in terms
of phenolic constituents [12]. Several factors have been proven to significantly affect extraction yield
such as extraction methods, particle size, solvent types, solvent concentrations, solvent-to-solid ratios,
extraction temperatures, extraction times, and pH levels [13-15]. One-variable-at-a-time approach is a
traditional method of analyzing extraction optimization conditions by changing only one factor at
a time while keeping others set at constant values. However, this approach is time-consuming and
required a large number of experiments and materials. Moreover, interactive effect between the factors
studied cannotbe determined. Thus, experimental design has been used to overcome these problems.

Experimental design is a systematic approach to apply statistical methods in experimental
processes for various area of academic research and industry. The most common statistical techniques
used to optimize the process is response surface methodology (RSM). RSM is an integrated statistical
and mathematical technique to determine the relationship between the independent variables and
dependent variable based on experimental design. That is, RSM has become an important tool that is
employed for modeling by identifying the influence of several factors on the process. This method was
first developed by Box and Wilson [16] to optimize the chemical process and now has been extensively
adopted in various field including electronics, biotechnology, aerospace, automotive, life sciences,
agricultural settings, and process industries [17]. The advantages offered by the RSM including reduced
number of experimental trials, calculating the complex interaction between the independent variables,
analysis, and optimization as well as the enhancement of existing design. Hence, optimization of
an extraction process using RSM is important to examine suitable conditions to isolate bioactive
compounds especially from different food matrices [18].

Thus, the present study was undertaken to optimize extraction conditions for higher total
phenolic, flavonoids recovery, as well as determine in-vitro antioxidant activities of DPS extract using
response surface methodology (RSM). Polyphenolic compounds from defatted seed extract of pitaya
were identified by ultra-high-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC-QTOF/MS).
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2. Results and Discussion

2.1. Fitting Model

Preference for the ideal extraction process which influenced better yield of total phenolic content
(TPC), total flavonoid content (TFC), and antioxidant activity (ferric reducing antioxidant power (FRAP)
and ABTS activity) of defatted pitaya seed extract (DPSE) was accomplished through response surface
methodology. In the present study, the highest order polynomials were selected to choose the models
where additional terms were significant and the models were not aliased in accordance to the sequential
model sum of square. As suggested by the software, a quadratic polynomial model was chosen and
well-fitted for all three independent parameters and responses [19]. The final predictive equations
generated by the software were expressed in terms of coded factors as shown in Equations (1)-(4) where
the empirical correlation between time of extraction (A) temperatures (B) and ethanol concentrations
(C) were established:

Y(TPC) = + 109.53 + 2.66A + 17.60B + 9.23C — 13.83AB — 0.36AC — 3.96BC — 9.04A% — 7.93B? + 4.22C2 (1)

Y(TEC) = + 7.62 + 0.22A + 0.71B + 1.88C — 0.45AB — 0.97AC — 0.28BC — 0.24A2 + 0.11B% — 0.18C2 )

Y(FRAP) = + 1.23 + 0.1152A + 0.2729B — 0.0245C + 0.0375AB — 0.1525AC

— 0.0600BC — 0.0580A2 — 0.0050B2 — 0.0615C? ©)

Y(ABTS) = + 91.85 + 3.82A + 3.69B + 0.8471C — 4.00AB — 2.37AC — 2.29BC — 2.25A% — 1.77B? + 0.2186C2  (4)

The significance of the model was examined through analysis of variance (ANOVA) where a
large F-value and small p-value of each term in the models implied a more significant impact on the
respective response variables [20]. The ANOVA for second order polynomial model of TPC, TFC,
and FRAP had shown that the model was significant (p < 0.05) with a p-value of < 0.0001 for TPC, TFC,
FRAP, and ABTS activities (Table 1). Meanwhile, the coefficient of determination (R?) was employed to
evaluate the quality of the fit quadratic model which were 0.9418, 0.9817, 0.9742, and 0.9840 for phenolic
and flavonoid content, frap value, and ABTS activity respectively. This suggests that only 5.82%, 1.88%,
2.58%, and 1.60% of the total variations for TPC, TFC, FRAP, and ABTS activities respectively could not
be explained by the model. The fitness of the model was identified through lack-of-fit test (p > 0.05),
which indicated suitability of models to accurately predict the variations [21]. The coefficient variation
(CV) is a measure of relative variability from the mean value, claimed that the model was reliable.
In general, a CV of less than 10 percent revealed smaller variation in the mean value and indicated a
better precision and reproducibility [22]. The CV values obtained for TPC, TFC, FRAP, and ABTS were
7.62,4.62,5.57, and 1.21 respectively, demonstrating the high reliability and accuracy of the model.

2.2. Analysis of Response Surface

Response surface methodology was used to estimate the recovery of TPC, TFC, FRAP, and ABTS
activities based on varied values of tested factors, while the contours of the plots were used to establish
their correlative interactions between the variables involved. According to [23], the best way to figure
out the influence of the independent variables on the dependent variables are through drawing surface
response plots of the model. The significance or not the mutual interaction between the factors can be
determined by several shapes developed from the contour plots. A circular contour plot indicates
the interactions between the corresponding parameters are negligible, while an elliptical contour
or saddle nature implies the interactions between the corresponding parameters are significant [24].
The three-dimensional response surface and two-dimensional contours designed by the fitted model
are demonstrated in Figures 1 and 2. Each diagram shows the effect of two variables on yield of TPC,
TFC, FRAP, and ABTS activities while holding other variables at their zero level.
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2.3. Optimum Extraction Condition Based on TPC

The recovery yield of total phenolic content, TPC from defatted pitaya seed extract ranged from 52 to
144 mg GAE/g sample, which were higher than from kiwi fruit seeds [25] and defatted marigold Tagetes
erecta L. residues [26]. In the present study, the mean recorded value was 100.83 mg GAE/g sample of
the total extracts. The maximum yield of phenolic content was recorded for Experiment No. 18 whereas
the lowest yield of flavonoid content discovered from Experiment No. 7. The ANOVA of the regression
coefficient indicated that the two linear parameters, temperature (B) and ethanol concentration (C) were
significant at (p < 0.0001 and p < 0.01) respectively. The quadratic (A2 and B?) and interactive effects between
extraction time and temperatures (AB) were also significant (p < 0.05) on yield of total phenolic content.

Figure 1a shows the interactions between extraction time and temperature on total phenolic contents
at concentration of solvent fixed at 70%. It was observed that extraction efficiency was simultaneously
enhanced with increase in extraction temperature and time. The recovery of phenolic contents increased
rapidly with increase in extraction temperature during a shorter extraction time, while there was a
slight increase in phenolic content with increase in extraction time at a higher extraction temperature.
Under normal conditions, the temperature had constructive effect on extraction of phenolic compounds
from plant sources [27-29]. The phenomenon could be clarified that higher temperature stimulates higher
solubility of phenolic compounds in the extraction solvent. Similar trend on effect of higher temperature
enhanced extraction efficiency of TPC was reported by [30,31] on an Indian medicinal plant and annatto
seeds respectively. Higher temperature increases diffusion of extracted molecules, reduces its viscosity
as well as improves mass transfer [32]. High temperatures from solvent have been reported to increase
permeability of cell walls by breaking down interaction between phenolic compounds and macromolecules
(proteins, polysaccharides) and thus facilitates recovery of phenolic yield in extract.

The interaction between extraction time and ethanol concentration (AC) revealed a significant
(p < 0.05) positive effect on TPC as shown in Figure lc. Yield of TPC gradually increased with
increases in extraction time and ethanol concentration from 30-90 min and 60-80 °C respectively.
However, prolonged extraction time did not significantly improve recovery of TPC. This occurrence
could be explained by Fick’s second law of diffusion which stated that a final equilibrium is accomplished
between the concentration of the solute in the solid matrix (plant matrix) and in bulk solution (solvent)
after certain time [15]. Hence, a longer time does not necessarily extract more phenolic compounds.
Extending extraction times might contribute to increase risk of phenolic oxidation unless reducing
agents are added to the solvent system [33].

The effects of temperature and ethanol concentration at constant extraction time of 60 min increased
recovery of TPC as shown in Figure le. The effect was probably due to the change in solvent polarity
with the addition of certain amount of water to the solvent. Ethanol facilitated increase in TPC recovery
by disrupting the bonding between the solutes and plant matrices, while water could enhance the
swelling of cell material [34]. Previous findings reported that binary solvent system demonstrated
higher yield of phenolic compounds and flavonoids as compared to mono-solvent system containing
pure solvent or pure water [12]. Similar effects of this variables have also been reported for phenolic
extraction from Phaleria macrocarpa (Scheff) Boerl fruits [22].

2.4. Optimum Extraction Condition Based on TFC

The recovery yield of total flavonoid content, TFC from defatted pitaya seed extract ranged from
2.69 to 10.67 mg QE/g sample, which were higher than grape byproducts [35]. The mean recorded value
was 7.40 mg QF/g sample of total pitaya seeds extracts. Maximum yield of phenolic content was recorded
from Experiment No. 15, whereas the lowest yield of flavonoid content was recovered from Experiment No.
7. The ANOVA of the regression coefficient indicated that all three linear parameters, (A, B, C), interaction
parameters (AB, AC, BC) were significant at (p < 0.05). Meanwhile, only one quadratic effect A> was
significant at (p < 0.05) on yield of total flavonoid content. A 3D-surface plot of interaction between time
(A) and temperature (B) at the fixed ethanol concentration of 70% is as shown in Figure 1b. The figure
shows that TFC slightly increased with increase in extraction temperature. TFC increased until reaching an
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optimum temperature of 80 °C, similar with TPC. The effects of temperature on flavonoids extraction had
previously been reported by various other researchers. For example, the highest flavonoid recovery was
reported from Flos populi using solid-liquid extraction at temperature of 94.66 °C [36]. The achievement
was supported by [30] and [37] who documented that elevated temperature enhanced better extraction
yield. The effect was attributed to the fact that higher temperature disrupted the structure of plant
matrix by weakening the phenolic matrix bonds which then increased the solubility of flavonoids [38].
Nevertheless, results of the present study demonstrated that yield of TFC decreased in long extraction time
with increasing ethanol concentration as demonstrated in Figure 1d. Extraction time appeared to be one of
the primary factors influencing an extraction process. It is therefore important in attempt at reducing energy
cost in extraction procedure and in inhibiting the decomposition of active compounds. Extraction time
can possibly be as short as few minutes or extended for up to 24 h [39]. This has been reported to be
dependent on the extraction process phase, either rapid phase or slow phase [39]. Rapid phase is explained
by the fact that solutes are present on surface sites of plant materials, and a slow phase corresponds to the
molecular diffusion of the solute from internal sites through pores [29,40]. The present study achieved
contrary to that recorded by [41] in extracting flavonoid from red and brown rice bran who observed
an increase in flavonoid content with increase in time. These distinctions in time of extraction could be
correlated to the nature of the sample (seed, leaf, rhizome, or bark), particle size, solvent type, and extraction
approaches [29,42].

TFC (g QE/g sample)

TPC (mg GAE/g sample)

(b)

50
B: Temperature (C) A Extraction time (min)

TPC (mg GAE/g sample)
TFC (mg QE/g sample)

TPC (mg GAE/g sample)

£
3
g
g

50

C: Ethanol Concentration (%) 65 B: Temperature (C)

60 40

Figure 1. Response surface for: (a,b) effect of extraction time and temperature; (c,d) effect of extraction
time and ethanol concentration, and (e f) effect of temperature and ethanol concentration, on total
phenolic content (TPC) (a,c,e) and TEC (b,d,f).
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In the present study, the interaction effects between temperature (B) and ethanol concentration (C)
show that TFC was found to be higher at higher values of variables as shown in Figure 1f. The maximum
TFC recorded was when 80% ethanol concentration was used, compared to use of 70% ethanol with
increasing extraction time. A general principle in solvent extraction is based on the law of similarity
and intermiscibility “like dissolves like”, which means that solvents extract phytochemicals with a
polarity value near to the polarity of the solvent [43]. The results suggest that the solvent polarity and
the solubility of flavonoids compounds in pitaya seed extract were similar.

2.5. Optimum Extraction Condition on Antioxidant Activity

2.5.1. Optimum Extraction Condition Based on FRAP Activity

The reducing power activity of DPSE ranged from 0.53 to 1.75 mM Fe?*/g sample. The mean recorded
value was 1.14 mg mM Fe?*/g sample of total DPSE. The highest value was recorded from Experiment No.
20 whereas the lowest value was recorded from Experiment No. 7. The ANOVA on regression coefficient
revealed that the two linear parameters, time (A) and temperature (B), interactive effect between time and
ethanol concentration (AC) were significant at (p < 0.0001). Meanwhile, interaction parameter, (AB) and
quadratic parameters (A2, B2) were significantly influenced at (p < 0.05). Similar effects of temperature
have been previously recorded by other researchers on phenolic content of grape cane extracts which
subsequently resulted in varied antioxidant activities [44]. The effects of mutual interaction between
extraction parameters on the FRAP value of phenolic extract can be seen in Figure 2.

As shown in Figure 2a, the FRAP values increased as extraction time was prolonged up to 90 min.
This patterns of responses were probably due to the fact that increasing extraction time provided longer
contact of solids with the solvent and this enhanced the diffusion of phenolic compounds linked to the
antioxidant activities [45]. Higher extraction time and medium ethanol concentration led to increase in
FRAP values. However, extraction time was did not significantly influence total phenolic contents in
defatted pitaya seed extracts which were in agreement with previous other reports by [46-48].

Figure 2c illustrates the interactive effect between extraction time and ethanol concentration.
When ethanol concentrations were at 60%-80% and the extraction time at 30-90 min, the recorded
value of FRAP increased initially and later decreased as the ethanol concentration was increased.
This occurrence can be correlated to the changes in polarity of the compound that was responsible for
reducing power activity. Therefore, the maximum value for reducing power could be obtained when
the lowest ethanol composition was used. It has been reported that the polarity of the solvent used in
extraction directly affects not only the quantity of total phenolic compounds, but also the composition
and potency of the phenolic compounds as antioxidants [49-51]. Consequently, differences in extracted
phenolic compounds result in varied antioxidant activity of the extracts.

The enhancement of FRAP activity significantly influenced by temperature. The FRAP value
recorded in the present study gradually increased as extraction temperature was increased over time
as shown in Figure 2e. The results implied that an increase in temperature led to an increase in
antioxidant activity. This occurrence was probably due to the fact that at low temperatures, the rate of
mass transfer was also low and additional time was needed for the phenolic compounds responsible
for FRAP activity to dissolve in the solvent. Similar interactive effect showing similar response curve
was also recorded by [52] on FRAP activity on tomatoes.

2.5.2. Optimum Extraction Condition Based on ABTS Activity

The ABTS activity of the DPSE ranged from 69.79%-94.34%. The mean value recorded was 89.26%
which was higher than ABTS activity reported for methanolic extract of Adiantum caudatum leaves [53].
The highest value was recorded for Experiment No. 20 whereas the lowest value was recorded from
Experiment No. 1. The ANOVA of the regression coefficient revealed that the two linear parameters, time
(A) and temperature (B), interactive effect between time and temperature (AB) and quadratic parameters
(AZ, B?) were significant at (p < 0.0001). Meanwhile, ethanol concentration (C), interaction parameter, (AC)
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and (BC) were significantly influenced at (p < 0.05). The effect between independent variables can be seen
in Figure 2.

Figure 2b shows increases of ABTS activity of DPSE with increases in extraction time and
temperature from 30-60 min and 40-60 °C respectively. Prolonged extraction time for up to 90 min and
rise in temperature to 80 °C slightly decreased ABTS activity. The data revealed that the interactive
effect between extraction time (A) and temperature (B) on ABTS activity was significant and in good
agreement with the results shown in Table 1. Similar interaction was also recorded by [54] on ABTS
activity of aqueous extract of Schizophyllum commune. Increase in ethanol concentration from 60-70%
caused an increase in ABTS activity of DPSE (Figure 2d). This occurrence was probably due to the
polarity of the solvent used coincided with the solubility of the phenolic compounds responsible
for ABTS activity [22]. In the present study, the highest ABTS activity was recorded when DPS was
extracted using 60% ethanol concentration. Similar trend was also obtained by [55], where 60% of
ethanol concentration yielded the highest ABTS radical scavenging activity of Dendropanax morbifera
(D. morbifera) Levillis leaves. Figure 2f shows the relationship between temperature and ethanol
concentration on ABTS activity at a constant extraction time of 60 min. The data obtained revealed that
ABTS activity was significantly influenced by increment in extraction temperature from 40 to 60 °C.
This circumstance can be explained by the fact that solubility of solute and extraction efficiency were
enhanced by increasing extraction temperature [56].

FRAP (MM FeSO4/g sample)
ABTS (%)

ABTS (%)

FRAP (mM FesO4/g sample)

FRAP (mM FeSO4/g sample)
ABTS (%)

(e)

C: Ethanol Concentration (%) 65 B: Temperature (C) C: Ethanol Concentration (%) 65

60 40 60 40

Figure 2. Response surface for: (a,b): effect of extraction time and temperature; (c,d): effect of extraction
time and ethanol concentration; and (e, f): effect of temperature and ethanol concentration, on FRAP
(a,c,e) and ABTS (b,d,f) activity.
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2.6. Optimization of Extracting Conditions for TPC, TFC, FRAP, and ABTS Activity

The numerical optimization for highest recovery of TPC, TEC, FRAP, and ABTS activity of DPSE
were determined. The simultaneous optimization using desirability function approach proposed that
the optimal extraction conditions for DPSE were at 45 min extraction time, 70 °C extraction temperature
and 80% ethanol concentration at desirability of 93.8%. Therefore, extraction of DPS was performed
based on the suggested extraction conditions and the data obtained were statistically compared with
the predicted values given by the Design Expert 11.0 Software. Table 2 shows results from verification
experiment which were in close agreement with predicted values at 93.8% confidence level.

Table 2. Predicted and Experimental Values for Responses of TPC, TFC, FRAP, and ABTS.

TPC (mg GAE/g TFC (mg QE/g FRAP (mM Fe?*/g o
ABTS (%)
Sample) Sample) Sample)
Predicted 129.75 9.995 1.24 92.87
Experimental 128.58 + 1.61 9.805 + 0.69 1.23 £ 0.03 91.62 +0.15

TPC: total phenolic content; TFC: total flavonoid content; FRAP: ferric reducing antioxidant power (antioxidant
activity); ABTS: 2,2"-azino-bis(3-ethylbenzothizoline-6-sulfonic acid (antioxidant activity).

2.7. Identification of Phytochemical Compound in DPSE

Separation of chemical constituents from DPSE in negative ionization mode was analyzed
by ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UPLC-QTOF/MS) method. A summary of identified potential compounds are shown
in Table 3. The identification of the detected compounds was made by comparing retention times
MS data (neutral and observed mass) and theoretical fragmentation with data reported in literature.
The isolated compounds were then categorized as tentative or confirmed. For the tentative category,
they were assigned to a compound identified in Waters library with acquisition mass accuracy less
than 5 ppm with at least one fragment ion [57]. The confirmed category assigned to a compound
identified from Water Library and compared with available standard sample of the same compound.
Based on the requirement set for UPLC-QTOF/MS method, seven different compounds were detected
with 6 of them tentatively categorized and only rutin was categorized as confirmed and validated with
the standard. Within these analyzed compounds, five were classified under flavonoid group while two
were classified as phenolic acid group.

Table 3. Compounds identified in defatted Pitaya, Hylocereus polyrhizus seed extract using
UPLC-QTOF/MS.

Identification Status

No. A Component Name B C D and Category
1 FL Rutin 610.15338  609.146 8.38 Identified, confirmed
2 FL Kaempferol-3-O-rutinoside 594.15847  593.1514 6.67 Identified, tentative
3 FL Kaempferol-3-O-f-p-glucopyranoside 44810056  447.093 9.32 Identified, tentative

Apigenin-7-O-a-L-thamnose i .
4 FL (14)-6"-O-acetyl-p-p-glucoside 620.17412  619.1664 7.98 Identified, tentative
5 FL Isorhamnetin-3-O-(2G-a-L-thamnosyl)-rutinoside ~ 770.22694  769.2208 7.74 Identified, tentative
6 PA Sinapic acid 224.06847  223.0609  5.42 Identified, tentative
7 PA E-p-Coumatic acid 164.04734  163.0396 11.69 Identified, tentative

A: compound class; FL: flavonoid; PA: phenolic acid, B: natural mass (Da); C: observed mj/x; D: retention time
(Min.). UPLC-QTOF/MS: ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry.

Rutin is a common flavonoid found in seed extracts such as in the Euryale ferox seed shells [58],
baobab seeds extract, grape seeds [59], and buckwheat seeds [60]. It was previously reported to
possess health benefits and considered as being a good antioxidant agent [58]. MS/MS Spectra of
Rutin obtained at low and high collision energy is shown in Figure 3. Different in collision energy is a
technique used by mass spectrometry to induce fragmentation of selected ions in the gas phase which
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can then be analyzed by mass spectrometry [61]. Low collision energy is referring to collisions where
the precursor ions have kinetic energies less than 1 kiloelectron volt (1 keV) or in the range of a few eV
to a hundred eV. High collision energy referring to the collision where the precursor ion is accelerated
to kinetic energies in the kilovolt range normally from 1 keV to 20 keV. Low collision energy led to
rearrangement of the ion structure, meanwhile, high collision energy can produce more fragmentation
that are not formed in low collision energy. Hence, more structural information can be obtained and
easier for result interpretation [62].

Item name: Atikah-1
Channel name: Rutin [-H] : (33.6 PPV) 609.1460 : DT=7.68 to 8.25 ms
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Figure 3. UPLC-QTOF/MS chromatograms of Rutin from defatted pitaya seed extract (DPSE): (a) mass
spectra (MS/MS) of Rutin obtained at low collision energy; (b) mass spectra (MS/MS) of Rutin obtained
at high collision energy (c).

For other flavonoids 2, 3, 4, and 5 occurred as O-glycoside with sugar bound at certain position.
The identified flavonoids in DPSE included the following:

e kaempferol-3-O-rutinoside,

e  kaempferol-3-O-p-p-glucopyranoside,

e  apigenin-7-O-«-L-thamnose(1->4)-6"-O-acetyl-f-p glucoside, and
e  isohamnetin-3-O-(2G-«-L-rhamnosyl)-rutinoside.

Most of the flavonoids contained either kaempferol, apigenin or isohamnetin core moieties.
These illustrate that sugar moieties mostly attached to the basic skeleton flavonoid of DPSE and the
total number of sugar moieties and their attachment to the structure of flavonoid effect their antioxidant
activity [63]. In addition to the above, phenolic acid metabolites such as sinapic acid and E-p-coumatic
acid have been detected in DPSE. These metabolites have been reported found in extract of plant family
of Cactaceae and reported to have anti-inflammatory activities [64].
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3. Materials and Methods

3.1. Materials

Sodium carbonate (NayCO3), Folin—Ciocaltue’s reagent, gallic acid, quercetin, aluminium chloride
(AICl), iron (II) sulfate 7-hydrate (FeSO4-7H,O), iron (III) chloride 6-hydrate (FeCl3-6H,0), acetic acid,
2,2,6-Tri(2-pyridyl)-s-triazine (TPTZ), and hydrochloric acid (HCI) were purchased from Sigma-Aldrich.
Only analytical grade of chemicals was used throughout the experiments. Fruits of Hylocereus polyrhiziis
were obtained from a local farm located in Sepang, Malaysia. Seeds were separated from the pulp and
washed under running tap water to remove the mucilage and dried in the laboratory. Dried seeds were
ground into smaller particles and kept in air-tight bottles. Subsequently, the seeds were defatted by
maceration method using n-hexane as the solvent. The defatted seeds were left overnight in a fume hood
to let residual n-hexane evaporates before being used in subsequent polyphenols extraction procedures.

3.2. Extraction of Defatted Pitaya Seed (DPS)

An amount of 3 g of defatted seeds was mixed with extracting solvent at different levels of
independent variables including ethanol concentration (60%—-80% ©v/v), extraction time (30-90 min)
and extraction temperature (40-80 °C) in separate conical flasks and placed in a thermostatic water
bath set at a constant shaking of 90 rpm. Parafilm and aluminum foil were used to cover the conical
flasks to prevent loss of solvent due to evaporation during the extraction process. The mixture was
subsequently centrifuged at 10,000 rpm for 5 min to separate the insoluble materials. The supernatant
was filtered using Whatman No. 1 filter papers and vacuum-dried in a rotary evaporator at 60 °C until
the solvent was completely removed. All the samples were stored at —4 °C until further analyses.

3.3. Experimental Design

A five-level with three independent variables central composite design (CCD) was employed
to determine the optimal extraction condition of defatted pitaya seed (DPS). The experiment was
designed using Design-Expert software version 11.1.0.1 (Stat-Ease, MN, USA). Three independent
variables (extraction times, temperatures and ethanol concentrations) were selected and their coded
values and levels of each variable are presented in Table 4. A total of 20 experimental runs were
conducted to determine TPC, TFC and in vitro antioxidant activity based on FRAP and ABTS activity
(Table 5). Least square regression was used by CCD to fit the experimental data to a second-degree
polynomial model. The model was explained by the following equation:

k k k-1 k
Y=A)+ ZA,‘X,‘ + ZAiin'z + Z Z A,‘]‘XiX]'
im1 i-1 i=1 j=it1

where Y is the predicted response, Ag, A;, Aj;, Aj are the constant, linear coefficient, quadratic
coefficient, and interaction coefficient respectively. X; and X; are independent variables. k is the number
of variables.

Table 4. Independent variables and their levels in central composite design.

Levels
Independent Variables
- -1 0 1 -
Extraction time (A) (min) -9.54 30 60 90 110.45
Temperature (B) (°C) 26.36 40 60 80 93.64
Ethanol concentration (C) (%) 53.18 60 70 80 86.82
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3.4. Determination of Total Phenolics Content (TPC)

Total phenolic content was determined using method described by [65] with several modifications.
Firstly, an amount of 100 uL (1 mg/mL) of sample extract was transferred into test tubes. Then, 50 uL
of Folin solution previously diluted with 7.9 mL distilled water was added. After 4 min, 1.5 mL of
7.5 w/v% sodium carbonate solution was added to the sample tubes and incubated for 2 h in a dark
room at room temperature. The absorbance values of the samples were recorded at 765 nm using a
UV-VIS microplate reader. All the analyses were performed in triplicates to obtain the main value of
the absorbance. Gallic acid at different concentrations was prepared to establish a standard calibration
curve. TPCs in the sample extract were calculated by referring to the standard calibration curve and
expressed as mg gallic acid equivalent (mg GAE/g) of extract sample.

3.5. Determination of Total Flavonoid Content (TFC)

Flavonoids content in the sample extract was assayed using spectrophotometric method as
described by [66] with slight modifications. An amount of 100 pL (1 mg/mL) of sample and 100 uL
of 2% AICl; were mixed and incubated at room temperature for 15 min. Increase in absorbance was
determined using UV-Vis microplate reader at Amax = 415 nm. The same procedure was repeated for
the standard solution of quercetin to obtain the standard calibration curve. TFC was calculated based
on quercetin calibration curve and expressed as mg quercetin equivalent (mg QF/g) of extract.

3.6. Ferric Reducing Antioxidant Power (FRAP)

FRAP assay was conducted following method of [22] with minor modifications. Firstly, acetate
buffer (330 mM, pH 3.6), a 10 mM TPTZ solution in 40 mM of HCI and 20 mM FeCl;-6H,0 solution
were mixed in ratio of 10:1:1 (v/v) to prepare for FRAP reagent. The working FRAP reagent was
freshly prepared prior to use. An amount of 60 pl of the sample extract was mixed with 1.8 ml FRAP
reagent and the increase in absorbance was measured in comparison to a blank at 593 nm after 4 min.
A standard curve was constructed using Fe;SO4 solution ranging from (0.1-1.0 mM) and the results
were expressed as mM Fe2+/g dry weight.

3.7. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of the sample was carried out according to the method [67]
with minor modification. Firstly, ABTS radical cation was prepared by reacting 7 mM ABTS with
2.45 mM potassium persulfate in ethanol and kept the mixture in the dark room temperature for
12-16 h before use. Then, the solution was diluted with ethanol to obtain an absorbance of 0.70 (+0.02)
at 734 nm. For the evaluation of antioxidant activity, 2 mL of ABTS radical solution were mixed with 20
uL of the sample. The absorbance changes at 734 nm were measured using UV-Vis microplate reader
after 30 min of the initial mixing. Antioxidant activity as the percent inhibition of absorbance at 734 nm
was calculated using the following equation:

ABTS-+ scavenging activity = % inhibition: ((AB — AA))/AB) x 100 (5)

where, AB is the absorbance of ABTS radical with ethanol; AA is absorbance of ABTS radical + sample.
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Table 5. Experimental design with observed responses of total phenolic content (TPC), total flavonoid
content (TFC), and ferric reducing antioxidant power (FRAP) from defatted pitaya seed extract.

Extraction Temperature, Ethanol

Run Time, A B Conc,, C TPC TFC FRAP ABTS
(Min.) 0 (%) (mg GAE/g) (mg QE/g) (mMFe**/g) (%)
1 9.54622 60 70 75.83 6.38 0.85 78.89
2 60 60 70 103.75 7.34 1.34 91.22
3 60 26.3641 70 55.83 6.65 0.77 80.87
4 90 80 80 107 8.54 1.34 89.13
5 110.454 60 70 89.63 7.44 1.25 91.9
6 30 80 60 127.75 5.96 1.21 91.97
7 30 40 60 52 2.69 0.53 69.79
8 90 40 80 102.42 8.2 0.75 92.13
9 60 60 70 105.75 7.64 1.12 91.08
10 60 60 70 102.75 8.29 1.22 92.35
11 60 60 53.1821 96.5 3.88 1.08 91.52
12 60 60 70 108.38 7.2 1.19 91.35
13 60 93.6359 70 115.92 9.15 1.63 92.6
14 60 60 70 116.25 7.68 1.22 92.33
15 30 80 80 126.75 10.67 1.28 92.37
16 90 40 60 89 6.27 1.05 92.03
17 60 60 70 120.75 7.55 1.27 92.82
18 60 60 86.8179 144 10.26 1 93.22
19 30 40 80 77.5 9.35 0.97 83.21
20 90 80 60 98.75 6.88 1.75 -

3.8. Identification of Phytochemical Compounds in Defatted Pitaya Seed Extract (DPSE)

Phytochemical compounds in DPSE were identified using ultra-high-performance liquid
chromatography (UPLC-MS). The analysis was completed with Waters Acquity ultra-performance LC
system (Waters, Milford, MA, USA). Chromatographic separation was done using a column (ACQUITY
UPLC HSS T3, 100 mm x 2.1 mm X 1.8 um, Waters, Manchester, UK. The UPLC systems was connected
to Vion IMS QTof detector (Waters, Milford, MA, USA). The mobile phase used were 0.1% formic acid
(A) and acetonitrile (B). The mobile phase composition consisted of the following multistep linear
gradient: 0 min, 1% B and 99% A; 0.5 min, 1% B and 99% A; 16.00 min, 35% B and 65% A; 18.00 min,
100% B and 0% A; and 20.00 min, 1% B and 99% A. The injection volume of the sample was 1 uL.
The flow rate was set at 0.6 mL/min. The data were obtained in the range of m/z 50-1500 at 0.1 s/scan in
high-definition mass spectrometry elevated energy (HDMSE) with collision energies (CE) at a fixed
4 eV and at ramped from 10 to 40 eV were required for low energy and high energy scan respectively.

4. Conclusions

Central composite design (CCD) response surface methodology was employed to evaluate the
optimized extraction process for the recovery of TPC, TEC. Antioxidant activity was based on FRAP and
ABTS from DPSE by analyzing the interaction effects between the independent variables (extraction time,
extraction temperature and ethanol concentration). The results revealed that, extraction temperature
significantly influenced the extraction process of DPS. The extraction time at 45 min with extraction
temperature at 70 °C and 80% of solvent concentration which resulted in 128.58 + 1.61 mg GAE/g
sample, 9.805 = 0.69 mg QE/g sample, 1.23 + 0.03 mM Fe?*/g sample, and 91.62% =+ 0.15 were found to
be the optimized condition for experimental run. Results from the validation experiments were in good
agreement with the predicted values. Results from UPLC-QTOF/MS revealed that there were seven
phytochemicals identified in DPSE with flavonoid found to be the major compound. The optimized
extraction method was helpful in designing the experiment, separation of the chemical compounds
which then contributed to further work.
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Abstract: Amebiasis caused by Entamoeba histolytica is nowadays a serious public health problem
worldwide, especially in developing countries. Annually, up to 100,000 deaths occur across the world.
Due to the resistance that pathogenic protozoa exhibit against commercial antiprotozoal drugs,
a growing emphasis has been placed on plants used in traditional medicine to discover new
antiparasitics. Previously, we reported the in vitro antiamoebic activity of a methanolic extract of
Lippia graveolens Kunth (Mexican oregano). In this study, we outline the isolation and structure
elucidation of antiamoebic compounds occurring in this plant. The subsequent work-up of
this methanol extract by bioguided isolation using several chromatographic techniques yielded
the flavonoids pinocembrin (1), sakuranetin (2), cirsimaritin (3), and naringenin (4). Structural
elucidation of the isolated compounds was achieved by spectroscopic/spectrometric analyses
and comparing literature data. These compounds revealed significant antiprotozoal activity against
E. histolytica trophozoites using in vitro tests, showing a 50% inhibitory concentration (ICsp) ranging
from 28 to 154 ug/mL. Amebicide activity of sakuranetin and cirsimaritin is reported for the first time
in this study. These research data may help to corroborate the use of this plant in traditional Mexican
medicine for the treatment of dyspepsia.

Keywords: infectious diseases; amoebiasis; Mexican oregano; bioguided isolation; flavonoids;
antiprotozoal agents

1. Introduction

Amoebiasis is caused by Entamoeba histolytica, which is a protozoan of the family Endomoebidae [1].
It is related to elevated morbidity and mortality worldwide, and has become a serious public
health problem in developing countries [2]. Traveling to endemic countries is a risk factor for
acquiring an E. histolytica infection [3]. After malaria, amoebiasis is the second cause of death due
to parasitic diseases [4,5]. The symptoms vary from mild diarrhea to dysentery, but, occasionally,
E. histolytica can invade the intestinal mucosal barrier and trigger liver abscesses [6]. Asymptomatic
infections occur in 90% of individuals, whereas the remaining 10% contract symptomatic infections [7].
Around 50 million people suffer from severe amoebiasis, and 40,000-100,000 deaths occur annually
due to this parasitosis [8,9].
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Currently, metronidazole is the most used commercial drug for the treatment of amoebiasis,
however, since drug resistance by E. histolytica is increasing, the use of higher doses to overcome
the infection is needed, thus causing unpleasant side effects [10,11]. Considering these undesired
side effects as well as the development of resistant strains of E. histolytica against metronidazole,
more efficient and safer antiamoebic agents are required [12-14].

Natural products occurring in medicinal plants have proved to be an important source of leading
compounds for the design of new drugs [15]. Mexican oregano (Lippia graveolens Kunth) has been
used in traditional Mexican medicine for curing inflammation-related diseases, such as respiratory
and digestive disorders, headaches, and rheumatism, among others [16,17]. Oregano’s essential oil,
regardless of the species, shows a broad range of effects on bacteria, with some of them being resistant
to antibiotics of clinical use, as well as on fungi and parasites [18-22].

Recently, we reported the in vitro antiamoebic activity of a methanolic extract of Lippia graveolens
Kunth and the bioguided isolation of carvacrol, as one of the bioactive compounds with antiprotozoal
activity [23]. This work aims to isolate and achieve the structure elucidation of additional antiamoebic
compounds present in this plant.

2. Results

2.1. Bioguided Isolation of Flavonoids from Lippia graveolens Kunth

As previously reported, the partition of a methanolic extract of Lippia graveolens by extraction
with n-hexane and fractionation of the hexane phase led to the isolation of carvacrol with excellent
antiamoebic activity [23]. The subsequent handling of the remaining methanol (MeOH) by partition
between methanol-water and ethyl acetate (EtOAc), carried out in this research, yielded an EtOAc
residue with 93.3% growth inhibition of E. histolytica. After column chromatography (silica gel,
Sephadex), this residue afforded the known flavonoids pinocembrin (1), sakuranetin (2), cirsimaritin (3),
and naringenin (4), with significant antiamoebic activity (Figure 1).

Lippia graveolens MeOH-Extract 89% G. L." 123!

Liquid-Liquid Partition

| EtOAc partition 93% G. L.* |

l Column Chromatography

] i ] i
A B C D E F v H”
95% G.1." 97% G. 1" 97% G. 1" 96% G. 1"
‘ Columnlchromutogmphﬂ IRecrystullizationl MeOH

Carvacrol®! | |[Pinocembrin (1) | | Sakuranetin (2) Cirsimaritin (3) Naringenin (4)
98.4% G. L. 89.63% G. L. 97.24% G. 1" 52.45% G. L." 96.50% G. L.
[Cs0 44.3 pug/mL 1Cs029.63 pg/mL 1Cs0 44.51 pg/mL 1Cs0154.26 pg/mL | | ICs0 28.86 pig/mL

*Growth Inhibition on E. histolytica at 150 pg/mL, "No Inhibition

Figure 1. General scheme for the bioguided isolation of compounds with antiamoebic activity from
Lippia graveolens Kunth (Mexican oregano).

The isolated flavonoids were identified by comparing their physical and spectral data with those
reported in the literature.

The electron ionization (EI) mass spectrum showed a molecular ion with m/z = 256 for pinocembrin
1 (caled. for Ci5H1,04, 256.253), m/z = 286 for sakuranetin 2 (calcd. for C14H140s5, 286.283), m/z = 314
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for cirsimaritin 3 (calcd. for C17H 140, 314.28), and m/z = 272 for naringenin 4 (calcd. for C15H;,0s5,
272.252).

The infrared (IR) spectrum of all isolated flavonoids (see Supplementary material) contained
absorption bands at 1600-1650 cm™! (medium) and 1100-1250 cm™ (strong), consistent with a C=0
bond in the molecules [24-27].

One- and two-dimensional nuclear magnetic resonance (NMR) spectra were recorded for
the isolated compounds using deuterated dimethyl sulfoxide (DMSO-ds). 'H- and 3C-NMR chemical
shifts (see Supplementary Material) were in accordance with those reported for pinocembrin 1 [28-30],
sakuranetin 2 [31-34], cirsimaritin 3 [26,35-37], and naringenin 4 [27,28,38-41]. An unambiguous
assignment of the 3 C-NMR spectrum of these compounds was deduced from 'H-"H COSY, NOESY,
HSQC, and HMBC spectra (see Supplementary Material).

The four isolated flavonoids have the common characteristic that the rotameric hydroxy group
at C-5 forms an intramolecular H-bond with the carbonyl group [42]. That explains the shift of this
proton absorption to the range of about 6 13.0-12.0 as a sharp singlet in DMSO-d, [43].

2.2. Entamoeba Histolytica Growth Parameters

After collecting data from E. histolytica growth kinetics experiments, it was estimated that
the generation time is 14.76 h and the duplication time is 21.30 h.

The ideal growth time of E. histolytica for evaluating the amebicide activity of the compounds
was set at 72 h because, at this point, protozoa are still in the exponential and sustained growth stage,
thus decreasing the number of false positives.

2.3. In Vitro Assay for Entamoeba histolytica

The pure compounds were dissolved in DMSO to a concentration of 150 pg/mL in a suspension
of E. histolytica trophozoites in a logarithmic phase in peptone, pancreas, and liver extract plus 10%
bovine serum (PEHPS medium). They showed significant growth inhibition of E. histolytica at this
concentration. The 50% inhibitory concentration (ICsy) values of these compounds ranged from 28.86
to 154.26 ug/mL (metronidazole ICs 0.205 pg/mL).

Figures 2-5 show the 50% inhibitory concentration of each compound calculated by using a Probit
analysis, considering a 95% confidence level.

Pinocembrin (1)

¥ =1.8005x+2.35
R?=0.9996

—e— PROBIT

--------- Lineal (PROBIT)

PROBIT

0.0 05 1.0 15 20 25
Log Concentration

Figure 2. Antiprotozoal activity of Pinocembrin 1 against Entamoeba histolytica. Growth inhibition of
89.63% at 150 pg/mL, 50% inhibitory concentration value (ICsp) = 29.63 pg/mL.
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Figure 3. Antiprotozoal activity of Sakuranetin 2 against Entamoeba histolytica. Growth inhibition of
97.24% at 150 ug/mL, ICs = 44.51 ug/mL.
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Figure 4. Antiprotozoal activity of Cirsimaritin 3 against Entamoeba histolytica. Growth inhibition of
52.45% at 150 ug/mL, IC5 = 154.26 pg/mL.
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Figure 5. Antiprotozoal activity of Naringenin 4 against Entamoeba histolytica. Growth inhibition of
96.50% at 150 ug/mL, IC5q = 28.86 ug/mL.
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3. Discussion

It is estimated that about 6000 flavonoids are present in different plants worldwide [44,45],
and many of them are common ingredients of our daily food. Flavonoids exhibit a variety of biological
properties, such as antioxidant, anticancer, antibacterial, antifungal, antiparasitic [46-53], as well as
those for treating other kinds of illness [54-57].

More than 20 flavonoids have been identified in the leaves of Lippia graveolens by high pressure
liquid chromatography (HPLC), according to previous reports [58]. Pinocembrin, sakuranetin,
naringenin, and cirsimaritin have already been isolated from this plant [58-62], but, in the respective
studies, no antiamoebic activity is reported. Nevertheless, some research groups have reported
antiprotozoal activity of these flavonoids isolated from sources other than Lippia graveolens.

A weak antiparasitic activity of pinocembrin has been shown against trypomastigotes of
Trypanosoma cruzi, with inhibition values in the range of 40.13% (at 250 ug/mL) to 43.68% (at 500 pg/mL),
according to Grael et al. [63]. Weak inhibition was also observed against Giardia lamblia trophozoites,
with an ICsg of 174.4 ug/mL reported by Alday-Provencio et al. [64] and an IC5( of 57.39 pg/mL reported
by Calzada et al. [65], respectively.

Sakuranetin presented activity against Leishmania amazonensis, Leishmania brazilians, Leishmania major,
and Leishmania chagasi, with a range of 43-52 ug/mlL, as well as against T. cruzi trypomastigotes, with an
ICs0 of 20.17 ug/mL, according to Grecco et al. [39].

Regarding parasitic diseases, cirsimaritin showed potent inhibition against Plasmodium falciparum
resistant to chloroquine, with an ICsg of 16.9 uM [66], and similar activity against Leishmania donovani
(ICs0 = 3.9 ug/mL), Trypanosoma brucei rhodesiense (ICsy = 3.3 ug/mL), and T. cruzi (ICs59 = 19.7 ug/mL),
according to Tasdemir et al. [49].

Antiparasitic research has found giardicidal activity in naringenin (4), with an ICsy of
125.7 ug/mL [64] and 47.84 pg/mL [65], according to Alday-Provencio et al. and Calzada et al.,
respectively, but no damage against Trypanosoma cruzi and Leishmania spp. was observed, according to
Grecco et al. [39].

Some results of pinocembrin and naringenin tested against the strain E. histolytica HM1:IMSS have
been published; pinocembrin isolated from Teloxys graveolens and naringenin from a commercial source
exhibited an ICs) of 80.76 and 98.24 ug/mL, respectively [65,67]. This indicates a lower effectiveness
compared with our results (ICsp of 29.51 ug/mL for pinocembrin and 28.85 ug/mL for naringenin,
respectively), which could be explained by the difference between the methodology reported by
Calzada [65] and that used by our group. The principal difference was the time that the trophozoites
were exposed to the chemical compound. In our methodology, we incubated the trophozoites with
the flavonoids for 72 h, while Calzada [65] incubated them for 48 h, which could represent a factor in
the certainty of the biological activity.

In our view, this is the first report on the amebicide activity of sakuranetin and cirsimaritin.

The antiprotozoal activity of pinocembrin and naringenin (ICsy of 29.63 and 28.86 pug/mL,
respectively) was higher compared with sakuranetin (44.51 pug/mL), and the most remarkable
comparison was with cirsimaritin (154.26 ug/mL), revealing that a 5,7-dihydroxylated A ring is
essential for antiprotozoal activity, as remarked by Calzada [65]. The structure—effect correlations also
showed that a 2,3-double bond in ring B (as in cirsimaritin) reduces the antiprotozoal activity.

Currently, there are no available studies on the mechanism of action against E. histolytica of
the flavonoids isolated from L. graveolens, although there are reports on some structurally related
flavonoids [68,69]. The ultrastructural changes in the morphology of Entamoeba histolytica when it was
assayed with (—)-epicatechin, a flavan-3-ol flavonoid, have previously been demonstrated, showing an
ICsp of 1.9 ug/mL. The results indicated programmed cell death activation with nuclear alterations
(small clumps around the nuclear membrane), in addition to cytoplasmatic modifications, such as
an increase of glycogen deposits and a reduction of the size and number of vacuoles [70]. Recently,
Bolafios et al. [68] have also demonstrated that the flavonoids (—)-epicatechin and kaempferol affect
cytoskeleton proteins and functions in E. histolytica [68,71], leading to changes in essential cellular
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mechanisms, such as adhesion, migration, phagocytosis, and cytolysis. These findings lead us to have
an idea of the possible targets and mechanisms of action of the flavonoids isolated from L. graveolens.
None of the flavonoids isolated from L. graveolens present a hydroxyl group at position 3, as in the case
of epicatechin and kaempferol, so there must be subtle differences in the mechanism of action of
pinocembrin, sakuranetin, naringenin, and cirsimaritin, and part of the future work of our group will
be devoted to this issue.

The significant inhibitory effect against E. histolytica observed for the methanolic extract of Lippia
graveolens (ICsy = 59.15 ug/mL) can be attributed to the presence of the flavonoids isolated from
the ethyl acetate partition as well as the carvacrol mainly obtained from the hexane partition [23].
Compounds with a higher polarity occurring in L. graveolens, soluble in methanol or water, are not
involved in the antiprotozoal activity of this plant against E. histolytica.

4. Materials and Methods

4.1. General

An Electrothermal 9100 apparatus (Electrothermal Engineering Ltd., Southend-on-Sea, UK) was
used for melting point acquisition. IR spectra were measured on a Frontier Fourier transform infrared
(FT-IR) spectrometer (PerkinElmer, Waltham, MA, USA) with an ATR accessory. NMR spectra were
recorded on an Avance DPX 400 spectrometer (Bruker, Billerica, MA, USA) running at 400.13 MHz
for 'H and 100.61 MHz for 3C. EI-MS were obtained on a MAT 95 spectrometer (70 eV, Finnigan,
San Jose, CA, USA). Thin layer chromatography (TLC) was realized on precoated silica gel glass plates
(5 x 10 cm, Merck silica gel 60 Fps4, Darmstadt, Germany). Column chromatography was carried
out on silica gel (60-200 mesh) purchased from J. T. Baker (Phillipsburg, NJ, USA). Size-exclusion
chromatography was performed on Sephadex LH-20 (Lipophilic Sephadex, Amersham Biosciences
Ltd., purchased from Sigma-Aldrich Chemie, Steinheim, Germany).

4.2. Plant Material

Aerial parts of Lippia graveolens were collected near the town General Cepeda (Mexican State
Coahuila) in March 2011 and identified by Maria del Consuelo Gonzalez. A voucher specimen
(No. 025554) was deposited at the Herbario de la Facultad de Ciencias Biologicas (UANL), Nuevo Ledn,
México. The plant name has been checked with http://www.theplantlist.org. The vegetal material was
dried and ground to powder.

4.3. Plant Extraction and Bioguided Isolation of Antiamoebic Compounds from Lippia graveolens Kunth

In total, 600 g of dried and ground Lippia graveolens leaves were extracted in a Soxhlet apparatus
for 40 h with MeOH. After filtration, the solvent was removed in a rotatory evaporator to yield 260 g
of crude extract. This extract was analyzed for its amebicide activity on trophozoites of E. histolytica
(HM1:IMSS strain), showing a significant inhibition percentage (89%; ICsp 59.15 pug/mL) in terms of
the standard concentration of 150 ug/mL. Afterward, the extract was redissolved in 2 L methanol
and divided into four portions of 500 mL each for conducting liquid-liquid partition with n-hexane.
After solvent evaporation, 19.9 g of a residue with high amebicidal activity (90.9% growth inhibition)
was obtained. Bioguided fractionation of this hexane partition, using column chromatography on silica
gel, provided 2.2 g of carvacrol (98.4% growth inhibition; ICsy 44.30 pug/mL), as previously reported [23].

The methanolic phase was concentrated under reduced pressure up to a volume of ca. 500 mL,
and 1.5 L distilled water was then added, gradually and under constant stirring. Afterward,
the methanol/water mixture was divided into four portions of 500 mL each and submitted to
liquid-liquid partition with ethyl acetate to yield, after solvent evaporation, 67.3 g of a combined
residue with 93.3% growth inhibition against E. histolytica.

The EtOAc partition was suspended in 400 mL of chloroform (CHCl3), and, after stirring, filtration,
and solvent evaporation, 25.8 g of CHCl3-soluble residue was obtained. The material recovered
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from the filter was then suspended in 400 mL of EtOAc, and, after stirring, filtration, and solvent
evaporation, 8.8 g of EtOAc-soluble residue was obtained. This second material recovered from
the filter was then suspended in 100 mL MeOH, and the same procedure was applied to yield 8.8 g of
MeOH-soluble residue and ca. 24 g of an insoluble powder from the final filtration. Each residue was
analyzed for its anti-Entamoeba histolytica activity, and remarkable results were obtained, mainly for
the CHCl3-residue, with 90.9% growth inhibition, followed by the EtOAc residue, with 61.6% growth
inhibition. The MeOH residue and insoluble powder did not show any activity.

The CHCl; fraction was divided into five portions of ca. 5 g, and each of them was chromatographed
on a silica gel (100 g) column (60 x 2.6 cm) and eluted with stepwise gradients of chloroform-ethyl
acetate, and finally with methanol. For each column, a total of 110 subfractions (50 mL) were obtained
and collected, and considering their TLC (CHCl3-EtOAc, 9:1) profiles, split into eight main fractions
(A-H). These main fractions, containing the nonpolar to the more polar compounds, were used for
amebicide assays. Out of the eight fractions, only fractions C, D, E, and F showed amebicide activity,
with 95.34%, 96.89%, 97.24%, and 95.85% growth inhibition, respectively.

Fraction C (showing the main compound, according to TLC, with Ry = 0.77; CHCl3-Ethyl acetate,
9:1) was divided into five portions of approx. 1 g, and each of them was chromatographed on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each
column and combined, based on their TLC (CHCI3-Ethyl acetate, 9:1) profiles, into five main fractions
(CA-CE). Fraction CB presented the main compound, with R¢ = 0.77, so it was subjected to subsequent
purification with three columns packed with silica gel as stationary phase (data not shown). Afterward,
315 mg of a viscous liquid with a high amebicide activity (96.76% growth inhibition; ICs, 44.1 ug/mL)
was recovered. The spectroscopic results indicated that this compound is carvacrol, previously isolated
from hexane partition [23].

Fraction D (showing the main compound, according to TLC, with Rf = 0.51; CHCl3-Ethyl acetate,
9:1) was divided into four portions of ca. 1 g and each of them was submitted to chromatography on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each column
and combined, based on their TLC (CHCl3-Ethyl acetate, 9:1) profiles, into five main fractions (DA-DE).
Fraction DB presented the main compound, with R¢= 0.51, so it was subjected to subsequent purification
with several columns packed with Sephadex as stationary phase (data not shown). Afterward, 32 mg
of a solid with a high amebicide activity (89.63% growth inhibition; ICsj 29.63 ug/mL) was recovered.
The spectroscopic results indicated that this compound is pinocembrin 1 (C15H;204; M.p. 210 °C:
Lit. 223-236 °C [72], 191-193 °C [24]).

Fraction E (showing the main compound, according to TLC, with R¢ = 0.33; CHCl3-Ethyl acetate,
9:1) was divided into three portions of approx. 1 g and each of them was chromatographed on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each
column and combined, based on their TLC (CHCl3-Ethyl acetate, 9:1) profiles, into five main fractions
(EA-EE). Fractions EB and EC presented the main compound, with Ry = 0.33, so they were subjected
to subsequent purification with several columns packed with Sephadex as stationary phase (data
not shown). Afterward, 102 mg of a solid with a high amebicide activity (97.24% growth inhibition;
IC5( 44.51 ug/mL) was recovered. The spectroscopic results indicated that this compound is sakuranetin
2 (Cy6H140s5; M.p. 160 °C: Lit. 151-153 °C [73], 143-144 °C [74]).

Fraction F showed only a main compound, according to TLC, with R¢ = 0.10 (CHCl3-Ethyl acetate,
9:1). Using an eluent of a higher polarity (CHCl3-Ethyl acetate, 1:1), this compound was revealed to be
a mixture of two compounds, with an Rf of 0.70 and 0.53, respectively. This mixture was no longer
soluble in chloroform and it was therefore not possible to use column chromatography with silica gel
of a normal phase to try to separate the two compounds. Then, this fraction was suspended in 30 mL
of chloroform and heated to reflux for 15 min, noting that a large quantity of the material remained
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insoluble. After cooling and filtering, 645 mg of an insoluble solid consisting of the two compounds of
the mixture (TLC) was recovered, while in the chloroform solution, a mixture of the same compounds
was also observed, but with additional impurities, mainly of a lower polarity. The insoluble solid
(645 mg) recovered from the filter was suspended in 30 mL methanol and heated to reflux until
complete solubility was observed. After cooling, the MeOH solution was kept refrigerated for 72 h with
hermetic closure, and during that time, 50.6 mg of a greenish powder containing only the compound
with Ry = 0.53 (CHCl;-Ethyl acetate, 1:1) was separated. This solid presented no significant amebicide
activity (52.45% growth inhibition; IC5) 154.26 pug/mL). The spectroscopic results indicated that this
compound is cirsimaritin 3 (C;7H140¢; M.p. 268 °C: Lit. 256-258 °C [26], 267-268 °C [75]).

The filtered MeOH solution was concentrated and chromatographed on a Sephadex (50 g) column
(160 x 1.5 cm) and eluted with methanol (300 mL). A total of 60 subfractions (5 mL) were collected
and combined, based on their TLC (CHCl3-Ethyl acetate, 1:1) profiles, into seven main fractions (FA-FG).
From fraction FC, additional cirsimaritin with Ry = 0.53 was recovered. Fraction FF showed only
the pure compound, with Ry = 0.70. This solid also presented high amebicide activity (96.50% growth
inhibition; ICsy 28.86 ug/mL). The spectroscopic results indicated that this compound is naringenin 4
(C15H120s; M.p. 254 °C: Lit. 250-252 °C [27], 248-250 °C [73]).

4.4. Antiprotozoal Assay

4.4.1. Test Microorganisms

Strain HM-1:IMSS of Entamoeba histolytica was obtained from the microorganism culture collection
of the Centro de Investigaciéon Biomédica del Noreste (CIBIN) in Monterrey, Mexico. The trophozoites
were grown axenically and maintained in peptone, pancreas, and liver extract plus bovine serum
and employed at the log phase of growth (2 x 10* cells/mL) by all of the bioassays performed [76,77].

The procedure for determining the growth curve for E. histolytica was performed in 13 X 100 mm
screw cap test tubes, by inoculating 20,000 trophozoites of E. histolytica in 5 mL of PEHPS medium,
to which 10% bovine serum was added. Subsequently, they were incubated at 36.5 °C for 120 h,
and every 24 h, the number of trophozoites was determined and the growth parameters in the medium
were evaluated. The process was conducted in three separate experiments per triplicate.

4.4.2. In Vitro Assay for Entamoeba histolytica

Each compound was dissolved in DMSO and adjusted to a concentration of 150 ug/mL in a
suspension of E. histolytica trophozoites at a logarithmic phase in PEHPS medium with 10% bovine
serum. Vials were incubated for 72 h, and then chilled in iced water for 20 min, and, by using a
hemocytometer, the number of dead trophozoites per milliliter was calculated. Each extract assay
was carried out in triplicate. Metronidazole was used as a positive control, and as a negative control,
an E. histolytica suspension in PEHPS medium with no extract added was used. The percentage of
inhibition was estimated as the number of dead trophozoites compared to the negative controls.

4.4.3. In Vitro ICgy Determination

Each compound was dissolved in dimethyl sulfoxide and adjusted to 150, 75, 37.5, 18.75,
and 9.375 pg/mL by adding a suspension of E. histolytica trophozoites at a logarithmic phase in PEHPS
medium with 10% bovine serum. Vials were incubated for 72 h, and then chilled in cold water for
20 min, and the number of dead trophozoites per milliliter was evaluated using a hemocytometer.
All assays were performed in triplicate. Metronidazole was used as a positive control, and as a negative
control, an E. histolytica suspension in PEHPS medium with no extract added was used. The percentage
of inhibition was estimated as the number of dead trophozoites compared to the negative controls.
The 50% inhibitory concentration of each compound was calculated by using a Probit analysis,
considering a 95% confidence level.
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5. Conclusions

The isolated and pure flavonoids from L. graveolens showed significant growth inhibition against
E. histolytica (52% to 97% at a concentration of 150 ug/mL). The ICs values of these compounds
ranged from 28.86 to 154.26 ug/mL, so they were not as effective as metronidazole (ICsy 0.205 pg/mL),
but these IC5( values can be used as a guideline for further research on this plant as a source of potential
antiamoebic agents.

The main contribution of this research work lies in the fact that it has shown that the presence of
the flavonoids described herein in Lippia graveolens has a direct relationship with the antiprotozoal
activity of extracts of this plant against Entamoeba histolytica. These flavonoids could be used as
biomarkers [78] for the quality control of phytotherapeutics developed based on this work.

The results of our research may also form the basis for directly incorporating the use of
Lippia graveolens extracts into conventional and complementary medicine for the treatment of amebiasis,
as well as other infectious diseases.

Supplementary Materials: The following are available online, Figures S1-530: supplementary spectroscopic data.
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