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Abstract

Metabolic diseases such as obesity, type Il diabetes, and dyslipidemia are a rising cause of
mortality worldwide. The progression of many metabolic diseases is fundamentally regulated on
the transcriptional level by a family of ligand-activated transcription factors, called nuclear
receptors, which detect and respond to metabolic changes. Their role in maintaining metabolic
homeostasis makes nuclear receptors an important pharmaceutical and dietary target. This review
will present the growing evidence that flavonoids, natural secondary plant metabolites, are
important regulators of nuclear receptor activity. Structural similarities between flavonoids and
cholesterol derivatives combined with the promiscuous nature of most nuclear receptors provide a
wealth of possibilities for pharmaceutical and dietary modulation of metabolism. While the
challenges of bringing flavonoid-derived therapeutics to the market are significant, we consider
this rapidly growing field to be an essential aspect of the functional food initiative and an
important mine for pharmaceutical compounds.

Introduction

Metabolic diseases are a rapidly growing public health concern in the United States and
worldwide.12 It is thought that the emerging sedentary lifestyles and high-calorie diets are
too recent on an evolutionary time scale for human physiology to adapt.? This
incompatibility may underlie metabolic diseases such as obesity, type 11 diabetes, and
dyslipidemia. While the fundamental dietary changes may ameliorate these disorders, life
style changes are more difficult to establish and hard to sustain. It is therefore crucial to find
complementary and alternative approaches to treat metabolic diseases.

Metabolism is a complex phenomenon regulated on multiple levels. In current practice,
pharmaceutical inhibitors are designed to target rate-limiting enzymes, such as HMG-CoA
reductase (HMGCR), which controls cholesterol synthesis. However, this strategy fails to
consider the redundancy of metabolic pathways and long-term effects of such intervention.
A distinctly different approach is to target the underlying transcriptional regulation of
metabolic pathways, controlling the activity of dozens of enzymes, both known and
unknown, in order to program well-defined metabolic phenotypes. Important targets in this
approach are a family of ligand-activated transcription factors, called nuclear receptors
(Table 1).

This journal is © The Royal Society of Chemistry 2013
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Avior et al.

Page 2

Nuclear receptors comprise one of the largest groups of transcription factors found in
humans, consisting of 48 different members.# Their ligands include metabolites, vitamins,
and hormones as well as xenobiotics. Direct ligand binding triggers a conformational change
in the receptor, allowing it to recruit co-regulators and initiate transcription. Nuclear
receptors play an essential regulatory role in critical processes including development and
metabolic homeostasis.>® Direct activation of nuclear receptors by metabolites, such as
glucose or fatty acids, allows cells to rapidly react to metabolic changes. Their role in
metabolic homeostasis makes nuclear receptors promising pharmaceutical targets.

Flavonoids are a class of plant secondary metabolites that are widely found in vegetables,
fruits, nuts, and seeds.’” Flavonoids are thought to have antiviral, anti-bacterial, anti-
inflammatory, and anti-carcinogenic properties but their precise mechanism of action is
largely unknown (reviewed in ref. 8-11). This review will show that flavonoids exert some
of their effect via interactions with nuclear receptors, making them a promising
pharmaceutical and nutraceutical source of compounds for the treatment of metabolic
disorders.

Nuclear receptors: concepts and variety

Nuclear receptors exhibit a significant variation in structure and function. A typical nuclear
receptor structure can be divided into several modular segments that include a ligand-
independent transactivation domain (AF-1), a DNA-binding domain (DBD), a hinge region
and a ligand-binding domain (LBD) (Fig. 1A). A defining feature of many nuclear receptors
is their ability to interact with different ligands, while presenting a single unique LBD,
making them somewhat promiscuous receptors.12:13 igand binding induces a
conformational change in the receptor, leading to the release of co-repressors and the
recruitment of co-activators. Co-activator recruitment initiates complex formation ending
with polymerase recruitment and initiation of transcription. The process is different from the
classical signal transduction cascade (Fig. 1B), permitting a direct regulation of gene
expression by hormones and metabolites. Two major sub-types of nuclear receptors are
generally described. Type | nuclear receptors are found in the cytoplasm, appearing as a
complex composed of heat shock proteins and co-repressors.14 Once activated, the complex
is broken down and the nuclear receptor homodimerizes and translocates into the nucleus to
initiate transcription (Fig. 1C). In contrast, type Il nuclear receptors are constitutively bound
to DNA, usually as heterodimers with the retinoid X receptor (RXR).1® Ligand binding
induces a conformational change altering the complex composition from co-repressors to co-
activators and leading to initiation of transcription (Fig. 1D).

Nuclear receptors as pharmaceutical targets

Extensive research over the past two decades underlined nuclear receptor involvement in
metabolic and inflammatory diseases, including diabetes, hyperdyslipidemia, cirrhosis and
fibrosis. This prompted the pharmaceutical development of nuclear receptor agonists, such
as fenofibrate and calcitriol. Fenofibrate is a peroxisome proliferator-activated receptor
a(PPARQ) agonist, causing a reduction in blood cholesterol levels, while calcitriol is a
vitamin D receptor (VDR) agonist, increasing calcium uptake. It is thought that close to 13%
of all FDA-approved drugs target the nuclear receptor family.18 This work aims to review
this rapidly growing field, focusing on some of the most well described nuclear receptors.

Estrogen receptor (ER)

ERs (isoforms a and [3) are type Il nuclear receptors expressed in many different tissues.
When activated, ER translocates into the nucleus, binding DNA either as aa homodimer or
as op heterodimer.17:18 These combinations respond differently to different ligands,
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translating into tissue-selective agonistic and antagonistic effects (reviewed in ref. 19), ER
natural ligands include 17B-estradiol (commonly referred to as estrogen) that binds both
receptors, estrone that preferentially binds ERa, and estriol that preferentially binds ERB.20
+ERs are expressed in most cases of breast cancer?! and are involved in ovarian, colon, and
prostate cancer.22-24 Their key roles in the reproductive, musculoskeletal, and central
nervous systems25-27 make ERs an attractive pharmaceutical target.

Tamoxifen was the first selective estrogen receptor modulator (SERM) approved as a cancer
chemo-preventive agent. Tamoxifen binds both receptor isoforms,28 mimicking estrogen
action in certain tissues while opposing it in others.2%30 |t was hoped that tamoxifen would
be suitable to treat menopausal symptoms as well, but its estrogenic effects on the uterus
were shown to increase the risk of uterine cancer.3! Raloxifene, a second generation SERM,
binds both isoforms and exhibits anti-proliferative effects in breast cancer cells alongside
positive effects on osteoporosis, without uterotrophic effects.3233 The third generation of
SERM:s includes bazedoxifene and lasofoxifene,343% which are currently approved for the
treatment of osteoporosis in the European Union but not in the United States.

Peroxisome proliferator-activated receptor (PPAR)

PPARs (isoforms a, B and y) are type Il nuclear receptors that play an essential role in lipid
metabolism3® and adipocyte differentiation3’ as well as insulin response.3® Binding of
natural ligands, such as fatty acids released during fasting, causes a conformational change
in PPARs and the recruitment of co-activators, such as PGC1a.3940 PPARa activation leads
to increased fatty acid oxidation in liver and muscle,142 while PPARYy activation increases
insulin sensitivity primarily in the adipose tissue.*3 Both pathways make PPARS important
targets in the treatment of dyslipidemia and diabetes. PPARa activation was found to
suppress NFKB and AP1-mediated inflammatory responses in human aortic smooth muscle
cells,** making it an attractive target for anti-inflammatory treatment.

The most studied synthetic ligands for PPARs are thiazolidinediones (TZDs), a class of
drugs used to increase insulin sensitivity even before their mechanism of action was
understood. TZDs were found to decrease insulin resistance, modify adipocyte
differentiation and induce lipoprotein lipase (LPL) through PPARY activation.#>48
However, the clinical use of early TZDs was discontinued due to hepatotoxicity.*? A second
generation of TZDs, including rosiglitazone and pioglitazone, lacked this side effect and was
effectively used in the treatment of type 11 diabetes for over a decade.?9-°1 However, recent
studies found that these drugs increase the risk for myocardial infarction in all patients and
the risk of stroke, heart failure, and all-cause mortality in patients older than 65 years.>2:53

Fibrates, such as bezafibrate and gemfibrozil, are a class of synthetic amphipathic carboxylic
acids, used to treat dyslipidemia prior to the advent of statins. Fibrates increase triglyceride
lipolysis by PPARa-mediated activation of LPL in the liver.>* Activation of PPARa has
been suggested to increase high-density lipoprotein (HDL) levels v/atranscriptional changes
of target genes involved in lipoprotein metabolism.® Together these effects shift the
atherogenic lipoprotein balance, reducing cardiovascular morbidity.

Farnesoid X receptor (FXR)

FXR is a bile acid receptor, which plays an important role in cholesterol metabolism. This
type Il nuclear receptor is highly expressed in the liver and intestine, and is activated by
chenodeoxycholic acid and other bile acids.>%:> Upon activation, FXR heterodimerizes with
RXR and induces the small heterodimer partner (SHP), which in turn antagonizes liver
receptor homo-logue-1 (LRH-1).8 LRH-1 inhibition represses both SHP and cholesterol
7a-hydroxylase (CYP7AL), the rate-limiting enzyme in the conversion of cholesterol to bile
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acids, establishing a negative feedback loop.58 FXR modulation was shown to regulate lipid
metabolism, possibly by interacting with PPARa and PPARY,>9:60 as well as repression of
sterol regulatory element-binding protein-1c (SREBP-1c).51 The reduced triglyceride levels
seen in mice after FXR activation®2 could result from the combined effects of fatty acid
oxidation and lipogenesis inhibition. Synthetic agonists of the FXR include GW4064,
INT-747 and fexaramine.%3 Some of these compounds are currently tested for the treatment
of primary biliary cirrhosis and non-alcoholic fatty liver disease.

Liver X receptor (LXR)

LXRs (isoforms a and B) are type Il nuclear receptors that play an important role in
cholesterol, fatty acid and carbohydrate metabolism. While LXR is ubiquitously expressed,
LXRa is predominant in the metabolic tissues such as liver, kidney, intestine and adipose
tissue.84%° The natural ligands of LXRs are oxygenated derivatives of cholesterol, such as
24(5)-hydroxy-cholesterol and 24(5),25-epoxycholesterol 6 as well as o-glucose and o-
glucose-6-phosphate.6” LXR activation during feeding induces fatty acid synthesis and
cholesterol transport, and its targets include ABC proteins, and the pro-lipogenic
transcription factor SREBP-1¢.%8:69 SREBPs regulate the expression of genes involved in
fatty acid and cholesterol biosynthesis.

Treatment with the synthetic LXR ligand T0901317 drastically increases hepatic
lipogenesis.”0 Studies suggest that selectively activating LXRp favorably regulates the lipid
profile without increasing liver triglycerides’::72 making LXRp a potential drug target.
These processes may be induced by the relatively weak LXR activator GW3965,73 or by
selective LXR agonists such as A-acylthiadiazolines.”

Pregnane X receptor (PXR)

PXR is a steroid and xenobiatic receptor predominantly expressed in the liver. This type Il
nuclear receptor is activated by bile acids, such as lithocholic acid,’® and naturally occurring
steroids such as progesterone.’8 Activation of the PXR induces the expression of phase | and
I drug-metabolizing enzymes, and drug and bile acid transporters.”” PXR is one of the main
regulators of cytochrome P450 3A4 (CYP3A4), a key enzyme that catalyzes the metabolism
of nearly 40% of clinically prescribed drugs.”® Differential expression of CYP3A4 can alter
the therapeutic and toxicological responses to drugs, leading to adverse reactions. A
semisynthetic PXR agonist named rifampicin is currently used in the treatment of cholestatic
liver disease’® and its exact mechanism of action is under investigation. Like other nuclear
receptors, PXR activity was found to be regulated not only by direct ligand binding but also
by cell-signaling pathways such as protein kinase C (PKC) phosphorylation.&0

Hepatocyte nuclear factor 4a (HNF4a)

HNF4a is an enigmatic nuclear receptor expressed in liver, kidney, pancreas, and intestine
tissues.81:82 HNF4a is rather unique in that it binds DNA exclusively as a homodimer and
yet behaves as a type Il nuclear receptor localized primarily in the nucleus. Interestingly,
fatty acids are often found in the LBD of HNF4a,83 which was considered to be
constitutively active. However, recent studies suggest that linoleic acid binding does not
significantly affect HNF4a transcriptional activity.84 Importantly, fatty acyl-CoA molecules
were found to modulate HNF4a activity,8° leading to overall changes in lipid and
carbohydrate metabolism.86:87 These metabolic effects of HNF4a transcriptional activation
are mediated in part by regulation of PPARa, HNF1a, and PXR expressions.88-90 While the
HNF4a knockout is embryonically lethal, mutations in this gene were shown to be
associated with mature onset diabetes of the young (MODY).%1 Due to its crucial role in
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liver homeostasis and function, many efforts have been made to synthesize specific HNF4a
modulators.%2

Flavonoids: dietary nuclear receptor regulators

Flavonoids are plant secondary metabolites widely found in fruits, vegetables, nuts, and
seeds. They are consumed regularly with an average dietary intake of about 190 mg
flavonoids per day in American diet.93 Chemically, flavonoids are polyphenolic compounds
comprising of a backbone of 15-carbon molecules, with two aromatic rings connected by a
three-carbon bridge. Flavonoids occur as aglycones or glycosides as well as their methylated
derivatives. Based on the differences in the structure of the C ring, flavonoids can be
classified into six groups (Table 2): flavanones, flavones, flavonols, flavanols (catechins),
isoflavones, and anthocyanins. The basic flavonoid skeleton can have numerous
substituents, with sugars and hydroxyl groups increasing water solubility of flavonoids,
while other substituents, such as isopentyl and methyl groups turn flavonoids lipophilic.
Over 4000 naturally occurring flavonoids have been identified to date.%*

The flavonoid family was shown to display some pharmacological activity, showing anti-
inflammatory, anti-microbial and anti-carcinogenic properties (reviewed in ref. 8-11). While
these properties may explain the success of some herbal medicine in the treatment of certain
inflammatory and infectious diseases,%>:9 their mechanism of action is often unresolved.
Structural resemblance between flavonoids, steroids and other cholesterol derivatives
suggests that flavonoids may exert some of their effects through the nuclear receptor family.
The promiscuous nature of the nuclear receptor ligand-binding domain may facilitate direct
transcriptional regulations of cells by dietary intake of flavonoids.

Flavanones

Flavanones are non-planar molecules with a chiral center at the C, connecting rings B and
C. High concentrations of flavanone glycosides, such as naringin and hesperidin, are found
in citrus fruits. Both compounds are broken down by intestinal flora to their aglycones,
naringenin and hesperetin, prior to being absorbed.

Naringenin, which is responsible for the bitter taste of grapefruits, is one of the most studied
flavanones. It was found to attenuate dyslipidemia without affecting the caloric intake or fat
absorption in a diabetic mouse model.%” Earlier studies showed the potential of naringenin
as a normolipidemic agent, reducing lipid levels in rats and mice.%:99 This flavanone was
shown to weakly bind and activate ERa and ERp, presenting anti-estrogenic effects in
rodents.100.101 Naringenin was also shown to activate phosphoinositide 3-kinase (P13K)
upstream of SREBP-1 in cultured hepatocytes,192 blocking secretion of apolipoprotein B
(apoB), the main constituent protein of low-density lipoprotein (LDL).103 These myriad
effects suggested that naringenin might act on an underlying transcriptional regulation of
lipid metabolism. Indeed, Goldwasser and colleagues showed that naringenin is a dual
agonist of PPARa and PPARYy, as well as a partial agonist inhibitor of LXRa. Naringenin
was shown to directly block the association of the LXRa ligand-binding domain with the
Trap220 co-activator.104 Concomitantly while naringenin did not affect the PPAR ligand-
binding domain it induced PGC1la expression up-regulating a critical co-activator of both
PPARs These effects translate into the induction of fatty acid oxidation genes (ACOX,
CYP4A10) and inhibition of lipid and cholesterol synthesis genes (HMGCR, FAS) The net
metabolic effect was the induction of a fasted-like state in rats and primary human
hepatocytes

The ability of naringenin to agonize both PPARa and PPARY suggests that it has both anti-
lipogenic effects and insulin-sensitizing properties as has been clinically demonstrated for
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fibrates (PPARa agonists) and TZDs (PPARYy agonists) The development of multimodal
drugs which can reduce triglycerides and regulate energy homeostasis and hyperglycemia,
may offer valuable therapeutic options. Dual PPARa and PPARY agonists were long sought
after by the pharmaceutical industry, but their development was spurred by safety concerns.
In contrast, naringenin is a dietary supplement with a clear safety record, and acts as a dual
agonist. Thus, it might protect the liver from damage.

Hesperetin is another abundant flavanone found in citrus fruits. The metabolites of this
compound were similarly shown to promote hypolipidemic effects in diabetic rats, lowering
the expression of hepatic HMGCR and increasing the expression of the LDL receptor.10
Although hesperetin does not activate PPARa as robustly as naringenin, it can up-regulate
cholesterol efflux from macrophages and adiponectin production in adipocytes by promoting
LXRa and PPARYy expressions.106.107

Phloretin, found in apple tree leaves,108 is a structural analogue of flavanones® known for
inhibiting glucose transport into cells.209 The compound was shown to enhance PPARY and
C/EBPa expressions /in vitroin 3T3-L1 preadipocytes, leading to increased triglyceride
accumulation and adipocyte differentiation.119 It was also shown to act as a phytoestrogen
and bind to ER,192 altering estrogen-responsive genes /n vitroin MCF-7 human breast
cancer cells.111

Flavones, such as chrysin, apigenin and luteolin, are found mainly in honey and herbs such
as parsley and celery.112.113 Flayones lack oxygenation at C3 but otherwise can have a wide
range of substitutions, with polymethoxylated flavones, such as nobiletin and tangeretin,
being a notable sub-family.

Interestingly the flavones, chrysin, apigenin and luteolin, were shown to affect drug
metabolism, through complex interactions with the PXR. In cultured hepatocytes, these
flavones strongly activated PXR-mediated CYP3A4 expression without directly binding
PXR, suggesting an indirect PXR-activation pathway.114 The PXR controls the expression
of CYP3A4, which is responsible for the clearance of close to 40% of drugs on the market.”8
Apigenin and chrysin were also shown to activate PPARy expression in mouse
macrophages, inducing anti-inflammatory effects.11® Remarkably, PPARy conformational
changes appeared to differ from that induced by rosiglitazone suggesting apigenin and
chrysin may act as allosteric effectors capable of activating PPARy by binding at a different
site.115 It has been recently suggested that luteolin potentiates insulin action in adipocytes by
agonizing PPARYy and increasing the expression of PPARYy target genes such as adiponectin
and leptin .116 However structural analyses suggest that luteolin acts as a weak agonist and
binds PPARYy by cooperating with other ligands.11? Apigenin was additionally shown to
retain both estrogenic and anti-estrogenic abilities in a dose-dependent manner At low
concentrations it stimulated proliferation of breast cancer cells by enhancing ERa-mediated
gene expression whereas at high concentrations it inhibited cell growth partially by reducing
ERa expression 118

Polymethoxylated flavones (PMF) such as nobiletin and tangeretin are found in many citrus
peels These compounds are suggested to have the most potent cholesterol-lowering effect
than other citrus flavonoids.11® Tangeretin significantly decreased lipid synthesis in cultured
hepatocytes, and activated PPARa, a modulator of hepatic fatty acid oxidation; 120 nobiletin
was shown to suppress adipogenesis in 3T3-L1 preadipocytes by inhibiting lipid
accumulation and blocking PPARY expression.12! Evidence is also emerging from animal
models, where Lee showed that nobiletin improves hyperglycemia and insulin sensitivity in
obese mice, possibly due to the up-regulation of PPARYy expression.122 Li and colleagues
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showed that a diet rich in PMF improved insulin sensitivity and dyslipidemia in insulin-
resistant hamsters, showing increased expression of hepatic PPARa and PPARy.123
Interestingly, a more recent study showed that while nobiletin decreased dyslipidemia in the
Ldlr"= mouse model, it did not activate any PPAR isoform using a luciferase reporter assay
in vitro, indicating that some of its effects might be nuclear receptor-independent.124

Flavonols are the most widespread of the flavonoids, found throughout the plant kingdom.
Their extensive distribution and structural variations in commonly consumed vegetables and
fruits have been well documented.” The common flavonol kaempferol, found in numerous
vegetables and fruits such as cabbage and tomatoes, was shown to modulate PPARYy in
mouse macrophages,}1° and promotes bone tissue formation by inducing estrogen receptors
in cultured osteoblasts.12 The binding properties of kaempferol to PPARYy seem to differ
from those of rosiglitazone,11® suggesting that it is only a partial agonist and underlining
once more the promiscuous binding of nuclear receptors.

Quercetin is one of the most abundant flavonols and can be found in tea, capers, lovage,
apples and onion. Its glycoside rutin can also be found in citrus fruit, buckwheat, and
asparagus. Quercetin was shown to ameliorate dyslipidemia, hypertension and insulin
resistance in obese rats.126 These effects are thought to be the outcome of several different
processes such as reduced fatty acid synthesis and inhibition of nitric oxide (NO) production
in hepatocytes.127.128 Others suggested that quercetin is a weak partial agonist of PPARY,
which can be used to improve insulin-stimulated glucose uptake in mature 3T3-L1
adipocytes without promoting differentiation of preadipocytes.12° Wein and colleagues
showed that quercetin failed to induce PPARYy expression in adipose tissue of rats on a high-
fat diet, suggesting that its effects were PPARy-independent.130 The same study showed
only minor induction of PPARYy activity in cultured mouse embryonic fibroblasts.139 We
note that in our hands quercetin is a much more potent inducer of PPARY activity /n vitro,
with more recent studies showing isorhamnetin (IH), a 3'- O-methylated metabolite of
quercetin, to be a potent activator of PPARy.31 Finally, quercetin was also found to have
pro-apoptotic effects in colon cancer cell lines by modulating different estrogen

receptors, 132133

Flavanols, sometimes referred to as flavan-3-ols, include catechins and catechin gallates,
which are common in tea, wine, fruits and chocolate.134:135 Epigallocatechin gallate
(EGCG), a well-known antioxidant, is a member of this family found primarily in green tea.
Pure EGCG prevents diet-induced obesity and hyperglycemia in mice.136:137 Recent
evidence shows that EGCG suppresses adipogenesis in 3T3-L1 preadipocytes by inhibiting
lipid accumulation and PPARY expression.138 Work in high fat-fed C57BL/6J mice showed
that EGCG induces fatty acid oxidation as well as an up-regulation of PPARa activity in
skeletal muscle.139 Remarkably, recent work suggests that EGCG is a partial agonist of
FXR.140 EGCG dose-dependently activates FXR, but fails to recruit the SRC2 co-activator
in vitro. However, the compound blocks FXR activation by the potent synthetic ligand
GW6064 (ref. 140),

Epicatechin gallate (ECG) is another flavanol present in green tea and red wine. The
compound was found to have a similar affinity to PPARY as rosiglitazone.141 It can by
hypothesized that at least some of red wine's beneficial effects on health and metabolism are
due to this PPARY ligand; however, red wine contains other flavonoids and phenols, such as
delphinidin and resveratrol, which interact with nuclear receptors, especially with estrogen
receptors, 142143
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Proanthocyanidins are oligomers composed of flavanol units. The grape seed
proanthocyanidin extract (GSPE) increases the expression of SHP, a major FXR target, and
improves the postprandial plasma lipid profile in wild-type rats.144 Further research
indicated that in the murine liver, GSPE down-regulated the expression of SREBP-1 and its
target lipogenic genes viathe FXR pathway.14° This study suggested that proanthocyanidins
are FXR ligands that hold therapeutic potential in the treatment of metabolic disorders, such
as hypertriglyceridemia and type 11 diabetes.

Isoflavones

Isoflavones are found almost exclusively in leguminous plants, with the highest
concentrations occurring in soybeans.146 Isoflavones, such as daidzein and genistein, have a
significant estrogenic effect and are therefore termed phytoestrogens. Their estrogenic
activity is sufficient to seriously affect the reproduction of grazing animals.14’ At high
concentrations, genistein and daidzein up-regulate adipogenesis and down-regulate
osteogenesis in mouse mesenchymal stem cells. At lower concentrations, they act like
estrogen, stimulating osteogenesis and inhibiting adipogenesis.148.149 |t is possible that the
presence of low-affinity phytoestrogens can diminish the effect of endogenous ER ligands
such as 17p-estradiol, 150 thereby antagonizing the estrogen-signaling pathway. /n7 vitro
studies suggest that genistein can promote fatty acid oxidation by activating PPARa, 151
while daidzein can enhance insulin sensitization by activating PPARy.1>2 In addition, equol
—a daidzein metabolite — was shown to induce PXR-mediated activation of CYP3A4 in
primary human hepatocytes.133 Different /n vivo studies suggest that soy isoflavone intake
can improve lipid metabolism and produce an anti-diabetic effect through multiple
mechanisms, including PPARa and PPARY activations.154.155

Though these results seem promising, isoflavones may become a health risk by inhibiting
different thyroid functions such as thyroid peroxidase activity.1°6 However, early clinical
trials suggest that dietary isoflavone intake does not cause abnormalities in individuals with
normal thyroid function.157

Anthocyanins

Anthocyanins are water-soluble pigments that commonly appear in red, blue and purple
plant tissues.1%8 Recent studies have found that the anthocyanin cyanidin-3- G-glucoside
(C3G) and its metabolite protocatechuic acid exhibit insulin-like activity and activate
PPARYy in human adipocytes.1>® Another study suggests that C3G up-regulates cholesterol
efflux from mouse macrophages by activating the PPARy-LXRa-ABCAL1 pathway.160 C3G
was also shown to promote cholesterol efflux from human aortic endothelial cells by
inducing LXRa activity,161 suggesting this anthocyanin may ameliorate the effects of
atherosclerosis by enhancing reverse cholesterol transport. A diet supplemented with tart
cherry, a rich source of anthocyanins, altered metabolic disorders in Dahl salt-sensitive rats
with insulin resistance and hyperlipidemia.162 After 90 days on a cherry-rich diet, these rats
showed reduced hyperinsulinemia and hepatic lipid accumulation accompanied by increased
PPAR« expression. It must be noted that while tart cherries do contain high amounts of
anthocyanins (~50%) they also contain other flavonoids, such as quercetin (~25%) and
isorhamnetin rutinoside (~15%), which might mediate these beneficial effects.162

Other herbal substances

There are a few examples of natural substances that contain flavonoids, among other
compounds, and affect nuclear receptor activity. Guggulu, the gum resin of Commiphora
mukul, has been used in traditional Indian medicine since at least 600 BC to treat a variety
of disorders, including atherosclerosis and obesity.163 An extract of this resin has been
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shown to decrease triglyceride and LDL levels in patients with hypercholesterolemia, 164165
Guggulsterone, the active ingredient in this extract, was found to be an FXR antagonist and
reduces hepatic cholesterol in mice.166

Another commonly used example is licorice (Glycyrrhiza glabra). Licorice flavonoid oil
decreases the abdominal adipose tissue weight and reduces hepatic and plasma triglyceride
levels in obese rats. A recent study elucidated the possible molecular mechanism underlying
this metabolic amelioration: licorice flavonoid oil up-regulated hepatic expression of
PPARa, which induces fatty acid oxidation, and down-regulated hepatic expression of
SREBP-1c, which promotes lipid production.167 A more recent study suggests that
glabridin, the major isoflavan in licorice root, is responsible for the oil's anti-obesity effects.
It was found to be the functional component responsible for the reduced weight gain of high-
fat-fed obese mice, in a dose-dependent manner.168 This effect was mediated, at least in
part, by inhibiting PPARy and its downstream targets in adipose tissues, as validated /in vitro
on 3T3-L1 preadipocytes. Glabridin was also shown to have antioxidative effects on LDL
oxidation in healthy human subjects.16? Alongside glabridin, licorice roots contain a large
number of flavonoids, many of which were shown to present estrogenic activity both /n vivo
and in vitro.170-172

Flavonoids' bioavailability and delivery

While the therapeutic potential of flavonoids is significant, their clinical utility is limited due
to their poor bioavailability and rapid clearance. Despite decades of research on flavonoids,
information about absorption, distribution, metabolism, and excretion of individual
compounds in humans is just beginning to accumulate.173-176 Animal studies showed the
bioavailability of 6% for naringenin,1”’ 14% for EGCG, 6% for ECG,178 and 30% for
luteolin.17® Clinical pharmacokinetic studies showed relatively short half-lives ranging from
2.3 hours for naringeninl80 to 6.9 hours for ECG.181 /n vitro studies frequently use
flavonoids at concentrations higher than those that can be achieved in the plasma following
dietary intake.1”3 However, biologically relevant plasma concentrations of flavonoids and
their metabolites can be observed following oral ingestion.17>

Similar to other xenobiotics, flavonoids are subjected to different chemical modifications
upon absorption. In the intestinal epithelium, many flavonoids are conjugated with
glucuronate and sulfate groups, becoming distinct from their original aglycone structure
used in many /n vitro experiments.182 Although these metabolites still possess biological
activity, changes in molecular weight and polarity may affect their passive diffusion across
lipid membranes.183 In an /n vivo model of flavonoid bioavailability, macrophages in
inflamed arteries convert quercetin-3-O-glucoronide (Q3GA) to the atheroprotective
quercetin.184:185 This model suggests that Q3GA serves as a quercetin carrier in the plasma;
after reaching the vascular wall, Q3GA is enzymatically deconjugated, delivering the free
form of quercetin into tissues.186 Quercetin metabolites also undergo deconjugation
followed by sulfation in hepatocytes, allowing the transient presence of the free aglycone
form.187 Furthermore, conjugation may detrimentally affect the structure-activity
relationship between flavonoids and nuclear receptors. Such an effect was demonstrated by
reduced binding of sulfated isoflavones to ERs, and poor stimulation of estrogen-dependent
growth of MCF-7 breast cancer cells by glucuronide isoflavones.188 In contrast, naturally
occurring methylation of methoxyflavones may enhance intestinal absorption and metabolic
stability over unmethylated flavonoids.182 More research is needed to determine the effect
of flavonoid conjugation on their interaction with nuclear receptors.
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Flavonoid—dextran complexes

One reason for the low bioavailability of flavonoids is their poor water solubility. Several
studies showed that the solubility of flavonoids like naringenin,177:190 quercetin191.192 ang
genistein193 can be enhanced by complexation with B-cyclodextrin, an FDA approved
excipient. For example, complexation of naringenin with hydroxypropoyl-p-cyclodextrin
(HPBCD), a hydrophilic form of cyclodextrin, increased the bioavailability of naringenin in
rats by 7.4-fold.17” Amylose can similarly be used to create flavonoid complexes. These
complexes showed a high retention of genistein in simulated acidic stomach conditions and
released genistein upon digestion in pancreatin solution.1%4 Furthermore, the amylose—
genistein complexes were later shown to have increased bioavailability in rats.195

Amorphous solid dispersion

Amorphous solid dispersions are a promising new method to deliver low-solubility drugs
across the gastrointestinal barrier. The higher solubility is due to the lack of the crystal
structure and the rapid dissolution of the supporting matrix. Quercetin,1%6 silymarin,197 and
nobiletin198 were recently formulated as solid dispersions. Onoue and colleagues showed
that wetmilled nobiletin nanoparticles showed 13-fold higher bioavailability than the
crystalline form.198

Discussion

In recent years, a family of ligand-activated transcription factors called nuclear receptors
emerged as key regulators of cellular metabolism. Key metabolites were found to be the
natural ligands of many nuclear receptors, previously defined as orphan receptors, and their
interactions were slowly elucidated defining well-described negative and positive feedback
loops. One such well-defined program is the transition from a PPARa-induced fasted state!
to a LXRa-induced fed state.199 Here fatty acids released by adipose tissues during fasting
activate PPARa-controlled fatty acid oxidation, blocking LXRa-activity by competition for
RXR binding partners.200.201 Dyring feeding, glucose and cholesterol activate LXRa and
SREBP-1c, respectively,57:68 blocking PPARa activity and inducing lipid synthesis for
long-term storage.202:203 |t js these feedback loops that dietary and pharmaceutical
modulation can most readily affect.

It is long known that natural compounds found in fruits, vegetables and plants, affect human
health. Ancient cultures have used these properties to form what is known as primal
medicine, which is partially used today. Flavonoids, secondary plant metabolites, are
emerging as key active components in many complementary and alternative treatments.
Flavonoids, found in large quantities in human diet, exhibit very low toxicity compared to
other active plant compounds, such as alkaloids. Much of the early excitement about
flavonoids revolved around their antioxidant activity /n vitro,2°4205 with anti-inflammatory
and anti-carcinogenic activities highlighted in many publications.206-209 |n fact, the
beneficial effects of fruits, vegetables, tea and red wine are already attributed to flavonoid
compounds, although quantitative physiological evidence is still scarce.

It is becoming clear that poor intestinal absorbance (5—-10%) and rapid clearance (1-3 hours)
of most flavonoids severely limit the clinical utility of this family. Therefore, it is important
to gain a critical understanding of the mechanism of action of these natural compounds,
allowing more effective flavonoid derivatives and complexes to be created. In this context,
this work reviewed the growing evidence supporting flavonoids being regulators of nuclear
receptor activity. It is thought that structural similarities between flavonoid and steroidal
derivatives combined with the promiscuous nature of most nuclear receptors drive these
interactions. In fact, it is common to find flavonoids like naringenin, which act on multiple
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nuclear receptors, such as ERa/, PPARaly, and LXRa exerting complex metabolic
responses (Fig. 2).

Our group recently presented one example of this approach. We utilized naringenin-HPRCD
complexes to increase the bioavailability of flavonoid by 11-fold.1”” Complexes given to
rats just prior to a fatty meal locked a PPARaH9"/LXRa-W fasted transcriptional program,
reducing VLDL production by 43% and increasing insulin sensitivity by 64%.104.177 The
preliminary results of a similar clinical trial were recently presented at the European
Association for the Study of the Liver (EASL). It is clear that a growing understanding of
the flavonoid mechanism of action can drive their clinical utility.

Although using flavonoids /n vitro provides promising results, their use in patients holds
many challenges. It is clear that nuclear receptor—flavonoid interactions offer many
opportunities for therapeutic intervention, but the complexity of genetic and metabolic
interactions (Fig. 2) is difficult to unravel. With almost every publication revealing new
regulatory junctions and interactions, the potential of altering metabolic networks is being
further illuminated. A combination of creativity, innovation and effort may enable the use of
these interactions in order to tackle metabolic diseases — benefiting the lives of millions.
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Fig. 1.

Nuclear receptor transcriptional activation. Nuclear receptors are a family of ligand-
activated transcription factors. (A) Members of the nuclear receptor superfamily have a
common domain structure consisting of an amino-terminal activation domain (AF-1), a
DNA-binding domain, and a carboxy-terminal ligand-binding domain (LBD). The LBD
determines ligand-regulated interactions with co-activators and co-repressors through
allosteric changes in a short helical region known as AF-2. (B) In a canonical signal-
transduction cascade, receptor binding at the plasma membrane initiates enzymatic
phosphorylation cascades culminating with transcription factor translocation into the
nucleus. (C) Type I steroid nuclear receptors are synthesized in inactive forms associated
with heat-shock protein (HSP) complexes in the cytoplasm. Direct hormone binding causes
a conformational change, dissociation from HSP complexes and translocation into the
nucleus. (D) Type Il heterodimeric nuclear receptors bind constitutively to DNA with RXRs
as obligate partners. Ligand binding causes a conformational change, dissociation of co-
repressor complexes and recruitment of co-activators, such as PGCla.
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Fig. 2.
Nuclear receptor targeting of dietary flavonoids. Metabolic pathways are divided among the

predominant nuclear receptor targets of flavonoids. Interactions between nuclear receptors
were taken from BioBase® based on expression analysis and direct binding data. Solid
arrows denote direct modulation of activity, while dashed arrows denote indirect interaction,
through other transcription factors in the network.
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Table 2

Backbone structure of different flavonoid subclasses

Group Structure Examples
Flavanone - Hesperetin
"“' Naringenin
: o, M v
7 2.
b
C
& N 3
5
(o]

Flavone Apigenin
Chrysin
Luteolin

Flavonol Kaempferol
Quercetin

Flavanol EGCG
Epicatechin
Epicatechin gallate

Isoflavone Daidzein
Genistein

Anthocyanin

Cyanidin-3- O-glucoside
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