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Abstract

Evidence from both epidemiological studies and basic research suggests that obesity and osteoporosis are interrelated. Though there is an increase in the
prevalence of these disorders, a limited number of treatments are available, one of the reasons being the complexity of the pathways involved and difficulty in
identifying a single molecular target. Due to adverse effects of pharmaceuticals, intake of herbal drugs by patients without a physician's recommendation is
increasing globally. Lack of success with targeted monotherapy has encouraged scientists to determine whether combinations of phytochemicals that interfere
with numerous cell-signaling pathways can be a more effective approach to treat complex diseases. For example, evidence is emerging that specific combinations
of phytochemicals are far more effective than single compounds in decreasing adipogenesis and promoting bone formation. Since multiple pathways are
dysfunctional in obesity and osteoporosis, an ideal approach for preventing and treating these diseases may be to use a combination of phytochemicals to
address several targets simultaneously.
© 2011 Elsevier Inc. All rights reserved.
Keywords: Vitamin D receptor; Farnesoid X receptor; Aryl hydrocarbon receptor; TGR5; H+-ATP synthase
1. Introduction

Adipocytes and osteoblasts differentiate from a common proge-
nitor cell, and tissue specific transcription factors regulate each
differentiation pathway [1]. There is an increased interest in selective
modulation of the signaling pathways; however, successful targeting
of signaling pathways requires a considerable refinement of our
understanding of these complex pathways and their effects on lipid
metabolism and bone formation. Understanding the interactions
between these pathways will help in creating novel treatment
regimens for obesity and osteoporosis.

Epidemiological reports indicate the severity of the obesity
problem globally. In addition, aging results in a relative increase in
body fat content accompanied by an accumulation of adipocytes in
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bone marrow, which is directly implicated in age-related bone
loss. Bone loss disorders are also on the increase worldwide.
Therefore, treatments that inhibit adipogenesis in both fat depots
and bone marrow, while simultaneously stimulating osteogenesis,
will have significant, positive consequences for both obesity and
bone health.

There are only two medications approved in the US for the long-
term treatment of obesity, and both drugs have adverse side effects
[2]. While a number of medications like bisphosphonates and
teriparatide are available for osteoporosis prevention and therapy
in the US, there is evidence for side effects with these drugs [3]. Due
to potentially hazardous side effects of pharmaceuticals and
dissatisfaction with high costs, a larger increasing percentage of
people in the US and other countries are exploring the use of natural-
product-based treatments. Natural products have been a source of
drug leads for years, and in the past two decades, 61% of the new
chemical entities introduced as drugs worldwide were inspired by
natural products [4].

Targeting several signaling pathways simultaneously using
phytochemicals to achieve synergistic effects has been investigated
for cancer, but a similar concept for obesity or osteoporosis has not
been as rigorously explored. We have investigated several phyto-
chemicals alone or in combination and demonstrated enhanced
effects on decreasing adipogenesis and promoting osteogenesis
[5–7]. In the current review, we will discuss the novel signaling
pathways that can be targeted by phytochemicals in adipocytes and
osteoblasts to achieve synergistic decrease in lipogenesis and
enhanced osteogenesis.
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2. Vitamin D receptor

The major biological function of 1,25(OH)2D3 was once perceived
as to maintain normal blood levels of calcium and phosphorus, but
recent research suggests that it is not just a vitamin but a hormone.
Actions of 1,25(OH)2D3 are mediated by the binding of 1,25(OH)2D3

to a specific cytosolic/nuclear vitamin D receptor (VDR), a member
of the steroid/thyroid hormone receptor superfamily, and VDR plays
a key role in adipocyte biology when bound to its ligand,
1,25(OH)2D3 [8]. Vitamin D receptor protein is expressed at low
levels in preadipocytes, drastically increases upon initiation of
adipogenesis and then gradually declines during the progression
of the differentiation process and becomes barely detectable in
mature adipocytes [8]. The unliganded VDR has unique functions in
the presence and absence of its ligand and plays an important role
in the molecular pathways governing adipogenesis, depending upon
the availability of intracellular 1,25(OH)2D3 [8]. A decrease in
adipogenesis by liganded VDR appears focused on the C/EBPβ
signaling pathway, by suppressing PPARγ up-regulation and antago-
nizing PPARγ activity [8]. Recently, 1,25(OH)2D3 was also shown to
play a role in energymetabolism in vivo by regulating β-oxidation and
uncoupling protein expression [9]. These studies suggest that
1,25(OH)2D3 and VDR may play an important role in regulation of
body fat content.

Availability of intracellular 1,25(OH)2D3 depends on the presence
of 1 α-hydroxylase (CYP27B1), which synthesizes 1,25(OH)2D3 from
its precursor 25-hydroxyvitamin D3 and cytochrome P450 enzyme
24-hydroxylase (CYP24), which hydroxylates, inactivates and
decreases half-life of 1,25(OH)2D3 [10]. Compounds that increase
CYP27B1 and decrease CYP24 activity might therefore enhance
1,25(OH)2D3's effects, making these enzymes interesting molecular
targets. In cancer cells, genistein induced CYP27B1 and reduced
CYP24 activity [11]; however, no such reports are available for either
adipocytes or osteoblasts. Nevertheless, genistein in combination
with 1,25(OH)2D3 synergistically increased VDR expression in
adipocytes, leading to a synergistic decrease in lipid droplet
accumulation [5]. It is interesting to note that 1,25(OH)2D3 has
potential to increase the expression of estrogen receptors (ERs) [12]
and genistein binds to ER to mediate antiadipogenic effects [13].

Obese individuals were shown to have a greater risk for
developing hyperparathyroidism, which is believed to be secondary
to hypovitaminosis D [14]. 1,25(OH)2D3 is also considered a bone
remodeling agent and is recommended for management of postme-
nopausal osteoporosis [15]. The prevalence of metabolic syndrome is
significantly higher in aged womenwith 1,25(OH)2D3 deficiency than
in women with normal 1,25(OH)2D3 levels [16]. Interestingly,
hormone replacement therapy in combination with a 1,25(OH)2D3

analog and the combination of 1,25(OH)2D3 with ipriflavone, a
synthetic isoflavone similar to soy isoflavones, were more potent in
preventing postmenopausal bone loss than 1,25(OH)2D3 alone [17].

1,25(OH)2D3 can either act directly on osteoblasts or induce
osteogenic differentiation of mesenchymal stem cells [18]. There are
limited reports of natural compounds influencing either adipogenesis
or osteogenesis via VDR signaling pathway. We have investigated the
effects of phytochemicals on the expression of VDR expression in
adipocytes and reported a synergistic increase in VDR protein levels
when adipocytes were treated with phytochemicals in combination
with 1,25(OH)2D3 [5,6]. In recent preliminary studies, we have
observed a significant increase in VDR messenger RNA (mRNA) levels
in mature 3T3-L1 adipocytes upon treatment with 1,25(OH)2D3,
guggulsterone and xanthohumol (Fig. 1A, C and D), suggesting a role
for VDR in the adipocyte-specific effects induced by these compounds.
Thus, VDR proves to be an important target in both adipocytes and
osteoblasts. Further, the reports in adipocytes strengthen our
hypothesis that targeting more than one signaling pathway with
phytochemicals plus 1,25(OH)2D3 is more effective than targeting
VDR alone.

3. Farnesoid X receptor

The farnesoid X receptor (FXR, also named RIP14 and HRP1) is an
adopted member of the metabolic nuclear receptor superfamily, and
two FXR isomers, FXRα and FXRβ, have been identified. Bile acids
(BAs), which play an important role in the solubilization and
absorption of dietary fat, act as endogenous ligands for FXR. Farnesoid
X receptor down-regulates BA synthesis via suppressing the rate-
limiting enzyme cholesterol 7α hydroxylase in order to prevent BA
overload and toxicity [19] through a negative feedback mechanism.
On the contrary, activation of FXR by BAs results in the modulation of
various genes for enzymes and transport proteins involved in several
cellular processes, including lipid metabolism [20].

Although the main physiological role of FXR is to function as a BA
sensor in enterohepatic tissues, it plays a critical role in lipid
metabolism as well. Administration of FXR agonists to normal rats
and mice reduces plasma triglyceride levels. Farnesoid X receptor
deficiency increases triglyceride and plasma cholesterol levels, high-
density lipoprotein and circulating free fatty acids (FFAs) and also
accelerates atherosclerosis [21]. The main mechanism of inhibition of
triglyceride synthesis by FXR ligands in liver is inhibition of the
expression of the transcription factor SREBP1-c and its lipogenic
target genes, including that for fatty acid synthase [21]. Moreover,
administration of BAs and synthetic FXR ligands decreased gluconeo-
genesis in mice fed high-fat diets, and loss of FXR function in the liver
resulted in increased hepatic-lipid accumulation and elevation of FFAs
in the serum, both of which contribute to impaired insulin signaling in
muscle and adipose tissues [22]. This suggests that FXR also
modulates insulin signaling, which has recently been supported by
the finding that FXR activation reverses insulin resistance and lipid
abnormalities in obese rats [23]. In adipocytes, FXR gene expression is
rapidly increased in response to induction of differentiation, and FXR
agonist chenodeoxycholic acid induced GLUT4 transcription [24],
indicating an important role for FXR in lipid metabolism.

In addition to BAs, some compounds whose structures are much
different from BAs, like GW4064 and several selectivemodulators like
guggulsterone, have been identified as FXR ligands [25]. Guggulste-
rone has also been found to reduce triglyceride and cholesterol levels
and has been used to treat obesity. However, FXR antagonism has
been proposed as a major mechanism for the hypolipidemic effect of
GS. Several other plant-derived FXR agonists and antagonists have
also been discovered recently [26], but research is needed on
antiobesity effects of these compounds. 1,25(OH)2D3 was also
reported to influence the signal transduction mediated by BA/FXR
[27], and recently, we observed an increase in mRNA expression of
FXR in maturing 3T3-L1 adipocytes treated with 1,25(OH)2D3 (data
not published). There is also evidence that VDR suppressed the
transactivation driven by BA/FXR in a 1,25(OH)2D3-dependent
manner [27], indicating a possible cross talk between VDR and FXR
[6]. Because FXR has been found to playmany roles in addition to lipid
metabolism, selective FXR modulators might be useful for antiobesity
therapy, but a simple FXR agonist might have undesired side effects.

4. TGR5 signaling pathway

TGR5 (also known as BG37) is a novel G-protein-coupled receptor,
responsive to BAs. Bile acids have received increased attention in
recent years for their role in metabolic regulation. Further, adminis-
tration of BAs to mice increases energy expenditure in brown adipose
tissue, preventing obesity and resistance to insulin [28]. This novel
metabolic effect of BAs is critically dependent on induction of the
cyclic adenosine monophosphate (cAMP)-dependent thyroid



Fig. 1. Effect of 1,25(OH)2D3, guggulsterone and xanthohumol on mRNA expression of VDR, D2 and TGR5 in adipocytes. 3T3-L1 adipocytes were differentiated into mature adipocytes
as previously described. Mature adipocytes were treated with either 0.1% DMSO (control) or 10 nM 1,25(OH)2D3, or 50 μM guggulsterone or 50 μM xanthohumol for 3 days. RNA was
extracted, and real-time reverse transcriptase polymerase chain reaction was performed to quantitatively compare the expression levels of genes as described elsewhere [54]. (A and
B) Effect of 1,25(OH)2D3 on mRNA expression of VDR and D2. (C and D) Effect of guggulsterone on mRNA expression of VDR and D2. (E and F) Effect of xanthohumol on mRNA
expression of VDR and TGR5. The experiments were performed in at least four replicates per treatment. Data are expressed as means±S.E.M. for each group and within each gene;
means not denoted with a letter in common are different. (Pb.05).
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hormone activating enzyme type 2 iodothyronine deiodinase (D2).
Farnesoid X receptor mainly affects enterohepatic lipid homeostasis,
and TGR5 stimulates glucagon-like protein 1 production in ente-
roendocrine cells and activates thyroid hormone in brown adipose
tissue andmuscle through the stimulation of D2 [29], the enzyme that
catalyzes the intracellular conversion of thyroxine (T4) to triiodo-
thyronine (T3). These effects are independent of FXR, but are
mediated through TGR5 [30]. TGR5 may also improve glucose
homeostasis and, through the activation of D2, stimulate energy
expenditure, thus protecting against the development of obesity.
TGR5 agonists have been shown to have similar antidiabetic and
antiobesity activity [31], positioning TGR5 as an attractive target for
metabolic syndrome treatment.

Signal transduction by TGR5 is through Gs-protein-mediated
cAMP accumulation, and cAMP-mediated signaling of TGR5 activation
has been implicated in the expression of D2 in skeletal muscle and
brown adipose tissue [32]. The TGR5-cAMP-D2 signaling pathway
plays a critical role in metabolic control, including regulating energy
expenditure in adipose and muscle tissues [33]. D2 is expressed
throughout the skeleton, and its expression is increased in osteoblast
precursor cells during differentiation [34]. Likewise, it is well known
that T3 affects body composition by increasing energy expenditure
and preventing fat mass accumulation. The role of T3 in regulation of
bone turnover and mineralization for skeletal development is also
well established [35]. To exert its biological activity, T4 needs to be
converted to T3 by iodothyronine deiodinase. Guggulsterone and
xanthohumol showed a strong thyroid stimulatory action when
administered in vivo [36,37]. The mRNA expression of D2, which is
responsible for maintaining local T3 concentration, was induced by
1,25(OH)2D3 dose and time dependently [38] in primary osteoblastic
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cells. Similarly, we have observed a significant 1,25(OH)2D3-induced
increase in D2 mRNA expression in mature 3T3-L1 adipocytes as
well (Fig. 1B).

Guggulsterone and xanthohumol, apart from interacting with FXR,
have been identified as selective bile acid receptor modulators [39].
Since both xanthohumol and guggulsterone possess BA-like activities,
we investigated the effects of these compounds on mRNA expression
of TGR5 and D2 in mature 3T3-L1 adipocytes. We found that
xanthohumol increased mRNA expression of TGR5 after 3 days
(Fig. 1F). While guggulsterone did not modulate TGR5 expression,
there was a trend for an increase in mRNA expression of D2 (P=.09)
(Fig. 1E). These preliminary experiments suggest a possible role for
TGR5-D2 pathway in 1,25(OH)2D3-, guggulsterone- and xanthohu-
mol-induced effects in adipocytes.

5. Aryl hydrocarbon receptor

The aryl hydrocarbon receptor (AHR) is a ligand-dependent Per-
Arnt-Sim-containing transcription factor belonging to the basic
helix–loop–helix family of proteins. It is most commonly called a
dioxin receptor, is activated by structurally diverse synthetic and
naturally occurring chemicals and is involved in the adaptation to
changing environmental conditions [40]. Unliganded AHR, like the
nuclear receptor, is present in cytosol in complex with chaperone
proteins. Once it is bound by ligand, AHR translocates to the
nucleus, dissociates from chaperones and dimerizes with AHR
nuclear translocator, which associates with specific DNA sequences
in promoters of target genes leading to alterations in gene
expression [41].

The known ligands of AHR are environmental contaminants like
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and lack of TCDD toxic-
ity in AHR knockout mice indicates that AHR mediates the toxic and
biological effects of TCDD [42]. Natural products including herbal
medicines contain various agonists/antagonists of AHR, and recently,
quercetin, kaempherol, several catechins, curcumin and lutein were
reported to act as antagonists for AHR [43] and protect against dioxin
Fig. 2. An overview of novel molecular targets in a mammalian cell and their functional relev
+genistein or 1,25(OH)2D3+guggulsterone or guggulsterone+xanthohumol [5–7] are likely a
translocator; CRE: cAMP response element; FXRE, FXR responsive element; VDRE: vitamin D
toxicity. Aryl hydrocarbon receptor is a constitutive inhibitor of lipid
synthesis and an early regulator of adipocyte differentiation. Deletion
of AHR results in elevated triglyceride synthesis in parallel with
increased cytosolic GPDH activity inmouse embryo fibroblasts [44]. In
addition, AHR signals have a critical effect on the differentiation of
osteoblasts and influence bone modeling in vivo [45]. Thus, AHR plays
an important role in diverse cellular functions like detoxification,
adipogenesis and adipocyte and osteoblast differentiation.

Phytoestrogens like daidzein caused AHR activation in in vitro
studies, suggesting that including AHR inducers in foods in minimal
quantities may have some beneficial effects in the proliferation and
differentiation of cells in animals [46]. Estrogenic actions of AHR
agonists were detected in wild-type ovariectomized mouse uteri, but
were absent in AHR and ER knockout ovariectomized mice, suggest-
ing a novel mechanism by which AHR agonists, like phytoestrogens,
could induce estrogenic effects [47]. On the contrary, antagonists of
AHR, like resveratrol, are also beneficial, as they prevent the
damaging effects of TCDD on bone formation [48]. However, AHR is
still relatively poorly understood, as its mechanisms and functions
remain largely unknown. Nevertheless, it is possible that the effects of
AHR agonists and antagonists on adipocytes and osteoblasts may be,
to some extent, mediated by AHR signaling pathway resulting in
beneficial effects.

6. H+-ATP synthase

H+-ATP synthase is a membrane-associated protein complex
that catalyzes the synthesis of ATP from ADP and inorganic
phosphate, participates in ATP hydrolysis dependent processes
and regulates a proton gradient across some membrane-dependent
systems [49]. Of late, there is increasing evidence for the
expression of H+-ATP synthase on the surfaces of multiple animal
cell types and in the membranes of mitochondria, and recent
reports indicate that it is highly expressed in adipocytes as well
[50]. H+-ATP synthase is also involved in biological processes such
as metabolism of lipid formation, regulation of the proliferation and
ance. The synergistic effects caused by combinations of compounds like 1,25(OH)2D3

result of multiple pathways being triggered, as illustrated. ARNT indicates AHR nuclear
responsive element.

image of Fig. 2
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differentiation in endothelial cells and recognition of immune
responses of tumor cells. Owing to its multiple roles, cell surface
H+-ATP synthase is emerging as a molecular target for the
treatment of various diseases [51].

ATP synthase is a target for dietary phytochemicals and polyphe-
nolic compounds like piceatannol, resveratrol, EGCG, genistein,
quercetin and curcumin, all of which have been shown to inhibit
the F1 subunit complex of H+-ATP synthase [52]. In addition, H+-ATP
synthase inhibitors stimulated glycerol release, an indicator of
lipolysis, and also inhibited cytosolic lipid droplet accumulation in
3T3-L1 adipocytes [53]. Although the physiological role of cell-surface
H+-ATP synthase is not clear, by understanding the mechanisms of
action of H+-ATP synthase inhibitors in inhibiting lipid droplet
accumulation, H+-ATP synthase may emerge as a potential target for
the development of antiobesity drugs.

7. Conclusions

A number of complex interconnected cell signaling pathways are
involved in regulation of lipid metabolism and bone formation, and
targeting multiple sites in these biosynthetic pathways may exert
additive or synergistic pro-osteogenic and antiobesity effects (Fig. 2).
Further, a growing number of in vitro and in vivo studies show that
combinations of phytochemicals can cause significant effects at
concentrations at which any single agent is not effective. Neverthe-
less, it is crucial to consider the impact of signal modulation on the
dose-limiting side effects, and the net result must be evaluated
empirically. Although the synergistic effects of dietary phytochem-
icals are well reported, the novel molecular pathways modulated
should be explored for additional beneficial and reliable outcomes in
the field of obesity and osteoporosis prevention.
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