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Abstract: The increasingly widespread emergence of obesity has become a matter of critical concern
around the world due to its association with common morbidities including cancer, cardiovascular
diseases and diabetes. Over-nutrition and the sedentary lifestyle are considered as the most
significant causes of obesity: appropriate lifestyle and behavior interventions are the corner stones
of successful weight loss, but to maintain such a lifestyle is highly challenging. There is therefore an
urgent need to develop innovative non- or minimally-toxic means to combat obesity. Accordingly,
ample natural products from plants (either as crude extracts or purified phytochemicals) have been
scrutinized for their anti-obesogenic properties because they are believed to be non-toxic and cost-
effective, and frequently well-accepted by patients because of their traditional use. In this review,
we will discuss adipose tissue and adipogenesis, signaling pathways involved in the regulation of
adipogenesis, role of energy sensor protein of the body AMPK, and recently reported plant products
in the management of obesity. We will provide a common platform for understanding obesity, and
a possible mechanism of action for anti-obesogenic plant products through activated AMPK, which

will be helpful in the scientific development of traditional herbal medicine.
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1. Introduction

Obesity is an increasingly prevalent disorder around the globe promoted by genetic, nutritional,
and environmental factors. However, energy imbalance is always a key factor: the excessive
consumption of calories compared to utilization results in obesity [1-3]. Obesity is a multifactorial
chronic disease, linked to other disorders including type-2 diabetes, insulin resistance, cancer, and
cardiovascular diseases [4,5]. Obesity and overweight are the fifth leading cause of death worldwide
[3]. According to the World Health Organization (WHO), in 2016 more than 1.9 billion adults were
overweight, of whom 650 million were obese, with approximately 2.9 million adults dying each year

due to being obese or overweight [6]. Previously, obesity was the concern only of countries with
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higher incomes, but now it is also accelerating in middle and low-income countries [7]. Two causes
have been proposed as responsible for this global trend: increased intake of food low in minerals,
micronutrients, vitamins, but high in salts, fats and sugars; and a rise in the sedentary lifestyle
permitted by easy modes of transportation, office work, and an increase in urbanization. Although,
the sedentary lifestyle is considered to be directly linked with obesity, [8] other factors including
depression, and social and monetary issues might also contribute [9]. For example, insufficient sleep
disturbs the balance of hormones responsible for hunger (leptin and ghrelin) thus increases appetite,
ultimately leading to the accumulation of excessive fats in the body [10].

Sedentary lifestyle and other environemntal risk factors discussed above are not the only causes
of obesity— mutations in the genetic make up can also lead to the condition [11]. Mutation in the genes
such as Leptin (LEP), leptin receptor (LEPR), prohormone convertase 1 (PCSK1), melanocortin 4
receptor (MC4R), proopiomelanocortin (POMC), single-minded homolog 1 (SIM), and brain derived
neurotrophic factor (BDNF) have been observed to be associated with obesity [11,12].

Although, it is evident that there are many factors which contribute to obesity, it is also clear
that the end product of all these factors is the accumulation of lipids in adipocytes. So adipocytes,
their proteins, transcriptional factors and signaling pathways such as Wnt, Notch, Hedgehog
signaling pathways are involved in the progression/inhibition of obesity. Consequently, they are all
targets of interest for scientific and pharmaceutical industries in the discovery of novel anti-
obesogenic drugs with minimal adverse effects. Drugs with anti-obesogenic properties have been
extensively studied for some time [7].

Physiological interventions such as exercise and dieting are the preferred ways to fight weight
gain, but due to the demands of modern life these activities seem to be difficult to practice and
maintain. Therefore, there is also a need for pharmacological intervention - demand for anti-
obesogenic drugs and weight loss therapies has escalated and accelerated the development of
pharmaceutical industries across the globe [7]. Although these pharamacological drugs help in the
management of weight loss by altering processes such as absorption of calories, altering appetite,
regulating metabolism of the body etc., their related adverse effects hinder their usage and limit their
positive beneficial effects [3]. For example, Sibutramine which inhibits appetite by deactivating
neurotransmitters within the brain was withdrawn in 2010 from the market of USA and Canada due
to adverse effects on the cardiovascular system resulting in heart attacks and strokes. In the same
year, Xenical, another weight loss drug, was withdrawn and sent for revised labelling due to reported
adverse effects on the liver [7]. Some others commercially available pharmacological drugs including
Metformin, Exenatide, Rimonabant and Pramlintide have also reported to cause abdominal pain,
sleeplessness, restlessness, cardiovascular problems, and faulty bowel movements [2]. These adverse
effects of synthetic drugs highlight the potentially lower risk associated with the use of natural
products which have been consumed for hundreds of years. An ideal weight loss drug should be able
to combat weight gain with little or no side effects [13] and pharmacological anti-obesogenic drugs
should be prescribed only if their beneficial effects outweigh the adverse effects. As a result, there is
a growing emphasis on natural products due to their effectiveness and minimal or complete lack of
side effects. Plant-based products, either as standardized extracts or as pure compounds, have
provided innumerable opportunities for the discovery of new drugs due to their wide chemical
diversity [14].

The aim of this review is to understand the causative key factors (proteins and signaling
pathways) involved in the regulation of obesity, and ennumerate (from 2014 onwards) naturally

occuring anti-obesogenic bioactive compounds from edible and medicinal plants. Moreover, the
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main targets (mechanism of action) of these naturally occurring anti-obesogenic plant products and
in particular the role of activated energy sensor protein ‘5'adenosine monophosphate-activated
protein kinase’” (AMPK) in the management of obesity will be discussed. But before heading towards

those details it is vital to understand adipocytes and their differentiation process, adipogenesis.

2. Adipose Tissue and Adipogenesis

Adipose tissue is one of the most complex organs, containing adipocytes, immune cells, pre-
adipocytes and fibroblasts; it secretes hormones (estrogen, leptin), adipokines and has regulatory
roles in endocrine, immune and metabolic systems [15,16]. Adipose tissue is critical for the
homeostasis of energy and generally performs three different tasks. Firstly, it is the hub for the
synthesis and storage of triglycerides. Secondly, in a situation of increased energy demands, the
stored triglycerides are hydrolyzed, and the ensuing free fatty acids are then released into circulation.
Thirdly, it acts as endocrine organ, releasing adipokines [17]. Adipose tissue is widely considered as
the main therapeutic target of many natural and synthetic anti-obesogenic products. Adipose tissue
is divided into subcutaneous adipose tissue (SCAT) and visceral adipose tissue (VAT). Located
centrally or subcutaneously, adipose tissue plays a key role in the survival of an individual because
it is the main source of fatty acids for the production of heat and energy. Adipocytes or fat cells are
the lipid-laden cells of adipose tissue that acquire the ability to accumulate lipids post differentiation
(a process in which the cells from a common ancestor are derived mitotically and become different
from one another in morphology and function). This differentiation of adipocytes is determined by
the expression of genes which dictate the phenotype of adipocytes. The proteins involved in
differentiation then direct the cells to perform their characteristic functions and are also critical for
differentiation of pre-adipocytes into mature adipocytes [18]. Collectively, this process of pre-
adipocytes differentiating into mature adipocytes is known as adipogenesis. Increase in the size
(hypertrophy) and number (hyperplasia) of white adipose tissue (WAT) during adipogenesis (e.g.
due to excessive energy intake accompanied by low energy expenditure) may lead to obesity [18,19].
During the process of adipogenesis, the multipotent mesenchymal stem cells (MSCs) are transformed
into pre-adipocytes before undergoing secondary differentiation to become mature adipocytes which
are laden with lipids and are responsive to insulin [20,21]. Adipogenesis involves three well defined
stages: commitment, determination and differentiation. These three stages can be summed up in four
substages: (i) commitment of MSCs to adipocyte lineage and growth arrest of pre-adipocytes; (ii)
determination of pre-adipocytes to proceed to next stage, involving replication of DNA and
duplication of cell, commonly known as mitotic clonal expansion; (iii) early differentiation, involving
expression of genes and transcriptional factors such as CCAAT/ enhancer binding proteins (C/EBPs)
family and peroxisome proliferator activated receptor—y (PPAR v ); and (iv) late differentiation,
involving significant increase in lipogenesis and induction of mostly lipogenic genes such as Fatty
acid synthase (FAS), acetylo CoA carboxylase (ACC), adipose-specific fatty acid binding protein (aP2)
[22] etc. The differentiation of MSCs into pre-adipocytes is also influenced by growth factors,
hormones and insulin. During the progression of adipogenesis, mitotic clonal expansion of pre-
adipocytes which are growth arrested will occur through repetitive rounds of mitotic divisions. Once
the pre-adipocytes are released from the cell cycle, they gather cytoplasmic triglycerides and lose
their fibroblastic morphology, while gaining the features of mature adipocytes. For successful
transformation into mature adipocytes, the transformation of pre-adipocytes into a spherical shape

is required, which is an indication of profound changes in the extracellular matrix (ECM),
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morphology of the cell and cytoskeletol components [22]. ECM provides strength, structural support,
sites for the attachment of cell receptors, and acts as a source of cell signaling factors. In adipose
tissue, ECM interconnects the adipocytes which results in the formation of cluster of fat cells in vitro
and fat lobules in vivo [21]. ECM may also play a key role in modulating the differentiation of
adipocytes. For instance, proteolytic degradation of the extracellular matrix of pre-adipocytes by
cascade of plasminogen is essential for changes in the expression of adipocyte genes and deposition
of fats [18,23]. Recently, it has been revealed that events and changes (molecular and morphological)
which are associated with the above-mentioned changes may modulate adipogensis directly, because
they alter the expression of positive transcriptional regulators of adipogenesis such as C/EBPa and
PPARYy [23]. The components of ECM consist of classes of adhesion proteins such as laminin and
fibronectin, and various types of collagen. Type I, IIl and VI collagens are considered the important
isotypes here, due to their usual association with the fibrotic depots of an organ [24]. Inhibition of the
synthesis of collagen prohibits the differentiation of adipocytes, demonstrating that active collagen

synthesis is also necessary for the differentiation of adipocytes [21].

3. White, Beige and Brown Adipose Tissues

Generally, there are two main types of adipose tissues in mammals; white adipose tissue
(WAT) and brown adipose tissue (BAT). The adipocytes of these two tissues possess different
functions and morphology. WAT cells each contain a single lipid droplet of triglycerides formed from
esterification of fatty acids and glycerol-3-phosphate. BAT contains high numbers of mitochondria
and multilocular lipid droplets. The main constituent of adipose tissue is WAT, which is used as an
energy substrate when needed. WAT adipocytes have a greater average diamter than those of BAT.
WAT stores triglycerides while BAT disperses energy by producing heat, thus there is an antagonistic
relationship between the two [2,25]. BAT is known to be protective against hypothermia due to its
capacity to break down lipids to generate heat (thermogenesis). Uncoupling proteinl (UCP1) is the
key player for thermogenic property of BAT [26]. UCP1, responsible for the uncoupling of electron
transport for ATP production, is characteristically expressed by the mitochondria in BAT, thus
allowing thermogenesis [27]. Recently, expression of UCP1 in WAT had also been reported by
Dempersmier et al. [28]. Over-expression of the transcriptional activator (zfp516) of UCP1 causes
‘browning’ of WAT, thus known as ‘brite’ (brown in white) or beige adipocytes. It can be induced
by hormonal stimulation, exposure to cold, and innervation. Brown and brite adipose tissues have a
similar function in term of lipid breakdown for generation of heat, the only difference being the
expression of specific cell surface markers (CD137 and Tmem?26) in brite/beige adipocytes [26].
Moreover, the precursor cells giving rise to brite/beige cells in WAT are different to those of BAT,
being closer to WAT cell lineage. Under basal conditions, these brite/beige adipocytes show
phenotypes similar to white adipocytes: they lack expression of UCP1 and contain one large lipid
droplet [29]. However, when exposed to certain stimuli such as exposure to cold [30] and (33-
adrenergic activators [31], these brite/beige cells acquire characteristics similar to brown adipocytes
including UCP1 expression, and presence of multilocular small lipid droplets. Their thermogenic
activity has been reported to act against obesity and increase energy expenditure [32]. Additionally,
the prevalance of brite/beige cells is in inverse proportion to obesity, body mass index, and plasma
glucose level [33], evidencing the importance of their main role in the regulation of body’s
metabolism. Some reports had stated that BAT was present only in newborns and small mammals,

however recent studies had revealed conclusively the presence and functional relevance of BAT [34]
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and brite adipose tissue in adults as well [35]. Although both brown and white adipocytes originate
from MSCs, it is believed that the precursor cells giving rise to brown and white adipocytes are
different (Figure 1). MSCs are pledged either to adipogenic (Myf-5 negative) cells and give rise to
white adipocytes or myogenic (Myf-5 positive) cells, giving rise to brown adipocytes [36,37]. The
Myf- negative precursor cells give rise to white pre-adipocytes through the expression of bone
morphogenetic protein-2 and 4 (BMP 2 and 4). Similarly, the Myf-positive precursor cells give rise to
brown pre-adipocytes through the expression of bone morphogenetic protein-7 (BMP 7) and
trancriptional co-regulator PR-domain containing 16 (PRDM16) [36,38]. The recent rediscovery of
effective BAT in adult humans has invigorated interest in it as a viable and novel target for
phytochemicals. Upregulating the proteins and transcriptional factors specifically expressed in
brown or beige adipocytesis is a highly promising approach in the elimination of obesity. Activation
of the thermogenic system in humans, either in WAT or BAT, should correlate well with an increase
of energy expenditure. Interest in the prevention of obesity by regulation of non-shivering
thermogenesis in BAT and brite adipose tissue through phytochemicals has been increasing rapidly
due to their potential for side-effect-minimal medication. Various phytochemicals have been reported
(Table 1) to induce browning of white adipose tissue, indicating their thermogenic effects. For
example, genistein upregulates the expression of peroxisome proliferator- activated receptor
gamma coactivator 1-a (Pgcla), Ucpl and Sirtl [39]. Similarly, Formononetin [40] and Myricetin
[41] have also been reported to induce browning of white adipose tissue by upregulating the genes

and transcriptional factors specifically expressed in BAT.
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Figure 1. Differentiation of MSCs into white, beige/brite and brown adipocytes
MSCs; Mesenchymal Stem cells, Myf-5; Myogenic Factor-5 protein, BMP; Bone morphogenetic
protein, PRDM16; PR-domain containing 16, C/EBPa,3,5; CCCAAT/Enhancer Binding Protein o, [3,5.

Table 1. Some of the recently reported non-shivering thermogenic effects of plant chemicals

Bioactive Compounds Experimental Model  Positive Regulation of Reference

Thermogenic Factors



https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

d0i:10.20944/preprints201907.0040.v1

Capsaicin WT and TRPV1-/mice AMPK, SIRT, PRDM16 and PGC-1a [42]
HO:@y activation
H
MeO NM
0
Apigenin Male C57BL/6 mice Elevation of UCP1 expression in [43]
OH BAT
o g
|
OH O
Naringenin
OH
HO o ‘\\\©/
OH O
Chrysin 3T3-L1 cells Increase expression of Tmem?26, [44]

(5,7-dihydroxyflavone)

cited 1 and Tbx1.Upregulation of
genes involved in the regulation of

brown adipogenesis (Ucpland

Prdm16, Pgcla)
C57BL/6] mice Increase in O2 consumption, energy [45]
and db/db mice expenditure and Ucpl expression in
sWAT
Genistein 3T3-L1 cells Upregulation of Pgcla, Ucpl, Sirtl. [39]

H
OH O O

Increase in the consumption level of

oxygen
]

HO (0]

Formononetin Male C57BL/6 mice Activation of AMPK and [40]

HO stabilization of 3-catenin



https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

Myricetin db/db mice Increase in the consumption of [41]
oxygen and body’s temperature.
Increase in the browning of IWAT

and mitochondrial biogenesis

Berberine Obese C57BLKS/]J- Increase in the expression of [46]
0\ Lepr Db (db/db) thermogenic genes and UCP1 in
] O male mice BAT, primary adipocytes and WAT
X
MeO Z ,J\rl
OMe

Sirtl; Sirtuin 1, PRDM16; PR-domain containing 16, PGCla; Peroxisome proliferator- activated
receptor gamma coactivator 1-a , UCP1; Uncoupling protein 1, BAT; Brwon adipose tissue, scWAT;
Subcutaneous white adipose tissue, iWAT; Inguinal white adipose tissue, WAT; White adipose tissue,

AMPK; Adenosine monophosphate activated protein kinase.

4. Transcriptional Regulators of Adipogenesis

Adipogenesis requires the activation of several transcription factors including the CCAAT/
enhancer binding protein (C/EBP) family and peroxisome proliferator activated receptor—y (PPARY)
[18]. Expression of the two members of C/EBP family (C/EBP( and C/EBP0) occurs at early stages of
adipocyte differentiation and then together, they induce the expression of C/EBPa and PPARYy which
are the central positive regulators of adipogenesis [47,48]. PPARYy is the master regulator involved in
the differentiation of adipocytes and metabolism [49]. PPARYy and C/EBPa exert positive feedback on
each other and regulate the process of adipogenesis positively (Figure 2). Several studies [50,51] have
indicated that PPARYy is the key regulator involved in the development and differentiation of
adipocytes, and therefore known to be obligate for the differentiation of adipocytes. Expression and
normal function of PPARY is necessary for the progression of adipogenesis: cells deficient in PPARy
cannot differentiate into mature adipocytes even if other powerful pro-adipogenic factors are
ectopically expressed [48]. Previous in vitro studies have shown that most of the activators and
repressors of adipogenesis alter the activity and expression of PPARY [52]. Transcriptional factors
such as C/EBP 3, C/EBP o, kruppel like factor 5 (KLF5) and early {3-cell factor 1 (EBF1) are known to
directly induce the expression of PPARy mRNA in adipogenesis [48]. Early [3-cell factor 1 and 2 (EBF1
and EBF2) are induced during 3T3-L1 white pre-adipocytes differentiation but their pattern of
expression is different [53]. EBF2 has been reported to regulate the expression of brown adipocyte
genes such as Ucpl and Prdm16 and express at higher levels in BAT as compared to WAT [54]. In
addition, there are other substantial transcriptional factors that act also as regulators of adipogenesis.
Kruppel like factors (KLFs) are either activators or suppressors ofadipogenesis. KLF4, KLF5, KLF6,
KLF9, KLF13 and KLF 15 are known to enhance adipogenesis while KLF2, 3, 7 and 16 inhibit
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adipogenesis [17,55-57]. KLF2 directly inhibits the PPARYy promoter. Adenovirus-mediated ectopic
expression of KLF2 has been shown to inhibit the expression of PPARy, C/EBPa and SREBP-1c but
did not have any effect on the expression of C/EBP and C/EBP® [58]. KLF3 inhibits the differentiation
of 3T3-L1 pre-adipocytes by repressing C/EBPa promoter [57]. Similarly, overexpression of KLF7 is
reported to inhibit the differentiation of 3T3-L1 pre-adipocytes [59]. Over expression of KLF7
significantly decreases the expression of PPARYy, C/EBPa, adipsin and adipocyte protein-2 (aP2) [60].
Globin transcription factors GATA2 and 3 are also reported to inhibit adipogenesis by down-
regulating the expression of PPARYy [47,61]. Other transcriptional factors such as sterol regulatory
binding protein-1 (SREBP1), (which expedites metabolism of fatty acids by inducing expression of
PPARy) and cyclic AMP response binding element (CREB), are needed in the differentiation of pre-
adipocytes into mature adipocytes [47]. In pre-adipocytes CREB is required for the induction of
differentiation of adipocytes and absence of CREB inhibits differentiation of pre-adipocytes into
mature adipocytes [62]. Both PPARY and C/EBP family members are widely studied targets in in vitro
and in vivo studies of anti-obesogenic medicine due to their role in adipocyte differentiation and
energy storage pathways. Strategies to upregulate catabolism related genes and transcriptional
factors while downregulating or suppressing genes responsible for anabolic pathways are possible
means means to combat obesity. Besides endogenous activators and suppressors of these genes,
exogenous activators are requisite to activate them, because in most of the obesogenic conditions, the
catabolism related genes, hormones and transcriptional factors are not properly expressed. One such
protein, Adenosine Monophosphate Activated Protein Kinase (AMPK) plays a crucial role in the
downregulation of transcriptional factors and pathways related to adipogenesis and lipid synthesis.
AMPK (discussed in detail in the next section) is the target protein of many obesity and type-2
diabetes related pharmacological studies as it acts as a regulator and sensor of cellular energy
metabolism. Additionally, AMPK targets the expression of thermogenesis-causing genes and
proteins responsible for generation of heat from stored fat, such as Uncoupling proteinl (UCP1) of
BAT, orits over expression in WAT, turning WAT into brite/beige adipose tissue. This may be another

strategy to overcome obesity.
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Figure 2. Transcriptional regulation of adipogenesis. MSCs initially are converted into pre-adipocytes
followed by mitotic clonal expansion. This step is followed by expression of central regulators of
adipogenesis, PPARy and C/EBPa. The expression of these two is influenced by various
transcriptional factors which are either their positive or negative regulators of adipogenesis. The
expression of adipogenic specific genes ultimately leads to the formation of lipid laden mature
adipocytes. Arrows represent activation and bars represent inhibition.

MSCs: Mesenchymal Stem cells; DNA; Deoxy ribonucleic acids; C/EBPs: CCAAT / enhancer binding
proteins; KLFs: Kruppel Like Factors; SREBP1: Sterol regulatory binding protein-1; CREB: Cyclic
AMP response binding element ; GATAs: Globin transcription factors; EBF Early (3-cell factor; FAS;
Fatty Acids synthase; ACC; Acetyl Co-A carboxylase; FABP-4; Fatty acids binding protein-4.

5. Role of Signaling Pathways in Adipogenesis

MSCs are commited to either osteogenic or adipogenic lineages. This involves discrete signaling
pathways including Wnt (canonical and non-canonical), Bone morphogenetic protein (BMP) and
Hedgehog signaling pathways. These pathways have very strong influences on the central regulators
of both osteogenesis (Runx2) and adipogenesis (PPARY), two factors which are responsible for the
differentiation of MSCs into either osteocytes or adipocytes and work antagonistically with

overexpression of one factor repressing the other [63,64].

5.1. Bone Morphogenetic Proteins and Transforming Growth Factors-f Pathway

Bone morphogenetic proteins (BMPs) belong to the superfamily of transforming growth factors-
B (TGF-f) and have been identified as regulators of osteogenesis and adipogenesis [63,65]. BMPs are
involved in the differentiation of disparate cell types including adipocytes. Initially, BMPs were
thought to have a key role only in the formation of bone, but their role in all other organs has been
discovered recently [66]. BMPs are known for their regulatory roles in various cellular process
including proliferation, apoptosis, differentiation, and determination of cell fate in adulthood and
during embryogenesis [65-67]. BMPs play different roles in the differentiation of adipocytes
depending on the stage of cells and BMP type and dosage [68]. BMP-2 in particular, inhibits
adipogenesis and promotes osteogenic differentiation in bone marrow stromal cells [69] BMP-7 has
been reported to induce the differentiation of brown adipocytes [70]. 3T3-F44 2A pre-adipocytes
treated with BMP-2 showed a decrease in insulin-induced lipid accumulation [71], but BMP-7
enhanced the differentiation of 3T3-L1 pre-adipocytes, demonstrating the contradictory roles of
BMPs in adipogenesis [72,73]. Similarly, BMP-4 regulates the commitment of precursor cells into
white adipogenic lineage [74]. BMP-4 and BMP-7 can also activate development of beige adipocytes
in human precursor cells [75]. Overexpression of BMP-4 in transgenic mice showed a reduction in
the mass and size of white adipose tissue (WAT), and induced browning of WAT (known as
britening) [76]. Induced expression of BMP-4 upregulated the expression of key regulators of brown
adipose tissue, peroxisome proliferator- activated receptor gamma coactivator 1-a (PGCla) and its
target gene, UCP1 [77,78].

The 33 members of the TGF-3 superfamily also have wide roles in different types of cells,
including adipocytes. Among all the TGF-$ superfamily members, TGF-$1 has a major role in
adipogenesis. It inhibits differentiation of 3T3-L1 pre-adipocytes into mature adipocytes [79] by
interacting and repressing the expression of essential adipogenic factors PPARy, C/EBPa and C/EBPf3

[65] These pathways are therefore of great interest for the discovery of new and non-toxic
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chemotherapies in preventing obesity through inhibition of WAT development, and promotion of

BAT by targeting the key factors of these pathways.

5.2. Hedgehog Signaling Pathway

The Hedgehog (Hh) signaling pathway is involved in the development of both vertebrates and
invertebrates [80]. It is known to be one of the important modulators of the stem cell differentiation
process and its role in the differentiation of MSCs had been demonstrated in several studies [81,82].
This signaling pathway is downregulated during the differentiation of human adipocytes, and upon
activation it reduces the expression of key adipogenic transcription factor C/EBPa and hinders
accumulation of lipids and adipogenesis [65,82]. Hh signaling pathway activation in C3H10T1/2
mouse cells was reported to inhibit the expression of PPARy and C/EBP«, blocked the differentiation
of pre-adipocytes into mature adipocytes and increased the commitment of C3H10T1/2 mouse cell
lines towards osteogenic lineage [83]. Activation of Hh gene in B. mori cell line (BmN) inhibited
adipocyte protein 2 (aP2) expression, while knockdown of the Hh gene by RNA interference
enhanced the expression of the aP2 gene indicating the regulatory effect of Hh on aP2. Moreover, the
blocking of the Hh signaling pathway by antagonist, cyclopamine in silkworm larvae resulted in
increased differentiation and size of adipocytes. Inhibition of fat formation by Hh signaling pathway

was retained both in vertebrates and invertebrates [80].

5.3. Wnt Signaling Pathway

Wnts (Wingless-type MMTYV integration site family members) are secreted glycoproteins that
work both in an autocrine manner and a paracrine manner [65]. Wnt signaling pathways are a group
of conserved signal transduction pathways and consist of proteins which convey signals through cell
surface receptors into the cell. These pathways are involved in processes including cell differentiation
and proliferation in adult tissue regeneration, and in embryonic development [65]. These signal
transduction pathways can be divided into canonical (3-catenin dependent) and non-canonical (p-
catenin independent) pathway. Wnt proteins control the proliferation of cell, cell fate, behaviour and
survival by exerting signals through these canonical and non-canonical pathways. MSCs are
differentiated into osteocytes and myocytes instead of adipocytes upon activation of Wnt/[3-catenin
signaling pathway. Conversely, interruption of Wnt/[3-catenin signaling promotes the differentiation
of pre-adipocytes into mature adipocytes [84]. One important component of the Wnt/p-catenin
pathway, Wnt10b, had been reported to be responsible for the anti-adipogenic function of canonical
pathway. Wnt10b is highly expressed in pre-adipocytes but its expression declines promptly after
induction of differentiation [85]. Its overexpression stabilizes cytoplasmic [-catenin and block
adipogenesis in 3T3-L1 pre-adipocytes [86,87]. Moreover, the Wnt/(-catenin signaling pathway also
inhibits brown adipogenesis by disrupting the induction of PPARy and C/EBPa. Wntl0a and
Wnt10b, members of the canonical pathway, are possible endogenous inhibitors of BAT. Both Wnt10b
and Wntl10a are expressed in pre-adipocytes of BAT but not in differentiated brown adipocytes and
their expression reduces with the progression of brown adipogenesis [88]. In addition, Wnt signaling
also blocks the thermogenic program of BAT by suppressing the thermogenic protein, UCP1 of BAT
through repression of PGC1- « [88]. In vivo expression of Wnt10b from fatty acid binding protein 4
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(FABP 4) promoter had been shown to reduce total body fat by 50% and provide resistance to WAT
accumulation in high fat diets, as well as blocking the development of BAT [89]. These findings had
led to the conclusion that the activation of the Wnt/[3-catenin signaling pathway during the process
of adipogenesis may be a key strategy for anti-obesogenic drugs. For example, 6-gingerol (found in
ginger) had been reported to have anti-adipogenic effects, inhibiting adipogenic differentiation
through activation of Wnt/p-catenin signaling pathway [90]. Similarly, toosendanin (a triterpenoid)
has been reported recently to inhibit adipogenesis through Wnt/{3-catenin dependent pathway [91].
Thus, there is a need to investigate further other bioactive compounds and their mechanism of action
in inhibiting adipogenesis through Wnt/[3-catenin signaling pathway

Besides the canonical pathway, members of Wnt family also activate the non-canonical 3-catenin
independent pathway. Activation of non-canonical pathway through Wnt5a is reported to
antagonize the canonical pathway, promoting the differentiation of pre-adipocytes into mature

adipocytes [92].

6. AMPK; Central Target of Many Natural and Synthetic Compounds

5’-Adenosine monophosphate-activated protein kinase (AMPK), is a serine/threonine kinase.
The heterotrimeric protein consists of 3 subunits: catalytic subunit a which consists of further two
subunits al, a2 and regulatory subunits 3 and y consisting of two subunits (31, f2) and three
subunits (y1, y2, y3) respectively [93,94]. Being expressed in different kind of tissues (liver, adipose,
skeletal, kidney and hypothalamus), [95] AMPK plays a central role in controlling and regulating cell
cycle and cellular energy homeostasis; it is therefore the most widely studied protein in the

investigation and discovery of natural as well as pharmacological compounds against weight loss.

6.1. Metabolic Functions of AMPK and Role in Adipogenesis

Once activated, AMPK directly or indirectly promotes the phosphorylation of downstream
targets including transcription and translational factors, metabolic enzymes, epigenetic factors,
growth and proliferation pathways. The overall effect of this regulation is to reduce the synthesis of
cholesterol, fatty acids, ribosomal RNAs (rRNAs) and proteins [96], making AMPK a potential target
of high value for the development of pharmacological and natural anti-obesogenic compounds [97]
In adipose tissue, activation of AMPK correlates with decreased level of lipid storage [16]. Regulation
of lipid metabolism is the first known function of AMPK. AMPK inhibits de novo synthesis of
cholesterol, triglycerides (TG), and fatty acids (FAs), and activates FA uptake and p-oxidation (FAO).
It inhibits and phosphorylates targets involved in the synthesis of FAs, ACC1, and SREBP1c. SREBP1c
is involved in the transcriptional regulation of various lipogenic enzymes including FAS and ACCI.
ACC1 converts acetyl-coA to malonyl co-A and hence catalyzes the rate limiting step in the synthesis
of FAs [98,99]. Moreover, AMPK inhibits synthesis of cholesterol by phosphorylating and inhibiting
HMG-CoA- reductase [98]. It is also known for its inhibitory effects on the mammalian target of
rapamycin (mTOR) which is the fundamental cell growth regulator and is highly conserved in all
eukaryotes. AMPK remains active under poor energy and nutrient conditions while mTOR remains
inactive in such conditions [100]. Thus, the inhibiting effects of AMPK on mTOR define antigrowth
and antiproliferative activities under stress conditions. AMPK may therefore play a central role in
the inhibition of adipogenesis by inhibiting the mTOR signaling pathway. In the case of obesity,

AMPK remains inactive due to the availability of excess nutrients and energy sources, therefore an
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external stimulus is needed to activate AMPK. Much effort has been spent attempting to delineate
the exogenous activators of AMPK, and the debate is still ongoing. The net effect of AMPK activation
is an increase in body’s cellular energy level [95]. Lipid/glucose homeostasis, mitochondrial
biogenesis, food intake and insulin signaling are some of the important functions of AMPK.
Therefore, the protein is a key therapeutic target for the treatment of major metabolic disorders
including obesity and type-2 diabetes [101]. As adipogenesis is an energy consuming process, AMPK
regulates the inhibition of expression of FAS, adipocyte specific FA-binding protein (aP2) and
induction of C/EBPs and PPARY. Vingtdeux et al. reported the inhibition of adipogenesis by small-
molecule activators (RSVA314 and RSVA405) of AMPK. In that study inhibition of adipogenesis was
observed by activation of AMPK via a mitotic clonal expansion (MCE) phase accompanied by
reduced expression of C/EBPP and inhibition of C/EBPa, PPARy and late adipogenic factors
including SREBP1-c, FAS and aP2 [102].

Critically, since activation of AMPK inhibits adipogenesis, there is the exciting possibility of
modulating this pathway using phytochemicals, thus harnessing their beneficial properties to
address this most important target in anti-obesity research. Indeed, activation of AMPK by
phytochemicals such as EGCG, genistein and capsaicin [103], quercetin [104], resveratrol [105],
berberine [106] has been reported by many studies. Furthermore, upon activation AMPK inhibited
the differentiation of pre-adipocytes into mature adipocytes. He et al. showed that a triterpenoid
(ursolic acid) inhibited adipogenesis via the LKB1/AMPK pathway in 3T3-L1 adipocytes [107].
Similarly, Chen et al. identified the phosphorylation of AMPK in 3T3-L1 adipocytes by a
phytochemical, resveratrol. Treatment with resveratrol resulted in phosphorylation of AMPKa in a
dose-dependent manner, and reduced expression of positive regulators of adipogenesis including
PPARy, C/EBPa and SREBP-lc. Administering AMPKa siRNAs reversed the adipogenesis
inhibition, suggesting the inhibition of lipogenesis and differentiation of 3T3-L1 adipocytes were
occurring through AMPK activation [97]. AMPK also regulates autophagy by phosphorylating two
initiating regulators of autophagy: a protein kinase complex ULK1 and lipid kinase complex
PIBKC3/VPS34. Several studies have demonstrated autophagy in lipophagy, glycophagy, adipose
tissue differentiation and mass regulation [108] giving heightened importance to the role of AMPK
activation in combatting obesity. Kim and Kong. reported the anti-adipogenic effects of
dioxinodehydroeckol (DHE) through modulation and activation of the AMPK pathway in 3T3-L1
pre-adipocytes, highlighting the potential role of AMPK in the inhibition of adipogenesis [109]

In addition, AMPK has also been shown to be pertinent in the britening of WAT thereby
increasing the energy expenditure through thermogenesis [110,111]. It has also been reported that the
activity of AMPK increases during the differentiation of brown adipocytes and that targeting AMPK
by short interfering RNAs (siRNAs), inhibits the differentiation of pre-adipocytes into mature brown
adipocytes [16,112]. These studies clearly indicate AMPK as a potential therapeutic target in the

prevention and treatment of many metabolic diseases including obesity.

6.2. AMPK Activation by Upstream Kinases

AMPK is broadly known as a fuel-sensing enzyme — it is involved in sensitivity to, and the
homeostasis of lipids, glucose and insulin [113]. Under different physiological conditions, the
subunits of AMPK behave and are regulated differentially. Activation of AMPK can be achieved by
either through upstream kinases or allosterically through AMP [95]. It is activated when there is

increase in the consumption of adenosine triphosphate (ATP) which leads to an increase in the ratio
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of adenosine monophosphate (AMP) to ATP [114]. The best studied mechanisms of the activation of
AMPK are allosteric activation by binding of either AMP or ADP at y subunit and by phosphorylation
of the a subunit [114]. Conditions including hypoxia, exercise, ischaemia and hypoglycaemia usually
alter the cellular adenine nucleotides levels (suppress ATP consumption) and subsequently enhance
the activity of AMPK [115]. The rise in AMP/ADP and decline in ATP levels cause the activation of
AMPK by direct binding of AMP or ADP to the y subunit of AMPK. This binding prevents access of
phosphatases to Thr 17 in the a subunit, and thus maintains a high phosphorylation level of AMPK
[98]. Upstream kinases of AMPK include STE-related adaptor (STRAD), mouse protein 25 (MO25)
and Liver Kinase B1 (LKB1). Liver Kinase B1 (LKB1) [110,116], is part of a heterotrimeric protein. For
activation, it needs the binding of other two upstream kinases of AMPK, STRAD and MO25 to form
a heterotrimeric complex. It directly activates AMPK by phosphorylating Thr172 of a subunit. The
LKB1/AMPK pathway regulates the metabolic check-points of cells and stops the growth and
proliferation of cells in the case of low ATP levels. Previous genetic and biochemical studies in mice,
worms and flies have demonstrated that LKB1 was the major phosphorylating agent of AMPK [117].
Shan et al. reported that the presence of LKB1 promoted AMPK activity and its absence worked
opposite in HFD-induced mice [26]. Similar, Hawley et al. reported that HeLa cells which were
unable to express LKB1, upon exposure to external stimuli (that increase the AMP/ATP ratio) or
incubation with 5-amino-4-imidazolecarboxamide riboside (AICAR) which is an analog of AMP and
capable of activating AMPK, did not elevate AMPK expression [118]. Based on these observations,
LKB1 may be a potential upstream activator of AMPK in case of elevated AMP levels. Additionally,
in some of the tissues calcium acts as a trigger, through calcium/calmodulin dependent protein
kinase-2 (CaMKK-2) for phosphorylation of AMPK at Thr172 of the a subunit [110]. Contrary to LKB1
complex, CaMMKJ activates AMPK in response to increase in the concentration of cellular Ca?
regardless of changes in ATP/ADP/AMP levels [16]. Presence of Ca?/CaMMK in adipocytes
correspondingly regulates the activation of AMPK [119]. Lin et al. reported the inhibitory effects of
CaMMKJ on adipocyte differentiation: differentiation of pre-adipocytes to mature adipocytes was
enhanced in a condition of acute inhibition or deletion of CaMMK{/3 [120], and this condition was
reversed by induction of AMPK activation by AICAR 8 [121], confirming the activation of AMPK by
CaMMK. Another upstream kinase of AMPK, transforming growth factor-{ -activated protein kinase
(TAK1) activates AMPK to mediate autophagy induced by tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) in cancerous cells. Although, AMPK is phosphorylated and activated by
TAKI1 in different tissues and organs, LKB1 and CaMMKG@ are considered the main upstream kinases
of AMPK in adipocytes [121]. Therefore, further study about activation of AMPK by anti-obesogenic
products through upstream kinases is required to understand their mechanism of action and develop

new anti-obesogenic products specifically targeting these kinases to treat adiposity.

6.3. Exogenous Activators of AMPK

In recent years, much effort had been made to delineate the pathways of AMPK, and to identify
both direct and indirect modulators of AMPK for the development of new therapies for disorders
including obesity. Therefore, understanding of direct and indirect activators of AMPK is the
fundamental step in the development of new therapeutic agents. Many pharmacological and natural
exogenous activators from plants had been reported to activate AMPK either directly independent of

upstream kinases or indirectly through upstream kinases.
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Figure 3. Structures of some of the exogenous activators (discussed in the coming section) of AMPK

6.3.1. Direct Exogenous Activators

Activators that bind directly to AMPK and activate it without significant changes in ATP:AMP
ratio are known as direct activators. Direct activators induce conformational changes in the AMPK
complex, more specifically by interacting with one of the AMPK subunits. AICAR was the first
identified direct activator of AMPK in vitro and in vivo [122]. To evaluate the downstream effects of
activated AMPK in animals, AICAR had been used widely [122]. Structurally AICAR is similar to
adenosine, and it is similarly phosphorylated upon entering the cell (via adenosine transporters) to
AICAR monophosphate (ZMP) by adenosine kinase. ZMP is an analog of adenosine monophosphate
(AMP) and similarly causes allosteric activation of AMPK by binding to its y subunit. This causes an
increase in phosphorylation of Thr172 of a subunit of AMPK [94], and also inhibits the
dephosphorylation of AMPK [122]. Treatment with AICAR had been shown to increase glucose
tolerance, reduce TGs and free fatty acids (FFAs) level of plasma. Activation of AMPK by AICAR has
been reported to suppress the activation of adipogenic transcription factors PPARy and C/EBPa, and
the enzymes acetyl-CoA carboxylase and FAS [123]. AICAR has also been known to cause arrest of
cell cycle at the G1 phase by inducing activation of p53 followed by activation of the cell cycle
inhibitor protein p21 [124], stopping the growth and proliferation of cell cycle under stress conditions.
Although AICAR has promising effects as mentioned above, since it mimics the effects of AMP, it
has also other AMPK-independent effects [122]. For instance, it regulates other AMP-regulated
enzymes such as fructose-1,6-bisphosphatase (FBPase) and stimulates muscle glycogen
phosphorylase [122,125]. In addition, due to short half-life and poor bioavailability, it is unlikely to
be used in the treatment of metabolic syndrome and Type-2 diabetes [126] and these are considered
to be the main obstacles in the development of AICAR as a promising drug [122].

Other direct activators (i.e. independent of upstream kinases) of AMPK include A-769662
compound (Thienopyridone Family), Compound 991 (Benzimidazole family), and salicylate. A-
769662 belongs to thienopyridone family and is a small organic compound which activates AMPK
allosterically by phosphorylating AMPK at Ser108 in the AMPKp subunit, especially 31[94] and
inhibits dephosphorylation of Thr172 in AMPKa subunit [127,128]. Activation of AMPK both by
AMP and A-769662 have been extensively studied in vitro and in vivo. AMP and A-769662 compound

had been reported to bind to different sites on AMPK and have different mechanism of actions


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

[94,128]. Another direct activator of AMPK is referred to as Compound 991 and belongs to
benzimidazole family. It is reported to bind the (3 unit of AMPK and is more effective (5-10 fold) than
A-769662 in the allosterical activation and inhibiton of dephosphorylation of AMPK [94,129]. Similar
to A-769662, compound 991 failed to activate AMPK complexes which contained mutations in the
Ser108 of the 3 subunit of AMPK. This suggest that both A-769662 and compound 991 show similar
mechanism for the activation of AMPK [129]. Salicylate is among the oldest drugs used by humans.
It is a phytochemical, produced naturally and obtained from willow bark [126] but for medicinal
purposes, it is now used in acetylated form (Aspirin) [127]. Aspirin is easier to take orally than
salicylate, and upon entering the blood stream, it is rapidly broken down to salicylate [94]. Salicylate
binds to the 31 subunit (the same unit where A-769662 compound binds) of AMPK and thus activates
AMPK allosterically, inhibiting the dephosphorylation of Thr172 in the o subunit [130]. Beyond these
example, 5-(5-hydroxyl-isoxazol-3-yl)-furan-2- phosphonic acid, termed as Compound-2 (C-2) is the
most potent direct activators of AMPK. C-2 binds to the AMPKa subunit, causes allosteric activation
of AMPK and prevents the dephosphorylation of Thr172. It mimics AMP’s effects in activation of
AMPK but unlike AICAR, it does not have any effect on the enzymes which use AMP as a substrate,
namely 6-phosphofructo-1 kinase (PFK1), fructose-1,6-bisphosphatase-1 (FBP1) and muscle glycogen
B [131]. Compound-2 is known to be two folds more potent than AMP and 20 folds more than A-
769662 [94].

6.3.2. Indirect Exogenous Activators

Studies have shown that modulators which can cause calcium or AMP accumulation in the body
can activate AMPK [94]. These modulators are known as indirect activators of AMPK and maybe
physiological, pharmacological and natural activators. These modulators do not encompass direct
interaction with AMPK, they can activate AMPK either by increasing AMP:ATP or calcium
accumulation in the bodies [94,126]. Pharmacological and phytochemical activators of AMPK such
as metformin, troglitazone, quercetin, genistein, epigallocatechin gallate, resveratrol, berberine,
curcumin and «-lipoic acid act as indirect activators of AMPK [94], activating the kinase by
expenditure of energy because when ATP is decreased, AMP is increased. Metformin is a biguanide
which is found in Galega officinalis. It upregulates the activity of AMPK, increases the oxidation of
fatty acids, downregulates lipogenic genes, increases the glucose uptake and decreases the
production of glucose. Metformin activates AMPK indirectly, by binding and inhibiting the complex
I of the mitochondrial respiratory chain, thus increases AMP:ATP ratio. It also inhibits the
dephosphorylation of AMPK and increases the phosphorylation of AMPK through upstream kinase
of AMPK, LKB1 [127]. Thiazolidinediones (TZDs) are insulin-sensitizing drugs and consist of
rosiglitazone, pioglitazone and troglizatone [126]; these compounds indirectly activate AMPK and
promote phosphorylation of ACC in various types of tissues including adipose, skeletal muscles and
liver [126,132]. They enhance the accumulation of AMP by inhibiting the complex I of the
mitochondrial respiratory chain and hence activate AMPK indirectly [133]. Moreover, they enhance
the expression of PPARy which in turn increases the expression and release of adiponectin from
adipocytes [132], activates AMPK in liver and skeletal muscle, increases the oxidation of fatty acids
and uptake of glucose, and decreases the production of hepatic glucose [94].

Indirect activation of AMPK by phytochemicals had also been demonstrated in numerous
studies. Quercetin is one of the most abundant flavonoids found in many plants, food and grains,

and is known to activate AMPK indirectly [104]. Exposure of 3T3-L1 cells to quercetin resulted in a
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decrease expression of positive regulators of adipogenesis and attenuation of adipogenesis. This was
due to the phosphorylation of AMPK and its downstream substrate ACC [104]. Another indirect
activator of AMPK that can be found in grapes is resveratrol. Resveratrol activates AMPK indirectly
by increasing AMP:ATP ratio through inhibition of mitochondrial ATP production [105,122,134].
Treatment with resveratrol has been shown to stimulate mitochondrial biogenesis, glucose uptake
and reduce accumulation of lipids in different types of cells [126,135-137]. In addition, Curcumin
derived from Curcuma longa activates AMPK by phosphorylating its o subunit. Exposure of 3T3-L1
adipocytes to curcumin enhanced the phosphorylation and activation of AMPK and decreased the
expression of ACC by phosphorylation [138]. Similarly, Hwang et al. reported the inhibition of
adipogenesis and apoptosis of adipocytes by genistein, epigallocatechin gallate (EGCG) and
capsaicin through activation of AMPK. These phytochemicals activated AMPK through stimulation
of reactive oxygen species (ROS) in 3T3-L1 pre-adipocytes [103]. In addition, physiological activators,
for instance exercise and calorie restriction induce the increase in AMP: ATP and hence indirectly
activate AMPK. Previous studies have revealed that contraction of muscles both in human and
rodents activate AMPK and accordingly is the one of the most compelling enzymes through which
exercise conveys conclusive effects [126,139].

While intracellular energy level is a crucial determinant in the activity of AMPK, it had been
reported that reactive oxygen species (ROS) also induce the activation of AMPK without any decrease
in ATP level [94,140,141]. From the pharmacological point of view, there is still much effort needed
to combat obesity through direct or indirect activation of AMPK via exogenous activators with no (or
minimal) side effects. Studies on direct or indirect activators of AMPK have been performed in vitro
and in vivo, but more efforts are needed to evaluate their anti-obesogenic effects prior to clinical
testing in humans. Moreover, these compounds must be evaluated for their toxicity and side effects

before forwarding them into market.
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Figure 4. Activation of AMPK by direct and indirect exogenous activators and metabolic functions
of activated AMPK

LKB1; Liver kinase B1, STRAD; STE-related adaptor, MO25; Mouse protein 25, AMP; Adenosine
monophosphate, ATP; Adenosine triphosphate, AMPK; Adenosine monophosphate-activated

protein kinase, CaMMK{J; Calcium/calmodulin-dependent protein kinase kinase 2.

7. Anti-Obesogenic Effects of Plant Products and Their Mechanism of Action

It is evident from the literature that down- or upregulation of hundreds of transcriptional
factors, hormones, and enzymes may induce obesity. Accordingly, there is no single mechanism of
action of the various phytochemicals/plant products tested in the management of obesity. Different
kinds of plant products have different types of mechanisms (Table 2). Their mechanism of action may
include: 1. Inhibition of Pancreatic Lipase (PL) Activity. PL is a crucial enzyme for the hydrolysis of
triglycerides into monoglycerides and fatty acids. It hydrolyses 50-70 % of the total dietry fat [142]
and the inhibition of this enzyme is among approaches used to combat obesity. The mechanism

involves inhibition of absorption of triglycerides in the bodies. PL inhibition is being widely studied
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to evaluate the potential of natural products to inhibit dietary fat absorption [143-145]. 2. Increase in
Energy Expenditure. As mentioned above, brown adipose tissues transform energy from stored fat
into heat (thermogenesis). UCP1 is the central activator of thermogenic effect and induction of its
expression by natural anti-obesogenic plant products is one route to reduce obesity [7,146]. 3.
Appetite Suppressors. State of satiety is regulated by various hormonal and neurological signals in
human bodies. Neural signal peptides, for instance, dopamine and histamine are correlated with the
state of satiety. Plant products which give a perceived enhancement of satiety through an increase in
adrenaline level and activation of the sympathetic nervous system activity are beneficial for
controlling weight gain [147,148]. 4. Regulation of Lipid Metabolism. Hydrolysis of triglycerides
into monoglycerides and fatty acids is an important step in the absorption and accumulation of fats.
Steering the expression of transcriptional factors and enzymes, for instance AMPK, involved in lipid
metabolism (lipolysis) can be achieved by plant products [149]. Similarly, f-adrenergic receptor
activation causes non-shivering thermogenesis in brown adipocytes and lipolysis in white adipocytes
[150]. 5. Adipocyte Differentiation. Energy balance and homeostasis of lipids are controlled by
adipose tissues. Hypertrophy (increase in size of cells) and hyperplasia (increase in number of cells)
are the two primary conditions related to adipose tissue. These cells store triglycerides and release
them when needed in response to energy demands. Blockade of the principal and main adipogenic
factors PPAR vy, C/EBP, SREBP families along with other proteins and transcriptional factors by anti-

obesogenic products may prove fruitful in the development of anti-obesity therapies [7,151].

Table 2. Reported anti-obesogenic effects of plant extracts/phytochemicals (2014 onwards)

Plant extracts/Specific Experimental Anti-Obesogenic Effects Reference
Phytochemicals Models
Isobavachalcone (IBC) 3T3-L1 pre-adipocytes  Decreased cell proliferation by 38.6% [152]

at day 2 (D2) and 31.0% at day 8 (D8).
Reduced intracellular lipids contents

~ by 75%. Decreased protein level of

O OH
O \ O PPARy and C/EBP « by 855 and
HO OH 97.3%. Decreased the expression of
SREBPI1c, adiponectin, ACCI1, and
FAS mRNAs levels
Susphoraphane 3T3-L1 murine pre- Reduced adipocyte differentiation [153]
0] adipocytes through C/EBPa, PPARY1, PPARy2,

g and GLUT4 mRNA downregulations
NN
- NCS

Genistein
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Chromolaena odorata; leaves ~ 3T3-L1 adipocytes Reduced lipid accumulation by 75 % [154]
extracts containing (30 pmol/L) and 90% (50 pmol/L)
flavonoid (4,2’dihydroxy- in 3T3-L1 adipocytes

4’,5',6" trimethoxychalcone)

HFD induce Wister Reduced lipid accumulation. [155]
male rats Reduced size of adipocytes
3T3-L1 adipocytes Reduced TG level by 16.08, [156]

23.10 and 45.67 % at 50 pmol
concentration. Downregulated

expression level of PPARy¢
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Nobiletin

OMe O

Tropaeolum majus
(Extract)

3T3-L1 cells

Reduced TG level up to 25.8% -
54.7%. Decreased PPARYy expression
level by 23.0% — 90.4% and C/EBP«x
by 45.8% and 71.9% at different

concentrations

[157]

[ -sitosterol and corn silk

extracts

HO

3T3-L1 cell lines and
C57BL/6 HFD induced

mice.

Reduced the genes and protein
expression level of C/EBPa, C/EBP 3,
aP2, adipsin and PPARY. In in vivo
studies, decreased the weight and
adipocytes in various organs

including adipose tissue and liver

[158]

Anthocyanins from Vitis

coignetiae

3T3-L1 pre-adipocytes

Enhanced activation of AMPK,
decreased the number of lipid
droplets. Reduced TG level by 60
% at 200 pg/ml. Inhibited the
expression of PPARy, C/EBP

a, - 3 and SREBP-1c

[159]

5-Hydroxy-3,6,7,8,3',4'-

hexamethoxyflavone

3T3-L1 cells

Reduced lipid accumulation up to
55-60%. Downregulated PPARY1,
PPARY2, C/EBPa, FAS and ACC

[160]

Oroxylum indicum (L.)

extracts

3T3-L1 pre-adipocytes
and porcine pancreatic

lipase

Decreased cell viability and lipid
accumulation by 52% at 200 pg/ml
concentration in vitro and inhibited
the activity of pancreatic lipase (ICso
1062.04 + 32.21 ug/mL)

[161]

1) Phyllanthus niruri
(whole plant extract).
2) Orthosiphon stami

neus (leaves extract).

Porcine pancreatic

lipase

>70% inhibition of pancreatic lipase
activity with ICso value 1) 27.7, 2)
34.7,3) 41.5 and 4) 55.2 pug/ml

respectively

[162]
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3) Murraya paniculata
(leaves extract) and
4) Averrhoa bilimbi

(leaves extract)

Green coffee, cinnamon and Obese male sprague- Decreased level of TG, LDL and total [163]
ginger (Combined extracts) dawley rats lipids
Berberine from Coptis 3T3-L1 adipocytes Increased expression of ATGL and [164]
chinensis HSL. Decreased TG level by 10%
0\
0]
e
MeO N
OMe
Acai (Euterpe oleracea 3T3-L1 mouse Downregulated PPAR v-2, [165]
Mart)/Polyphenols adipocytes decreased expression of adipogenic
transcription factors (C/EBPa, -3,
KLF5 and SREBP1c
Mulberry leaf extract 3T3-L1 mouse embryo  Inhibited the differentiation of 3T3- [166]
(MLE) cells/C57BL/6 male L1 pre-adipocytes. Suppressed the
and mulberry leaf mice expression of SREBP-1c and PPAR-y
polyphenol extract proteins and FAS. Increased
(MLPE) phosphorylation of AMPK
Curcuma longa L extracts Sprague-Dawely (SD)  Suppressed adipocyte differentiation [167]
HFD rats and lipogenesis. Decreased mRNA
expression of FAS, ACC, Adipocyte
protein-2 and LPL
Kaempferol-3-O-rutinoside =~ 3T3-L1 fibroblasts Anti-adipogenic effects through [168]
from Solidago virgaurea suppression of PPARy and C/EBPa
expression
Tangeritin 3T3-L1 fat cells. Inhibited adipogenesis by down- [169]

regulating the expression of mRNAs
of C/EBPa, C/EBP 3 and PPARY
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OMe O

Diospyros kaki Fruit and Porcine pancreas

Citrus unshiu Peel lipase activity in vitro
and male HFD

induced ICR mice

Inhibited pancreatic lipase activity in
vitro (IC50507.01 ug/mL) and [144]
significantly reduced serum

triacylglycerol, total cholesterol and

visceral fat weight in ICR mice

Oxyresveratrol 3T3-L1 cells

Cyanomaclurin

H
HO 0] 0
X fOH‘
(0] OH

Reduced TG contents to 68% and
41% of control with 100 and 600 uM

concentrations. Inhibited cell

[170]

proliferation up to 45 % and 67%.
Induced cell cycle arrest and down
regulated expression of PPARy and
C/EBP a

Tricin (5,7,4" trihydroxy-
3’,5’-dimethoxyflavone)

OMe

3T3-L1 pre-adipocytes

Inhibited lipid accumulation by 37%
at 6 pg/ml. Significantly decreased
the mRNA level of PPAR vy, CEBP/
and SREBP1 at 1.5 pg/ml

concentration

[171]

HFD induced
Sprague-dawely rats

Triterpenoid (Ursolic Acid).

Enhanced activation of AMPK.

Reduced insulin resistance, and

[172]

body weight (45g average weight
loss) Decreased HFD/Body ratio by
17%

Persimmon Tannin

3T3-L1 pre-adipocytes

Inhibited early stage adipocytes [173]
differentiation, reduced triglyceride

contents by 6.6 % at 60 pg/ml
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concentration and suppressed the
expression of C/EBP ot and PPAR vy

Hesperetin Human Mesenchyma  Decreased lipid contents to 42.6 and [174]
Stem cells (hMSCs) 67.82 % in concentration dependent
OMe manner. Almost completely
@E suppressed the differentiation of

HO O OH
\Q;}J hMSCs to pre-adipocytes. Decreased
1.79- and 1.63-folds expression level

of PPARy and C/EBP (3

Camellia sinensis Sprague-Dawely (SD)  Reduced expression of IL-6, TNFa [175]

(polyphenols), HFD rats genes, serum leptin level and

polysaccharides) inhibited fatty acid absorption

Resveratrol HFD induced Downregulated mRNA level of ACC [176]
Kumming mice 1, PPARy and FAS

OH
HO\

OH
Gyeongshingangjeehwan 3T3-L1 adipocytes and Reduced lipid accumulation by 41, [177]
18 (GGEx18) from Rheum HFD C57BL/6] mice 54 and 70% at 0.1, 1 and 10 pg/ml
palmatum L, Laminaria concentrations. Decreased visceral
japonica Aresch, Ephedra adipose tissue weight by 46 and 24%
sinica at 250 and 500 mg/kg/d
concentration. Increased expression
of AMPK
5,7-Dimethoxyflavone 3T3-L1 adipocytes and Downregulated PPARy, C/EBPa, [178]
high-fat diet SREBP 1-C, HMG-CoA, ACC and
(HFD)-induced obese ~ FAS. Activated AMPK

C57BL/6] mice

Glut 4: Glucose transporter type 4; LDL: Low Density Lipoproteins; ATGL: Adipose Triglyceride
Lipase; HSL: Hormone Sensitive Lipase; hMSCs: Human Mesenchymal Stem cells; IL-6: Interleukin-
6; LPL: Lipoprotein Lipase; TG; Triglycerides; AMPK: adenosine monophosphate-activated protein
kinase; SREBP-1c: Sterol Regulatory Binding Protein-1c; ACC: Acetyl Co-A Carboxylase; FAS: Fatty
Acids Synthase; HFD: High fat diet; TG: Triglycerides.
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8. Summary and Outlook

Obesity is a common disorder caused by the interaction of environmental, genetic and
nutritional factors, and its pervasiveness is accelerating worldwide. Changes in lifestyle, extensive
consumption of calorific foods, and increasingly sedentary lifestyles are the predominant causative
factors for this rise in obesity. Returning to healthy lifestyles, for example daily exercise and
consumption of food rich in minerals and fibres is the surest route to successful weight loss, but for
many it is extremely challenging to maintain. For decades, synthetic chemicals had been explored to
fill this need. Despite generating positive results, they have also caused adverse effects that muted
their benefits. Traditionally used medicinal plants which contain a wide range of natural chemicals
have been used for the treatment of many infectious as well as chronic disorders including obesity.
These natural products from plants (phytochemicals) may play a supportive role in combating
obesity by helping obese people to lose weight. A synergestic activity could be conferred by the
combination of multiple natural products to increase their anti-obesogenic activities and mode of
action on multiple targets, which may prove to be advantageous over other chemical treatments.
Anti-obesogenic studies either based on in vitro studies or mouse models do not guarantee the same
results in humans, and so clinical trials must be performed to evaluate the effectiveness of bioactive
compounds in order to understand their safety, bioavailability, pharmacokinetics and efficacy.
Clinical trials should be planned carefully to evaluate both immediate and long-term side effects of
bioactive compounds. Additionally, studies on phytochemicals and their anti-obesogenic effects on
direct or indirect activation of AMPK may expedite the development of anti-obesogenic drugs.
Investigation into promising targets and identification of unique regulators of adipogenesis are still
needed for formulating appropriate natural drugs against obesity. With the availability of many
natural medicinal plants, these will provide scientific bases for the development of anti-obesogenic

natural products and play a central role in the management of obesity.

Authors Contributions: Bilal Ahmad and Wong Eng Hwa did the literature search, designed and
wrote the draft of the manuscript. Christopher J Serpell and Isabel Fong Lim made editorial changes
and reviewed the manuscript. All the authors reviewed and approved the final version of the
manuscript before submission.
Acknowledgement

This article is written with the support of Taylor’s University Lake Side Campus No 1 Jalan
Taylor’s, 47500 Subang Jaya, Malaysia.

Conflict of Interest: The authors declare no conflicts of interest.

References

1. Mopuri, R.; Islam, M. S. Medicinal Plants and Phytochemicals with Anti-Obesogenic
Potentials: A Review. Biomed. Pharmacother. 2017, 89, 1442-1452.
https://doi.org/10.1016/j.biopha.2017.02.108.

2. Mukherjee, A.; Mukherjee, S.; Biswas, ]J.; Roy, M. Phytochemicals in Obesity Control.
Int.].Curr.Microbiol. App.Sci 2015, 4 (4), 558-567.

3. Chandrasekaran, C. V.; Vijayalakshmi, M. A.; Prakash, K.; Bansal, V. S.; Meenakshi, J.; Amit,
A. Review Article: Herbal Approach for Obesity Management. Am. |. Plant Sci. 2012, 03 (07),
1003-1014. https://doi.org/10.4236/ajps.2012.327119.


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

4. Tung, Y. C.; Hsieh, P. H.; Pan, M. H.; Ho, C. T. Cellular Models for the Evaluation of the
Antiobesity Effect of Selected Phytochemicals from Food and Herbs. J. Food Drug Anal. 2017,
25 (1), 100-110. https://doi.org/10.1016/;.jfda.2016.10.018.

5. Cohen, P.; Levy, J. D.; Zhang, Y.; Frontini, A.; Kolodin, D. P.; Svensson, K. J.; Lo, J. C.; Zeng,
X.; Ye, L.; Khandekar, M. J.; et al. Ablation of PRDM16 and Beige Adipose Causes Metabolic
Dysfunction and a Subcutaneous to Visceral Fat Switch. Cell 2014, 156 (1-2), 304-316.
https://doi.org/10.1016/j.cell.2013.12.021.

6. Organization, W. H.; Organization, W. H.; others. Obesity and Overweight Fact Sheet. 2016.
URL http//www. thehealthwell. info/node/82914 2017.

7. Sun, N. N;; Wu, T. Y.,; Chau, C. F. Natural Dietary and Herbal Products in Anti-Obesity
Treatment. Molecules 2016, 21 (10). https://doi.org/10.3390/molecules21101351.

8. Kalra, S.; Garg, M.; Unnikrishnan, A. Preventing Obesity in India: Weighing the Options.
Indian ]. Endocrinol. Metab. 2012, 16 (1), 4. https://doi.org/10.4103/2230-8210.91174.

9. Wyatt, S. B.; Winters, K. P.; Dubbert, P. M. Overweight and Obesity: Prevalence,
Consequences, and Causes of a Growing Public Health Problem. Am. J. Med. Sci. 2006, 331 (4),
166-174. https://doi.org/10.1097/00000441-200604000-00002.

10. Wright, S. M.; Aronne, L. ]J. Causes of Obesity. Abdom. Imaging 2012, 37 (5), 730-732.
https://doi.org/10.1007/s00261-012-9862-x.

11. Choquet, H.; Meyre, D. Molecular Basis of Obesity: Current Status and Future Prospects. Curr.
Genomics 2011, 12 (3), 154-168. https://doi.org/10.2174/138920211795677921.

12.  Farooqi, I. S.; O’rahilly, S. Mutations in Ligands and Receptors of the Leptin--Melanocortin
Pathway That Lead to Obesity. Nat. Rev. Endocrinol. 2008, 4 (10), 569.

13.  Rodgers, R. J.; Tschop, M. H.; Wilding, J. P. H. Anti-Obesity Drugs: Past, Present and Future.
Dis. Model. Mech. 2012, 5 (5), 621-626.

14. Sasidharan, S.; Chen, Y.; Saravanan, D.; Sundram, K. M.; Latha, L. Y. Extraction, Isolation and
Characterization of Bioactive Compounds from Plants” Extracts. African |. Tradit. Complement.
Altern. Med. 2011, 8 (1).

15. Booth, A.; Magnuson, A.; Fouts, J.; Foster, M. Adipose Tissue, Obesity and Adipokines: Role
in Cancer Promotion. Horm. Mol. Biol. Clin. Investig. 2015, 21 (1), 57-74.

16. Bijland, S.; Mancini, S. J; Salt, L. P. Role of AMP-Activated Protein Kinase in Adipose Tissue
Metabolism and Inflammation. Clin. Sci. 2013, 124 (8), 491-507.
https://doi.org/10.1042/CS20120536.

17. Pollak, N. M.; Hoffman, M.; Goldberg, I. ].; Drosatos, K. Kriippel-Like Factors: Crippling and
Uncrippling Metabolic Pathways. JACC Basic to Transl. Sci. 2018, 3 (1), 132-156.
https://doi.org/10.1016/j.jacbts.2017.09.001.

18.  Ali, A. T,; Hochfeld, W. E.; Myburgh, R.; Pepper, M. S. Adipocyte and Adipogenesis. Eur. J.
Cell Biol. 2013, 92 (6-7), 229-236. https://doi.org/10.1016/j.ejcb.2013.06.001.

19.  Tang, Q. Q.; Lane, M. D. Adipogenesis: From Stem Cell to Adipocyte. Annu. Rev. Biochem.
2012, 81, 715-736.

20. Lefterova, M. I; Lazar, M. A. New Developments in Adipogenesis. Trends Endocrinol. Metab.
2009, 20 (3), 107-114. https://doi.org/10.1016/j.tem.2008.11.005.

21. Niemald, S.; Miettinen, S.; Sarkanen, J. R.; Ashammakhi, N. Adipose Tissue and Adipocyte
Differentiation: Molecular and Cellular Aspects and Tissue Engineering Applications. Top.
Tissue Eng. 2008, 4 (January 2015), 1-26.


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lazar, A. D.; Dinescu, S.; Costache, M. Adipose Tissue Engineering and Adipogenesis — a
Review Reviews in Biological and Biomedical Sciences Reviews in Biological and Biomedical
Sciences. Rev. Biol. Biomed. Sci 2018, 1 (1), 17-26.

Selvarajan, S.; Lund, L. R,; Takeuchi, T.; Craik, C. S.; Werb, Z. A Plasma Kallikrein-Dependent
Plasminogen Cascade Required for Adipocyte Differentiation. Nat. Cell Biol. 2001, 3 (3), 267.
Divoux, A.; Clement, K. Architecture and the Extracellular Matrix: The Still Unappreciated
Components of the Adipose Tissue. Obes. Rev. 2011, 12 (5), e494--e503.

Coelho, M.; Oliveira, T.; Fernandes, R. Biochemistry of Adipose Tissue: An Endocrine Organ.
Arch. Med. Sci. 2013, 9 (2), 191-200. https://doi.org/10.5114/aoms.2013.33181.

Shan, T.; Xiong, Y.; Zhang, P.; Li, Z; Jiang, Q.; Bi, P.; Yue, F.; Yang, G.; Wang, Y.; Liu, X,; et
al. Lkb1 Controls Brown Adipose Tissue Growth and Thermogenesis by Regulating the
Intracellular Localization of CRTC3. Nat. Commun. 2016, 7, 1-11.
https://doi.org/10.1038/ncomms12205.

Tam, C. S.; Lecoultre, V.; Ravussin, E. Brown Adipose Tissue: Mechanisms and Potential
Therapeutic Targets. Circulation 2012, 125 (22), 2782-2791.
https://doi.org/10.1161/CIRCULATIONAHA.111.042929.

Dempersmier, J.; Sambeat, A.; Gulyaeva, O.; Paul, S. M.; Hudak, C. S. S.; Raposo, H. F.; Kwan,
H.-Y,; Kang, C; Wong, R. H. F; Sul, H. S. Cold-Inducible Zfp516 Activates UCP1
Transcription to Promote Browning of White Fat and Development of Brown Fat. Mol. Cell
2015, 57 (2), 235-246.

Petrovic, N.; Walden, T. B.; Shabalina, I. G.; Timmons, ]. A.; Cannon, B.; Nedergaard, J.
Chronic Peroxisome Proliferator-Activated Receptor y (PPARy) Activation of Epididymally
Derived White Adipocyte Cultures Reveals a Population of Thermogenically Competent,
UCP1-Containing Adipocytes Molecularly Distinct from Classic Brown Adipocytes. J. Biol.
Chem. 2010, 285 (10), 7153-7164. https://doi.org/10.1074/jbc.M109.053942.

Barbatelli, G.; Murano, I.; Madsen, L.; Hao, Q.; Jimenez, M.; Kristiansen, K.; Giacobino, J. P.;
De Matteis, R.; Cinti, S. The Emergence of Cold-Induced Brown Adipocytes in Mouse White
Fat Depots Is Determined Predominantly by White to Brown Adipocyte Transdifferentiation.
AJP Endocrinol. Metab. 2010, 298 (6), E1244-E1253. https://doi.org/10.1152/ajpend0.00600.2009.
Himms-Hagen, J.; Melnyk, A.; Zingaretti, M. C.; Ceresi, E.; Barbatelli, G.; Cinti, S. Multilocular
Fat Cells in WAT of CL-316243-Treated Rats Derive Directly from White Adipocytes. Am. J.
Physiol. Physiol. 2000, 279 (3), C670-C681. https://doi.org/10.1152/ajpcell.2000.279.3.C670.
Crane, J. D.; Palanivel, R.; Mottillo, E. P.; Bujak, A. L.; Wang, H.; Ford, R. ].; Collins, A.; Bliimer,
R. M,; Fullerton, M. D.; Yabut, ]. M,; et al. Inhibiting Peripheral Serotonin Synthesis Reduces
Obesity and Metabolic Dysfunction by Promoting Brown Adipose Tissue Thermogenesis. Nat.
Med. 2015, 21 (2), 166-172. https://doi.org/10.1038/nm.3766.

Cypess, A. M.; Lehman, S.; Williams, G.; Tal, I.; Rodman, D.; Goldfine, A. B.; Kuo, F. C;
Palmer, E. L.; Tseng, Y.-H.; Doria, A.; et al. Identification and Importance of Brown Adipose
Tissue in Adult Humans. N. Engl. J. Med. 2009, 360 (15), 1509-1517.

Saely, C. H.; Geiger, K.; Drexel, H. Brown versus White Adipose Tissue: A Mini-Review.
Gerontology 2011, 58 (1), 15-23. https://doi.org/10.1159/000321319.

Shinoda, K.; Luijten, I. H. N.; Hasegawa, Y.; Hong, H.; Sonne, S. B.; Kim, M.; Xue, R;;
Chondronikola, M.; Cypess, A. M. Tseng, Y.-H., et al. Genetic and Functional
Characterization of Clonally Derived Adult Human Brown Adipocytes. Nat. Med. 2015, 21 (4),

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

389.

36. Park, A. Distinction of White, Beige and Brown Adipocytes Derived from Mesenchymal Stem
Cells. World . Stem Cells 2014, 6 (1), 33. https://doi.org/10.4252/wjsc.v6.i1.33.

37. Timmons, J. A.; Wennmalm, K.; Larsson, O.; Walden, T. B.; Lassmann, T.; Petrovic, N.;
Hamilton, D. L.; Gimeno, R. E.; Wahlestedt, C.; Baar, K.; et al. Myogenic Gene Expression
Signature Establishes That Brown and White Adipocytes Originate from Distinct Cell
Lineages. Proc. Natl. Acad. Sci. 2007, 104 (11), 4401-4406.
https://doi.org/10.1016/j.acap.2016.04.007.

38. Kajimura, S.; Seale, P.; Kubota, K.; Lunsford, E.; Frangioni, J. V; Gygi, S. P.; Spiegelman, B. M.
Initiation of Myoblast to Brown Fat Switch by a PRDM16--C/EBP-{ Transcriptional Complex.
Nature 2009, 460 (7259), 1154.

39. Aziz, S. A; Wakeling, L. A; Miwa, S.; Alberdi, G.; Hesketh, ]J. E.; Ford, D. Metabolic
Programming of a Beige Adipocyte Phenotype by Genistein. Mol. Nutr. Food Res. 2017, 61 (2),
1-10. https://doi.org/10.1002/mnfr.201600574.

40. Gautam, J.; Khedgikar, V.; Kushwaha, P.; Choudhary, D.; Nagar, G. K.; Dev, K,; Dixit, P,;
Singh, D.; Maurya, R.; Trivedi, R. Formononetin, an Isoflavone, Activates AMP-Activated
Protein Kinase [3-Catenin Signalling to Inhibit Adipogenesis and Rescues C57BL/6 Mice from
High-Fat Diet-Induced Obesity and Bone Loss. Br. J. Nutr. 2017, 117 (5), 645-661.
https://doi.org/10.1017/S0007114517000149.

41. Hu, T; Yuan, X.; Wei, G,; Luo, H; Lee, H. J; Jin, W. Myricetin-Induced Brown Adipose Tissue
Activation Prevents Obesity and Insulin Resistance in Db/Db Mice. Eur. J. Nutr. 2018, 57 (1),
391-403. https://doi.org/10.1007/s00394-017-1433-z.

42. Baskaran, P.; Krishnan, V.; Ren, J.; Thyagarajan, B. Capsaicin Induces Browning of White
Adipose Tissue and Counters Obesity by Activating TRPV1 Channel-Dependent
Mechanisms. Br. |. Pharmacol. 2016, 2369-2389. https://doi.org/10.1111/bph.13514.

43. Thaiss, C. A; Itav, S.; Rothschild, D.; Meijer, M. T.; Levy, M.; Moresi, C.; Dohnalov3, L.;
Braverman, S.; Rozin, S.; Malitsky, S.; et al. Persistent Microbiome Alterations Modulate the
Rate of Post-Dieting Weight Regain. Nature 2016, 540 (7634), 544.

44. Choi, J. H.; Yun, ]J. W. Chrysin Induces Brown Fat-like Phenotype and Enhances Lipid
Metabolism in 3T3-L1 Adipocytes. Nutrition 2016, 32 (9), 1002-1010.
https://doi.org/10.1016/j.nut.2016.02.007.

45. Tsutsumi, R.; Yoshida, T.; Nii, Y.; Okahisa, N.; Iwata, S.; Tsukayama, M.; Hashimoto, R.;
Taniguchi, Y.; Sakaue, H.; Hosaka, T.; et al. Sudachitin, a Polymethoxylated Flavone,
Improves Glucose and Lipid Metabolism by Increasing Mitochondrial Biogenesis in Skeletal
Muscle. Nutr. Metab. 2014, 11 (1), 1-14. https://doi.org/10.1186/1743-7075-11-32.

46. Zhang, Z.; Zhang, H.; Li, B.; Meng, X,; Wang, J.; Zhang, Y.; Yao, S.; Ma, Q.; Jin, L.; Yang, J.; et
al. Berberine Activates Thermogenesis in White and Brown Adipose Tissue. Nat. Commun.
2014, 5. https://doi.org/10.1038/ncomms6493.

47. Khalilpourfarshbafi, M.; Gholami, K.; Murugan, D. D.; Abdul Sattar, M. Z.; Abdullah, N. A.
Differential Effects of Dietary Flavonoids on Adipogenesis. Eur. |. Nutr. 2018, 0 (0), 1-21.
https://doi.org/10.1007/s00394-018-1663-8.

48. Rosen, E.; Eguchi, J.; Xu, Z. Transcriptional Targets in Adipocyte Biology. Expert Opin. Ther.
Targets 2009, 13 (8), 975-986.

49. Lefterova, M. I; Haakonsson, A. K,; Lazar, M. A.; Mandrup, S. PPARy and the Global Map of


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

Adipogenesis and Beyond. Trends Endocrinol. Metab. 2014, 25 (6), 293-302.

50. Rosen, E. D.; Sarraf, P.; Troy, A. E.; Bradwin, G.; Moore, K.; Milstone, D. S.; Spiegelman, B. M.;
Mortensen, R. M. PPARY Is Required for the Differentiation of Adipose Tissue in Vivo and in
Vitro. Mol. Cell 1999, 4 (4), 611-617.

51. Barak, Y.; Nelson, M. C,; Ong, E. S.; Jones, Y. Z.; Ruiz-Lozano, P.; Chien, K. R.; Koder, A,
Evans, R. M. PPARY Is Required for Placental, Cardiac, and Adipose Tissue Development.
Mol. Cell 1999, 4 (4), 585-595.

52. Sarjeant, K.; Stephens, J. M. Adipogenesis. Cold Spring Harb. Perspect. Biol. 2012, 4 (9), a008417.

53. Jimenez, M. A.; Akerblad, P.; Sigvardsson, M.; Rosen, E. D. Critical Role for Ebfl and Ebf2 in
the Adipogenic Transcriptional Cascade. Mol. Cell. Biol. 2007, 27 (2), 743-757.

54. Rajakumari, S.; Wu, J.; Ishibashi, J.; Lim, H.; Giang, A.; Won, K.; Reed, R. R; Seale, P. Article
EBF2 Determines and Maintains Brown Adipocyte Identity. Cell Metab. 2013, 17 (4), 562-574.
https://doi.org/10.1016/j.cmet.2013.01.015.

55. Jang, M. K,; Lee, S.; Jung, M. H. RNA-Seq Analysis Reveals a Negative Role of KLF16 in
Adipogenesis. PLoS One 2016, 11 (9), 1-14. https://doi.org/10.1371/journal.pone.0162238.

56. Jiang, S.; Wei, H.; Song, T.; Yang, Y.; Zhang, F.; Zhou, Y.; Peng, J.; Jiang, S. KLF13 Promotes
Porcine Adipocyte Differentiation through PPARY Activation. Cell Biosci. 2015, 5 (1), 1-14.
https://doi.org/10.1186/s13578-015-0016-z.

57. Sue, N.; Jack, B. H. A ; Eaton, S. A.; Pearson, R. C. M.; Funnell, A. P. W.; Turner, J.; Czolij, R;
Denyer, G.; Bao, S.; Molero-Navajas, J. C.; et al. Targeted Disruption of the Basic Kriippel-like
Factor Gene (KIf3) Reveals a Role in Adipogenesis. Mol. Cell. Biol. 2008, 28 (12), 3967-3978.

58. Banerjee, S. Sen; Feinberg, M. W.; Watanabe, M.; Gray, S.; Haspel, R. L.; Denkinger, D. J.;
Kawahara, R.; Hauner, H.; Jain, M. K. The Kriippel-like Factor KLF2 Inhibits Peroxisome
Proliferator-Activated Receptor-y Expression and Adipogenesis. J. Biol. Chem. 2003, 278 (4),
2581-2584.

59. Cho, S. Y,; Park, P.J.; Shin, H. J.; Kim, Y.-K.; Shin, D. W_; Shin, E. S.; Lee, H. H.; Lee, B. G.; Baik,
J.-H.; Lee, T. R. (-)-Catechin Suppresses Expression of Kruppel-like Factor 7 and Increases
Expression and Secretion of Adiponectin Protein in 3T3-L1 Cells. Am. ]. Physiol. Metab. 2007,
292 (4), E1166--E1172.

60. Kawamura, Y.; Tanaka, Y.; Kawamori, R.; Maeda, S. Overexpression of Kruppel-like Factor 7
Regulates Adipocytokine Gene Expressions in Human Adipocytes and Inhibits Glucose-
Induced Insulin Secretion in Pancreatic 3-Cell Line. Mol. Endocrinol. 2006, 20 (4), 844-856.

61. Tong, Q.; Tsai, J.; Tan, G.; Dalgin, G.; Hotamisligil, G. S. Interaction between GATA and the
C/EBP Family of Transcription Factors Is Critical in GATA-Mediated Suppression of
Adipocyte Differentiation. Mol. Cell. Biol. 2005, 25 (2), 706-715.

62. Reusch, J. E. B.; Colton, L. A_; Klemm, D. J. CREB Activation Induces Adipogenesis in 3T3-L1
Cells. Mol. Cell. Biol. 2000, 20 (3), 1008-1020.

63.  James, A. W. Review of Signaling Pathways Governing MSC Osteogenic and Adipogenic
Differentiation. Scientifica (Cairo). 2013, 2013.

64. Zhang, X.; Yang, M.; Lin, L.; Chen, P.; Ma, K. T.; Zhou, C. Y.; Ao, Y. F. Runx2 Overexpression
Enhances Osteoblastic Differentiation and Mineralization in Adipose-Derived Stem Cells in
Vitro and in Vivo. Calcif. Tissue Int. 2006, 79 (3), 169-178.

65. Moseti, D.; Regassa, A.; Kim, W. K. Molecular Regulation of Adipogenesis and Potential
Anti-Adipogenic Bioactive Molecules. Int. J. Mol. Sci. 2016, 17 (1), 1-24.


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

https://doi.org/10.3390/ijms17010124.

66. Wang, R. N.; Green, J.; Wang, Z.; Deng, Y.; Qiao, M.; Peabody, M.; Zhang, Q.; Ye, J.; Yan, Z,;
Denduluri, S.; et al. Bone Morphogenetic Protein (BMP) Signaling in Development and
Human Diseases. Genes Dis. 2014, 1 (1), 87-105.

67. Chen, D. L; Zhao, M.; Mundy, G. R. Bone Morphogenetic Proteins. Growth factors 2004, 22 (4),
233-241.

68. Tseng, Y.-H.; He, T.-C. Bone Morphogenetic Proteins and Adipocyte Differentiation.
Cellscience Rev 2007, 3 (3), 342-360.

69. Pereira, R. C; Delany, A. M.; Canalis, E. Effects of Cortisol and Bone Morphogenetic Protein-
2 on Stromal Cell Differentiation: Correlation with CCAAT-Enhancer Binding Protein
Expression. Bone 2002, 30 (5), 685-691.

70. Tseng, Y.-H.; Kokkotou, E.; Schulz, T. ]J.; Huang, T. L.; Winnay, J. N.; Taniguchi, C. M.;

Tran, T. T.;Suzuki, R.; Espinoza, D. O.; Yamamoto, Y.; et al. New role of bone morphogenetic
protein 7 in brown adipogenesis and energy expenditure. Nature, 2008 454(7207), 1000.

71. Skillington, J.; Choy, L.; Derynck, R. Bone Morphogenetic Protein and Retinoic Acid Signaling
Cooperate to Induce Osteoblast Differentiation of Preadipocytes. J. Cell Biol. 2002, 159 (1), 135—
146.

72. Suenaga, M.; Kurosawa, N.; Asano, H.; Kanamori, Y.; Umemoto, T.; Yoshida, H.; Murakami,
M.; Kawachi, H.; Matsui, T.; Funaba, M. Bmp4 Expressed in Preadipocytes Is Required for the
Onset of Adipocyte Differentiation. Cyfokine 2013, 64 (1), 138-145.

73. Rebbapragada, A.; Benchabane, H.; Wrana, J. L.; Celeste, A. J.; Attisano, L. Myostatin Signals
through a Transforming Growth Factor -like Signaling Pathway to Block Adipogenesis. Mol.
Cell. Biol. 2003, 23 (20), 7230-7242.

74. Gustafson, B.; Smith, U. The WNT Inhibitor Dickkopf 1 and Bone Morphogenetic Protein 4
Rescue Adipogenesis in Hypertrophic Obesity in Humans. Diabetes 2012, 61 (May), 1217-1224.
https://doi.org/10.2337/db11-1419.

75. Elsen, M.; Raschke, S.; Tennagels, N.; Schwahn, U.; Jelenik, T.; Roden, M.; Romacho, T,;
Eckel, J. BMP4 and BMP7 Induce the White-to-Brown Transition of Primary Human
Adipose Stem Cells. Stem Cell Physiol. Pathophysiol. 2019, No. 21, 431-440.
https://doi.org/10.1152/ajpcell.00290.2013.

76. Yu, H.-Y,; Tang, Q.-Q.; Guo, L,; Sun, X,; Li, X,; Qian, 5.-W.; Jia, W.-P.; Huang, H.-Y.; Liu, Y.;
Zhang, Y.-Y.; et al. BMP4-Mediated Brown Fat-like Changes in White Adipose Tissue Alter
Glucose and Energy Homeostasis. Proc. Natl. Acad. Sci. 2013, 110 (9), E798-E807.
https://doi.org/10.1073/pnas.1215236110.

77. Smith, U.; Kahn, B. B. Adipose Tissue Regulates Insulin Sensitivity: Role of Adipogenesis, de
Novo Lipogenesis and Novel Lipids. |. Intern. Med. 2016, 280 (5), 465—475.

78. Qiang, L.; Wang, H.; Farmer, S. R. Adiponectin Secretion Is Regulated by SIRT1 and the
Endoplasmic Reticulum Oxidoreductase Erol-L Alpha. Mol. Cell. Biol. 2007, 27 (13), 4698—4707.

79. Margoni, A.; Fotis, L.; Papavassiliou, A. G. The Transforming Growth Factor-Beta/Bone
Morphogenetic Protein Signalling Pathway in Adipogenesis. Int. . Biochem. Cell Biol. 2012, 44
(3), 475-479.

80. Liang, S.; Chen, R.-T.; Zhang, D.-P.; Xin, H.-H.; Lu, Y.; Wang, M.-X,; Miao, Y.-G. Hedgehog
Signaling Pathway Regulated the Target Genes for Adipogenesis in Silkworm Bombyx Mori.
Insect Sci. 2015, 22 (5), 587-596.


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Plaisant, M.; Fontaine, C.; Cousin, W.; Rochet, N.; Dani, C.; Peraldi, P. Activation of Hedgehog
Signaling Inhibits Osteoblast Differentiation of Human Mesenchymal Stem Cells. Stem Cells
2009, 27 (3), 703-713.

Fontaine, C.; Cousin, W.; Plaisant, M.; Dani, C.; Peraldi, P. Hedgehog Signaling Alters
Adipocyte Maturation of Human Mesenchymal Stem Cells. Stem Cells 2008, 26 (4), 1037-1046.
Spinella-Jaegle, S.; Rawadi, G.; Kawai, S.; Gallea, S.; Faucheu, C.; Mollat, P.; Courtois, B.;
Bergaud, B.; Ramez, V.; Blanchet, A. M.; et al. Sonic Hedgehog Increases the Commitment of
Pluripotent Mesenchymal Cells into the Osteoblastic Lineage and Abolishes Adipocytic
Differentiation. J. Cell Sci. 2001, 114 (11), 2085-2094.

Li, F.-Q.; Singh, A. M.; Mofunanya, A.; Love, D.; Terada, N.; Moon, R. T.; Takemaru, K.-I.
Chibby Promotes Adipocyte Differentiation through Inhibition of 3-Catenin Signaling. Mol.
Cell. Biol. 2007, 27 (12), 4347-4354.

Bennett, C. N.; Ross, S. E.; Longo, K. A; Bajnok, L.; Hemati, N.; Johnson, K. W.; Harrison, S.
D.; MacDougald, O. A. Regulation of Wnt Signaling during Adipogenesis. J. Biol. Chem. 2002,
277 (34), 30998-31004.

Krishnan, V.; Bryant, H. U.; MacDougald, O. A. Regulation of Bone Mass by Wnt Signaling. J.
Clin. Invest. 2006, 116 (5), 1202-1209.

Christodoulides, C.; Lagathu, C.; Sethi, J. K.; Vidal-Puig, A. Adipogenesis and WNT
Signalling. Trends Endocrinol. Metab. 2009, 20 (1), 16-24.

Kang, S.; Bajnok, L.; Longo, K. A.; Petersen, R. K.; Hansen, J. B.; Kristiansen, K.; MacDougald,
O. A. Effects of Wnt Signaling on Brown Adipocyte Differentiation and Metabolism Mediated
by PGC-1 a. Mol. Cell. Biol. 2005, 25 (4), 1272-1282.

Longo, K. A.; Wright, W. S.; Kang, S.; Gerin, I; Chiang, S.-H.; Lucas, P. C,; Opp, M. R;;
MacDougald, O. A. Wnt10b Inhibits Development of White and Brown Adipose Tissues. J.
Biol. Chem. 2004, 279 (34), 35503-35509.

Li, C,; Zhou, L. Inhibitory Effect 6-Gingerol on Adipogenesis through Activation of the Wnt/p-
Catenin Signaling Pathway in 3T3-L1 Adipocytes. Toxicol. Vitr. 2015, 30 (1), 394—401.

Chen, T.; Cheng, X.; Wang, Y.; Yin, W. Toosendanin Inhibits Adipogenesis by Activating Wnt
/ p -Catenin Signaling. Sci. Rep. 2018, No. March, 1-12. https://doi.org/10.1038/s41598-018-
22873-x.

Topol, L.; Jiang, X.; Choi, H.; Garrett-Beal, L.; Carolan, P. J.; Yang, Y. Wnt-5a Inhibits the
Canonical Wnt Pathway by Promoting GSK-3-Independent {3-Catenin Degradation. J. Cell
Biol. 2003, 162 (5), 899-908.

Hardie, D. G. Keeping the Home Fires Burningt: AMP-Activated Protein Kinase. J. R. Soc.
Interface 2018, 15 (138). https://doi.org/10.1098/rsif.2017.0774.

Kim, J.; Yang, G.; Kim, Y.; Kim, J.; Ha, J. AMPK Activators: Mechanisms of Action and
Physiological Activities. Exp. Mol. Med. 2016, 48 (4), e224-12.
https://doi.org/10.1038/emm.2016.16.

Kim, Y.; Park, C. W. Adenosine Monophosphate-Activated Protein Kinase in Diabetic
Nephropathy. Kidney Res. Clin. Pract. 2016, 35 (2), 69-77.
https://doi.org/10.1016/j.krcp.2016.02.004.

Yan, Y.; Zhou, X. E.; Xu, H. E.; Melcher, K. Structure and Physiological Regulation of AMPK.
Int. ]. Mol. Sci. 2018, 19 (11). https://doi.org/10.3390/ijms19113534.

Chen, S.; Li, Z.; Li, W.; Shan, Z.; Zhu, W. Resveratrol Inhibits Cell Differentiation in 3T3-L1

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Adipocytes via Activation of AMPK. Can. . Physiol. Pharmacol. 2011, 89 (11), 793-799.
https://doi.org/10.1139/y11-077.

Jeon, S. M. Regulation and Function of AMPK in Physiology and Diseases. Exp. Mol. Med.
2016, 48 (7), €245. https://doi.org/10.1038/emm.2016.81.

Luo, Z; Shyy, J. Y.-].; Shaw, R. ].; Jiang, B.; Xu, S.; Hou, X,; Li, Y.; Lefai, E.; Mihaylova, M. M,;
Cohen, R. A,; et al. AMPK Phosphorylates and Inhibits SREBP Activity to Attenuate Hepatic
Steatosis and Atherosclerosis in Diet-Induced Insulin-Resistant Mice. Cell Metab. 2011, 13 (4),
376-388. https://doi.org/10.1016/j.cmet.2011.03.009.

Shaw, R. J. LKB1 and AMP-Activated Protein Kinase Control of MTOR Signalling and
Growth. Acta Physiol. 2009, 196 (1), 65-80.

Musi, N. AMP-Activated Protein Kinase and Type 2 Diabetes. Curr Med Chem 2006, 13 (5),
583-589. https://doi.org/10.2174/092986706776055724.

Vingtdeux, V.; Chandakkar, P.; Zhao, H.; Davies, P.; Marambaud, P. Small-Molecule
Activators of AMP-Activated Protein Kinase (AMPK), 5RSVA314 and RSVA40, Inhibit
Adipogenesis. Mol. Med. 2011, 17 (9-10), 1022-1030.

Hwang, ]. T.; Park, L. J.; Shin, J. L; Lee, Y. K,; Lee, S. K,; Baik, H. W.; Ha, J.; Park, O. ]J. Genistein,
EGCG, and Capsaicin Inhibit Adipocyte Differentiation Process via Activating AMP-
Activated Protein Kinase. Biochem. Biophys. Res. Commun. 2005, 338 (2), 694-699.
https://doi.org/10.1016/j.bbrc.2005.09.195.

Ahn, J.; Lee, H,; Kim, S.; Park, ].; Ha, T. The Anti-Obesity Effect of Quercetin Is Mediated by
the AMPK and MAPK Signaling Pathways. Biochem. Biophys. Res. Commun. 2008, 373 (4), 545—
549. https://doi.org/10.1016/j.bbrc.2008.06.077.

Hawley, S. A.; Ross, F. A.; Chevtzoff, C.; Green, K. A.; Evans, A.; Fogarty, S.; Towler, M. C,;
Brown, L. J.; Ogunbayo, O. A.; Evans, A. M; et al. Use of Cells Expressing y Subunit Variants
to Identify Diverse Mechanisms of AMPK Activation. Cell Metab. 2010, 11 (6), 554-565.

Lee, Y. S,; Kim, W. S.; Kim, K. H.; Yoon, M. J.; Cho, H. ].; Shen, Y.; Ye, ].-M.; Lee, C. H.; Oh, W.
K.; Kim, C. T.; et al. Berberine, a Natural Plant Product, Activates AMP-Activated Protein
Kinase with Beneficial Metabolic Effects in Diabetic and Insulin-Resistant States. Diabetes 2006,
55 (8), 2256-2264.

He, Y,; Li, Y.; Zhao, T.; Wang, Y.; Sun, C. Ursolic Acid Inhibits Adipogenesis in 3T3-L1
Adipocytes through LKB1/AMPK Pathway. PLoS One 2013, 8 (7), €70135.

Sthvmbulft, V.; Nbtt, B.; Singh, R.; Xiang, Y.; Wang, Y.; Baikati, K.; Cuervo, A. M.; Luu, Y. K;;
Tang, Y.; Pessin, J. E.; et al. Autophagy Regulates Adipose Mass and Differentiation in Mice.
J. Clin. Invest. 2009, 119 (11), 3329-3339. https://doi.org/10.1172/JCI39228DS]1.

Kim, S. K,; Kong, C. S. Anti-Adipogenic Effect of Dioxinodehydroeckol via AMPK Activation
in 3T3-L1  Adipocytes. = Chem.  Biol.  Interact. 2010, 186 (1),  24-29.
https://doi.org/10.1016/j.cbi.2010.04.003.

Desjardins, E. M.; Steinberg, G. R. Emerging Role of AMPK in Brown and Beige Adipose
Tissue (BAT): Implications for Obesity, Insulin Resistance, and Type 2 Diabetes. Curr. Diab.
Rep. 2018, 18 (10). https://doi.org/10.1007/s11892-018-1049-6.

Chung, Y. W.; Ahmad, F.; Tang, Y.; Hockman, S. C; Kee, H. ].; Berger, K.; Guirguis, E.; Choi,
Y. H.; Schimel, D. M.; Aponte, A. M.; et al. White to Beige Conversion in PDE3B KO Adipose
Tissue through Activation of AMPK Signaling and Mitochondrial Function. Sci. Rep. 2017, 7
(January), 1-13. https://doi.org/10.1038/srep40445.

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

(122)

123.

124.

125.

Vila-Bedmar, R.; Lorenzo, M.; Fernandez-Veledo, S. Adenosine 5'-Monophosphate-Activated
Protein Kinase-Mammalian Target of Rapamycin Cross Talk Regulates Brown Adipocyte
Differentiation. Endocrinology 2010, 151 (3), 980-992. https://doi.org/10.1210/en.2009-0810.
Xu, X. J.; Gauthier, M.-S.; Hess, D. T.; Apovian, C. M.; Cacicedo, J. M.; Gokce, N.; Farb, M.;
Valentine, R. ].; Ruderman, N. B. Insulin Sensitive and Resistant Obesity in Humans: AMPK
Activity, Oxidative Stress, and Depot-Specific Changes in Gene Expression in Adipose Tissue.
J. Lipid Res. 2012, 53 (4), 792-801. https://doi.org/10.1194/j1r.P022905.

Hardie, D. G,; Ross, F. A.; Hawley, S. A. AMPK: A Nutrient and Energy Sensor That
Maintains Energy Homeostasis. Nat. Rev. Mol. Cell Biol. 2012, 13 (4), 251-262.
https://doi.org/10.1038/nrm3311.

Hardie, D. G,; Scott, J. W.; Pan, D. A.; Hudson, E. R. Management of Cellular Energy by the
AMP-Activated Protein Kinase System. FEBS Lett. 2003, 546 (1), 113-120.

Oakhill, J. S.; Scott, J]. W.; Kemp, B. E. AMPK Functions as an Adenylate Charge-Regulated
Protein Kinase. Trends Endocrinol. Metab. 2012, 23 (3), 125-132.
https://doi.org/10.1016/j.tem.2011.12.006.

Scott, J. W.; van Denderen, B. ]. W.; Jorgensen, S. B.; Honeyman, J. E.; Steinberg, G. R.; Oakhill,
J.S.; Iseli, T.].; Koay, A.; Gooley, P. R.; Stapleton, D.; et al. Thienopyridone Drugs Are Selective
Activators of AMP-Activated Protein Kinase B1-Containing Complexes. Chem. Biol. 2008, 15
(11), 1220-1230. https://doi.org/10.1016/j.chembiol.2008.10.005.

Hawley, S. a; Boudeau, J.; Reid, J. L.; Mustard, K. J.; Udd, L.; Makela, T. P.; Alessi, D. R;;
Hardie, D. G.; Makeld, T. P.; Alessi, D. R.; et al. Complexes between the LKB1 Tumor
Suppressor, STRAD Alpha/Beta and MO25 Alpha/Beta Are Upstream Kinases in the AMP-
Activated Protein Kinase Cascade. | Biol 2003, 2 (4), 28. https://doi.org/10.1186/1475-4924-2-28.
Gormand, A.; Henriksson, E.; Strom, K.; Jensen, T. E.; Sakamoto, K.; Goransson, O. Regulation
of AMP-Activated Protein Kinase by LKB1 and CaMKK in Adipocytes. J. Cell. Biochem. 2011,
112 (5), 1364-1375. https://doi.org/10.1002/jcb.23053.

Lin, F.; Ribar, T. ].; Means, A. R. The Ca2+/Calmodulin-Dependent Protein Kinase Kinase,
CaMKK?2, Inhibits Preadipocyte Differentiation. Endocrinology 2011, 152 (10), 3668-3679.
Ceddia, R. B. The Role of AMP-Activated Protein Kinase in Regulating White Adipose
Tissue Metabolism. Mol. Cell. Endocrinol. 2013, 366 (2), 194-203.
https://doi.org/10.1016/j.mce.2012.06.014.

Fogarty, S.; Hardie, D. G. Development of Protein Kinase Activators: AMPK as a Target in
Metabolic Disorders and Cancer. Biochim. Biophys. Acta - Proteins Proteomics 2010, 1804 (3), 581—
591. https://doi.org/10.1016/j.bbapap.2009.09.012.

Habinowski, S. A.; Witters, L. A. The Effects of AICAR on Adipocyte Differentiation of 3T3-
L1 Cells. Biochem. Biophys. Res. Commun. 2001, 286 (5), 852-856.
https://doi.org/10.1006/bbrc.2001.5484.

Jones, R. G;; Plas, D. R.; Kubek, S.; Buzzai, M.; Mu, J.; Xu, Y.; Birnbaum, M. J.; Thompson, C.
B. AMP-Activated Protein Kinase Induces a P53-Dependent Metabolic Checkpoint. Mol. Cell
2005, 18 (3), 283-293. https://doi.org/10.1016/j.molcel.2005.03.027.

Longnus, S. L; Wambolt, R. B.; Parsons, H. L.; Brownsey, R. W.; Allard, M. F. 5-
Aminoimidazole-4-Carboxamide 1-f-d-Ribofuranoside (AICAR) Stimulates Myocardial
Glycogenolysis by Allosteric Mechanisms. Am. J. Physiol. Integr. Comp. Physiol. 2003, 284 (4),
R936--R944.

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

126. Coughlan, K. A, Valentine, R. J.; Ruderman, N. B.; Saha, A. K. AMPK Activation: A
Therapeutic Target for Type 2 Diabetes? Diabetes, Metab. Syndr. Obes. targets Ther. 2014, 7, 241.

127.  Goodman, M.; Liu, Z.; Zhu, P.; Li, ]. AMPK Activators as a Drug for Diabetes, Cancer and
Cardiovascular Disease. Pharm. Regul. Aff. open access 2014, 3 (2).

128.  Sanders, M. J.; Ali, Z. S.; Hegarty, B. D.; Heath, R.; Snowden, M. A,; Carling, D. Defining the
Mechanism of Activation of AMP-Activated Protein Kinase by the Small Molecule A-769662,
a Member of the Thienopyridone Family. . Biol. Chem. 2007, 282 (45), 32539-32548.

129.  Xiao, B.; Sanders, M. J.; Carmena, D.; Bright, N. J.; Haire, L. F.; Underwood, E.; Patel, B. R;
Heath, R. B.; Walker, P. A,; Hallen, S.; et al. Structural Basis of AMPK Regulation by Small
Molecule Activators. Nat. Commun. 2013, 4, 1-10. https://doi.org/10.1038/ncomms4017.

130. Hawley, S. A.; Fullerton, M. D.; Ross, F. A ; Schertzer, J. D.; Chevtzoff, C.; Walker, K. J.; Peggie,
M. W,; Zibrova, D.; Green, K. A.; Mustard, K. J.; et al. The Ancient Drug Salicylate Directly
Activates AMP-Activated Protein Kinase. Science (80-. ). 2012, 336 (6083), 918-922.

131. Hunter, R. W.; Foretz, M.; Bultot, L.; Fullerton, M. D.; Deak, M.; Ross, F. A.; Hawley, S. A.;
Shpiro, N.; Viollet, B.; Barron, D.; et al. Mechanism of Action of Compound-13: An Al-
Selective Small Molecule Activator of AMPK. Chem. Biol. 2014, 21 (7), 866-879.
https://doi.org/10.1016/j.chembiol.2014.05.014.

132.  LeBrasseur, N. K,; Kelly, M,; Tsao, T.-S.; Farmer, S. R,; Saha, A. K.; Ruderman, N. B.; Tomas,
E. Thiazolidinediones Can Rapidly Activate AMP-Activated Protein Kinase in Mammalian
Tissues. Am. |. Physiol. Metab. 2006, 291 (1), E175--E181.

133.  Brunmair, B.; Staniek, K; Gras, F.; Scharf, N.; Althaym, A.; Clara, R.; Roden, M.; Gnaiger, E.;
Nohl, H.; Waldhdusl, W.; et al. Thiazolidinediones, like Metformin, Inhibit Respiratory
Complex I: A Common Mechanism Contributing to Their Antidiabetic Actions? Diabetes 2004,
53 (4), 1052-1059.

134.  Gledhill, J. R.; Montgomery, M. G.; Leslie, A. G. W.; Walker, J. E. Mechanism of Inhibition of
Bovine F1-ATPase by Resveratrol and Related Polyphenols. Proc. Natl. Acad. Sci. 2007, 104 (34),
13632-13637.

135.  Um, ].-H,; Park, S.-].; Kang, H.; Yang, S.; Foretz, M.; McBurney, M. W.; Kim, M. K.; Viollet, B.;
Chung, J. H. AMP-Activated Protein Kinase--Deficient Mice Are Resistant to the Metabolic
Effects of Resveratrol. Diabetes 2010, 59 (3), 554-563.

136. Zang, M.; Xu, S.; Maitland-Toolan, K. A.; Zuccollo, A.; Hou, X; Jiang, B.; Wierzbicki, M.,
Verbeuren, T. J.; Cohen, R. A. Polyphenols Stimulate AMP-Activated Protein Kinase, Lower
Lipids, and Inhibit Accelerated Atherosclerosis in Diabetic LDL Receptor--Deficient Mice.
Diabetes 2006, 55 (8), 2180-2191.

137.  Baur,]. A.; Pearson, K. J.; Price, N. L.; Jamieson, H. A.; Lerin, C.; Kalra, A.; Prabhu, V. V; Allard,
J. S.; Lopez-Lluch, G.; Lewis, K.; et al. Resveratrol Improves Health and Survival of Mice on a
High-Calorie Diet. Nature 2006, 444 (7117), 337.

138. Ejaz, A; Wu, D.; Kwan, P; Meydani, M. Curcumin Inhibits Adipogenesis in 3T3-L1
Adipocytes and Angiogenesis and Obesity in C57/BL Mice. |. Nutr. 2009, 139 (5), 919-925.

139.  Chen, Z.-P.; Stephens, T. J.; Murthy, S.; Canny, B. J.; Hargreaves, M.; Witters, L. A.; Kemp, B.
E.; McConell, G. K. Effect of Exercise Intensity on Skeletal Muscle AMPK Signaling in
Humans. Diabetes 2003, 52 (9), 2205-2212.

140. WUY, V. M.; Thirumangalathu, S.; Loeken, M. R. AMP-Activated Protein Kinase Mediates

Effects of Oxidative Stress on Embryo Gene Expression in a Mouse Model of Diabetic


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0040.v1

Embryopathy. Diabetologia 2012, 55, 245-254.

141.  Quintero, M.; Colombo, S. L.; Godfrey, A.; Moncada, S. Mitochondria as Signaling Organelles
in the Vascular Endothelium. Proc. Natl. Acad. Sci. 2006, 103 (14), 5379-5384.
https://doi.org/10.1073/pnas.0601026103.

142.  Birari, R. B.; Bhutani, K. K. Pancreatic Lipase Inhibitors from Natural Sources: Unexplored
Potential. Drug Discov. Today 2007, 12 (19-20), 879-889.

143. Jamous, R. M.; Abu-Zaitoun, S. Y.; Akkawi, R. J.; Ali-Shtayeh, M. S. Antiobesity and
Antioxidant Potentials of Selected Palestinian Medicinal Plants. Evidence-Based Complement.
Altern. Med. 2018, 2018, 1-21. https://doi.org/10.1155/2018/8426752.

144. Kim, G. N.; Shin, M. R.; Shin, S. H.; Lee, A.R.; Lee, J. Y.; Seo, B. II; Kim, M. Y.; Kim, T. H.; Noh,
J. S.; Rhee, M. H.; et al. Study of Antiobesity Effect through Inhibition of Pancreatic Lipase
Activity of Diospyros Kaki Fruit and Citrus Unshiu Peel. Biomed Res. Int. 2016, 2016.
https://doi.org/10.1155/2016/1723042.

145.  Marrelli, M.; Loizzo, M. R.; Nicoletti, M.; Menichini, F.; Conforti, F. Inhibition of Key Enzymes
Linked to Obesity by Preparations From Mediterranean Dietary Plants: Effects on a-Amylase
and Pancreatic Lipase Activities. Plant Foods Hum. Nutr. 2013, 68 (4), 340-346.
https://doi.org/10.1007/s11130-013-0390-9.

146. Kajimura, S.; Saito, M. A New Era in Brown Adipose Tissue Biology: Molecular Control of
Brown Fat Development and Energy Homeostasis. Annu. Rev. Physiol. 2014, 76, 225-249.

147.  Morton, G. J.; Meek, T. H.; Schwartz, M. W. Neurobiology of Food Intake in Health and
Disease. Nat. Rev. Neurosci. 2014, 15 (6), 367-378. https://doi.org/10.1038/nrn3745.

148.  Belza, A.; Frandsen, E.; Kondrup, J. Body Fat Loss Achieved by Stimulation of Thermogenesis
by a Combination of Bioactive Food Ingredients : A in Obese Subjects. Int. J. Obes. 2007, 121-
130. https://doi.org/10.1038/sj.ijo.0803351.

149. O’Neill, H. M.,; Holloway, G. P.; Steinberg, G. R. AMPK Regulation of Fatty Acid Metabolism
and Mitochondrial Biogenesis: Implications for Obesity. Mol. Cell. Endocrinol. 2013, 366 (2),
135-151. https://doi.org/10.1016/j.mce.2012.06.019.

150 Bordicchia, M.; Pocognoli, A.; D’Anzeo, M.; Siquini, W.; Minardi, D.; Muzzonigro, G.;
Dess\ "\i-Fulgheri, P.; Sarzani, R. Nebivolol Induces, via B3 Adrenergic Receptor, Lipolysis,
Uncoupling Protein 1, and Reduction of Lipid Droplet Size in Human Adipocytes. J.
Hypertens. 2014, 32 (2), 389-396.

151 Xiao, L.; Zhang, J.; Li, H; Liu, J; He, L.; Zhang, J.; Zhai, Y. Inhibition of Adipocyte
Differentiation and Adipogenesis by the Traditional Chinese Herb Sibiraea Angustata. Exp.
Biol. Med. 2010, 235 (12), 1442-1449.

152. Lee, H.; Li, H.; Kweon, M.; Choi, Y.; Kim, M. J; Ryu, J. H. Isobavachalcone from Angelica
Keiskei Inhibits Adipogenesis and Prevents Lipid Accumulation. Int. J. Mol. Sci. 2018, 19 (6),
1-15. https://doi.org/10.3390/ijms19061693.

153.  Valli, V.; Heilmann, K.; Danesi, F.; Bordoni, A.; Gerhduser, C. Modulation of Adipocyte
Differentiation and Proadipogenic Gene Expression by Sulforaphane, Genistein, and
Docosahexaenoic Acid as a First Step to Counteract Obesity. Oxid. Med. Cell. Longev. 2018,
2018. https://doi.org/10.1155/2018/1617202.

154. Kumkarnjana, S.; Suttisri, R.; Nimmannit, U.; Koobkokkruad, T.; Pattamadilok, C.;
Vardhanabhuti, N. Anti-Adipogenic Effect of Flavonoids from Chromolaena Odorata
Leaves in 3T3-L1 Adipocytes. |. Integr. Med. 2018, 16 (6), 427-434.


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

https://doi.org/10.1016/j.joim.2018.10.002.

Ting, Y.; Chang, W.-T.; Shiau, D.-K.; Chou, P.-H.; Wu, M.-F.; Hsu, C.-L. Antiobesity Efficacy
of Quercetin-Rich Supplement on Diet-Induced Obese Rats: Effects on Body Composition,
Serum Lipid Profile, and Gene Expression. J. Agric. Food Chem. 2017, 66 (1), 70-80.

Chen, J.; Chu, C. C; Chen, S.; Duh, P. Der. Inhibitory Effect on Lipid Accumulation :
Comparison between Two Polymethoxylflavones , Tangeretin and Nobiletin , and One
Flavonoid , Hesperetin , in 3T3-L1 Adipocytes. Biomed. ]. Sci. Tech. Res. 2018, 3 (1), 1-5.
https://doi.org/10.26717/BJSTR.2018.03.000853.

Kim, G. C; Kim, J. S;; Kim, G. M.; Choi, S. Y. Anti-Adipogenic Effects of Tropaeolum Majus
(Nasturtium) Ethanol Extract on 3T3-L1 Cells. Food Nutr. Res. 2017, 61 (1).
https://doi.org/10.1080/16546628.2017.1339555.

Hsu, Y.-A.; Kuo, Y.-H.; Chen, C.-S.; Chen, Y.-C.; Huang, C.-C.; Chang, C.-Y,; Lin, C.-J; Lin,
C.-W.; Lin, H.-].; Liu, E.-T.; et al. Galectin-12 Is Involved in Corn Silk-Induced Anti-
Adipogenesis and Anti-Obesity Effects. Am. J. Chin. Med. 2018, 46 (05), 1045-1063.
https://doi.org/10.1142/50192415X18500544.

Han, M. H,; Kim, H. J.; Jeong, ]. W.; Park, C.; Kim, B. W.; Choi, Y. H. Inhibition of Adipocyte
Differentiation by Anthocyanins Isolated from the Fruit of Vitis Coignetiae Pulliat Is
Associated with the Activation of AMPK Signaling Pathway. Toxicol. Res. 2018, 34 (1), 13-21.
https://doi.org/10.5487/TR.2018.34.1.013.

Wang, Y.; Lee, P.-S.; Chen, Y.-F.; Ho, C.-T.; Pan, M.-H. Suppression of Adipogenesis by 5-
Hydroxy-3, 6, 7, 8, 3', 4-Hexamethoxyflavone from Orange Peel in 3T3-L1 Cells. J. Med. Food
2016, 19 (9), 830-835.

Hengpratom, T.; Lowe, G. M.; Thumanu, K.; Suknasang, S.; Tiamyom, K.; Eumkeb, G.
Oroxylum Indicum (L.) Kurz Extract Inhibits Adipogenesis and Lipase Activity in Vitro. BMC
Complement. Altern. Med. 2018, 18 (1), 1-14. https://doi.org/10.1186/s12906-018-2244-3.

Alias, N.; Leow, T. C.; Ali, M. S. M,; Tajudin, A. A_; Salleh, A. B.; others. Anti-Obesity Potential
of Selected Tropical Plants via Pancreatic Lipase Inhibition. Adv. Obesity, Weight Manag.
Control 2017, 6 (4).

Raoof, G. F. A.; Mohamed, K. Y.; Mohammed, H. M. Phytochemical Evaluation, Anti-Obesity
and Antihyperlipidemic Effects of Combined Administration of Green Coffee, Cinnamon and
Ginger. Plant 2017, 5 (5), 80.

Jiang, D.; Wang, D.; Zhuang, X.; Wang, Z.; Ni, Y.; Chen, S.; Sun, F. Berberine Increases Adipose
Triglyceride Lipase in 3T3-L1 Adipocytes through the AMPK Pathway. Lipids Health Dis. 2016,
15 (1), 1-8. https://doi.org/10.1186/512944-016-0383-4.

Martino, H. S. D.; Dias, M. M. dos S.; Noratto, G.; Talcott, S.; Mertens-Talcott, S. U. Anti-
Lipidaemic and Anti-Inflammatory Effect of Acai (Euterpe Oleracea Martius) Polyphenols on
3T3-L1 Adipocytes. J. Funct. Foods 2016, 23, 432-443. https://doi.org/10.1016/j.jf£.2016.02.037.
Chang, Y. C.; Yang, M. Y,; Chen, S. C.; Wang, C. J. Mulberry Leaf Polyphenol Extract Improves
Obesity by Inducing Adipocyte Apoptosis and Inhibiting Preadipocyte Differentiation and
Hepatic Lipogenesis. J. Funct. Foods 2016, 21, 249-262. https://doi.org/10.1016/;.j£.2015.11.033.
Kim, J. H.; Kim, O.-K.; Yoon, H.-G.; Park, J.; You, Y.; Kim, K,; Lee, Y.-H.; Choi, K.-C,; Lee, J.;
Jun, W. Anti-Obesity Effect of Extract from Fermented Curcuma Longa L. through Regulation
of Adipogenesis and Lipolysis Pathway in High-Fat Diet-Induced Obese Rats. Food Nutr. Res.
2016, 60 (1), 30428.

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Jang, Y. S.; Wang, Z; Lee, ]. M,; Lee, ]. Y.; Lim, S. S. Screening of Korean Natural Products for
Anti-Adipogenesis Properties and Isolation of Kaempferol-3-o-Rutinoside as a Potent Anti-
Adipogenetic Compound from Solidago Virgaurea. Molecules 2016, 21 (2), 1-11.
https://doi.org/10.3390/molecules21020226.

He, Y. F,; Liu, F. Y,; Zhang, W. X. Tangeritin Inhibits Adipogenesis by Down-Regulating
C/EBPa, C/EBPp, and PPARy Expression in 3T3-L1 Fat Cells. Genet. Mol. Res. 2015, 14 (4),
13642-13648. https://doi.org/10.4238/2015.October.28.26.

Tan, H.-Y,; Iris, M. Y.; Li, E. T. S.; Wang, M. Inhibitory Effects of Oxyresveratrol and
Cyanomaclurin on Adipogenesis of 3T3-L1 Cells. J. Funct. Foods 2015, 15, 207-216.

Lee, D.; Park, H. Y.; Kim, S.; Park, Y.; Bang, M.-H.; Imm, J.-Y. Anti-Adipogenic Effect of Oat
Hull Extract Containing Tricin on 3T3-L1 Adipocytes. Process Biochem. 2015, 50 (12), 2314—
2321.

Chu, X,; He, X.; Shi, Z.; Li, C.; Guo, F.; Li, S.; Li, Y.; Na, L.; Sun, C. Ursolic Acid Increases
Energy Expenditure through Enhancing Free Fatty Acid Uptake and [-Oxidation via an
UCP3/AMPK-Dependent Pathway in Skeletal Muscle. Mol. Nutr. Food Res. 2015, 59 (8), 1491-
1503. https://doi.org/10.1002/mnfr.201400670.

Zou, B,; Ge, Z.; Zhu, W.; Xu, Z.; Li, C. Persimmon Tannin Represses 3T3-L1 Preadipocyte
Differentiation via up-Regulating Expression of MiR-27 and down-Regulating Expression of
Peroxisome Proliferator-Activated Receptor-y in the Early Phase of Adipogenesis. Eur. J. Nutr.
2015, 54 (8), 1333-1343. https://doi.org/10.1007/s00394-014-0814-9.

Subash-Babu, P.; Alshatwi, A. A. Hesperetin Inhibit Adipocyte Differentiation and Enhance
Bax-and P21-Mediated Adipolysis in Human Mesenchymal Stem Cell Adipogenesis. J.
Biochem. Mol. Toxicol. 2015, 29 (3), 99-108.

Xu, Y; Zhang, M.; Wu, T.; Dai, S.; Xu, J.; Zhou, Z. The Anti-Obesity Effect of Green Tea
Polysaccharides, Polyphenols and Caffeine in Rats Fed with a High-Fat Diet. Food Funct. 2015,
6 (1), 297-304. https://doi.org/10.1039/c4f000970c.

Qiao, Y.; Sun, J; Xia, S.; Tang, X.; Shi, Y.; Le, G. Effects of Resveratrol on Gut Microbiota and
Fat Storage in a Mouse Model with High-Fat-Induced Obesity. Food Funct. 2014, 5 (6), 1241-
1249. https://doi.org/10.1039/c3f060630a.

Oh, J; Lee, H.; Lim, H.; Woo, S.; Shin, S. S. The Herbal Composition GGEx18 from Laminaria
Inhibits Visceral Obesity and Insulin Resistance by Upregulating Visceral Adipose Genes
Involved in Fatty Acid Oxidation The Herbal Composition GGEx18 from Laminaria
Japonica, Rheum Palmatum , and Ephedra Sini. Pharm. Biol. 2015, 0209.
https://doi.org/10.3109/13880209.2014.917328.

Song, Y.; Kim, M.-B.; Kim, C.; Kim, J.; Hwang, J.-K. 5, 7-Dimethoxyflavone Attenuates Obesity
by Inhibiting Adipogenesis in 3T3-L1 Adipocytes and High-Fat Diet-Induced Obese C57BL/6]
Mice. |. Med. Food 2016, 19 (12), 1111-1119.

d0i:10.20944/preprints201907.0040.v1


https://doi.org/10.20944/preprints201907.0040.v1

