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A B S T R A C T

Diverse groups of factors are leading to increased weight gain and obesity, such as certain genetic phenotypes,
neuroendocrine disturbances, the administration of some drugs, behavioral, social and environmental factors.
The progressively escalating rates of overweight and obesity worldwide have led to an introduction of a new
term “globesity”. Excessive accumulation of body fat and especially of visceral adipose tissue is the main pre-
disposing factor for the development of metabolic syndrome and other obesity related co-morbidities. At the
present moment only few pharmacotherapeuticals are used for long-term treatment of obesity acting on narrow
target spectra, e.g. pancreatic and gastric lipase inhibition, acting as adrenomimetics or activating the satiety
centers in hypothalamus. Plant-based medications that accelerate weight loss, proved to be safe, effective and
widely available, would be a preferable alternative for anti-obesity treatments. As plant extracts are multi-
component systems they could also act by more than one mechanism, including decreased lipid absorption,
decreased energy intake, increased energy expenditure, decreased pre-adipocyte differentiation and prolifera-
tion, decreased lipogenesis and increased lipolysis.

The current review gives a summary of the risk factors for obesity development and its characteristics con-
sequences. Current treatment options, combining lifestyle changes and conventional treatment with commercial
anti-obesity drugs have been described as well. Special emphasis on in vitro, in vivo and human studies, of
potential medicinal plant extracts and phytochemicals, such as polyphenols, terpenoids, alkaloids, saponins, able
to modulate the molecular pathways and gene/protein expressions related to obesity, have been highlighted.
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1. Introduction

The number of people out of normal body weight range is constantly
growing worldwide, indicating overweight and obesity as global con-
cerns with expanding distribution. In 2016, more than 1.9 billion
people, over 18 years, have been defined as overweight and above 0.65
billion of them as obese (NCD Risk Factor Collaboration, 2017). The
worldwide prevalence of obesity expanded about three times within last
ca. 40 years (between 1975 and 2016), defining obesity as global epi-
demics, hence introducing the term “globesity” (WHO, 2017).

The view of obesity as an imbalance between calories consumed and
energy expended is nowadays rather oversimplified, since its multiplex
etiology (González-Muniesa et al., 2017), comprising diverse groups of
risk factors, such as certain genetic phenotypes [mutation in the leptin

gene, fat mass and obesity associated (FTO) gene, melanocortin 4 re-
ceptor (MC4R) gene, etc.], neuroendocrine disturbances (hypothyr-
oidism, hypogonadism, Cushing disease, etc.), behavioral factors (ex-
cessive consumption of “fast food” products, alcohol misuse),
environmental factors (urbanization and pollution), epigenetic changes
(Cheng et al., 2018) and some classes of obesogenic drugs (anti-
depressants, antiepileptics or antipsychotics) (Ghosh and Bouchard,
2017; Karam and McFarlane, 2007).

Obesity could be defined as a multifactorial disease characterized by
excess adipose biomass (hypertrophy) and adipose tissue expansion
(hyperplasia; Wang et al., 2014a,2014b), associated with co-morbid
metabolic and chronic diseases, including low-grade inflammation,
metabolic syndrome (MetS) (González-Muniesa et al., 2017), type 2
diabetes, elevated blood glucose, insulin resistance (Sompong et al.,

Fig. 1. Metabolic homeostatic system. (A) Healthy lean individual – after feeding the endocrine cells in the gut increase their secretion of satiety hormones (CCK,
PYY, PP, OXM, GLP-1, GIP) and decrease that of the hunger signal ghrelin to inform the brain for the established energy balance. Subsequently, the absorbed
nutrients from the consumed meal are sensed from the pancreatic cells and the insulin production is increased whereas the glucagon levels decreased. The GLP-1 and
GIP produced from the gut act as incretins to further stimulate the pancreatic insulin production. The increased insulin inhibits the endogenic glucose production in
the liver, increase the glucose utilization in the adipose tissue and sends signal to the brain when the glucose levels after meal are normalized. In the adipose tissue
the excess glucose is transformed and stored as fat. The adipocytes increase their secretion of leptin and decrease that of adiponectin to indicate the brain for the
raised levels of adiposity. In the ARC of the hypothalamus the leptin activates either the CART/POMC neurons to inhibit feeding or the AgRP/NPY to stimulate the
appetite. This regulation is depending of the levels of leptin as well as the sensitivity of its receptors and also from the insulin signaling; (B) Obese individual – when
an excess of nutrients is present for prolonged periods of time the body energy homeostasis is disturbed. The gut sends signals to the brain for satiety and stimulates
the pancreas to increase its insulin production. The hyperinsulinemia which is characteristic for obesity aims to compensate the glucose overload. However, the
insulin receptors in the different tissues decrease their sensitivity or even develop resistance to insulin. The consequences are disregulation in the gluconeogenesis in
the liver, systemic hyperglycemia, increased fat storage in the adipocytes and subsequent hyperleptinemia. When the state of obesity is further aggravated leptin
resistance is also developed in addition to the IR and the signaling of the ARC neurons is disturbed.
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2016), cardiovascular diseases, hypertension, dyslipidemia, polycystic
ovary syndrome (Hosseinkhani et al., 2018) and carcinogenesis (e.g.
breast, colon, pancreas, kidney, esophagus, liver and prostate cancer;
Wyatt et al., 2015). Social isolation, low self-esteem and chronic stress
also correlate to obesity (Chaves Filho et al., 2018).

The current strategies for management of obesity and obesity-re-
lated disorders are classified in three main categories: lifestyle changes,
pharmacological therapy and bariatric surgery (Haslam, 2016). Diet
with caloric restrictions and increase in the daily physical activity are
the first-line measures for obesity, but require period of months to get
the first significant results. Addition of anti-obesity drugs to the lifestyle
interventions increase the weight loss with about 3–5% compared to
diet or exercises alone (Srivastava and Apovian, 2018). However, the
pharmacotherapy of obesity is comprised from very short list of ap-
proved drugs associated with certain safety considerations and great
variability between individuals in their response to the treatment
(Manning et al., 2014; Srivastava and Apovian, 2018).

The natural multi therapy approaches have been accepted world-
wide and during the recent decades a renewed interest in utilization of
numerous plant extracts and individual phytochemicals or combina-
tions of them as potent weight reducing agents with beneficial effect
over obesity disorders has been observed. Evaluating plants from the
traditional herbal medicinal systems supported with science-based
evidences for their efficacy, safety profile, and mechanisms of activities
is a required process to elucidate new potent bioactive leads (de Freitas
Junior and de Almeida, 2017; Martel et al., 2017; Yun, 2010).

In the present review some of the advances in the pathophysiolo-
gical mechanisms involved in obesity, as well as, novel therapeutic
targets are discussed. Additionally, recent data on plant-based extracts
and isolated compounds with anti-obesity potential are considered,
explicating the most promising mechanisms to manage obesity from the
perspective of in vitro, in vivo, and clinical studies.

2. Regulation of energy homeostasis

The energy balance in the human body is regulated in the brain as
an integrating center for the information from peripheral receptors,
hormones, mediators and neurotransmitters as signals for hunger and
satiety. The co-ordination of these signals is proposed to involve at least
two parallel systems: the metabolic homeostatic system and the brain
reward system (Kenny, 2011).

2.1. Metabolic homeostatic system

The homeostatic system participate in the complex regulation of
hunger, satiety and adiposity levels through hormones such as leptin,
ghrelin, insulin and glucagon, intermediating the communication be-
tween the gut and the brain structures, especially in the hypothalamic
area, to induce or suppress food consumption and provide proper en-
ergy balance (Gao and Horvath, 2007).

Initiation of feeding activates the enteric nervous system via either
parasympathetic stimulation or distention of the stomach and leads to
secretion of digestive enzymes. Enzymes such as lipases, proteases,
glucosidases and amylase are produced by different exocrine glands in
the gut to control the breakdown and absorption of nutrients from the
ingested food. After meal variety of satiety signals are produced to in-
dicate the appetite control centers in the brain, located within the nu-
cleus of the solitary tact and the hypothalamus, for the establishment of
energy balance (Fig. 1A; Blouet and Schwartz, 2012).

Chronic overfeeding and constant consumption of high-fat diet
(HFD) result in an excessive supply of nutrients to the metabolic organs
and is temporally related to periods of weight gain, and associated with
obesity, disrupted insulin and leptin signaling and impaired energy
homeostasis (Fig. 1B; Morrison et al., 2009).

2.2. Brain reward system

In addition to the homeostatic regulation, the brain reward systems
also contributes to maintaining balanced energy levels by influencing
the feeding behavior. Whereas the metabolic homeostasis is controlled
predominantly by hypothalamic and brainstem circuits, the hedonic
value of the consumed food is evaluated in the mesolimbic and cortical
brain areas. Multiple pathways interplay in this process such as dopa-
minergic, noradrenergic, cholinergic, serotonergic, and histaminergic,
as well as the endocannabinoid (eCB) system and several neuropeptides
such as gamma-amino-butyric acid (GABA) and glutamate (Ahima and
Antwi, 2008; Kenny, 2011).

The dopaminergic neurons of the ventral tegmental area send up-
stream signals to the nucleus accumbens, the striatum and the pre-
frontal cortex, playing central role in the regulation of reward moti-
vated behavior. As part of the mesolimbic system the orbitofrontal
cortex and the amygdala also contribute in the processing of hedonic
value of the food and the reward-related learning (Alonso-Alonso et al.,
2015; Hall et al., 2014).

Recent studies report that common pathways are activated in re-
sponse to drugs with addictive potential (e.g. cocaine) and food stimuli,
arising the need for more detailed understanding of the activation of
hedonic hunger and food addiction (Alonso-Alonso et al., 2015).
However, strategies how to modulate the brain reward signaling to
prevent obesity development remain unclear (Burger and Berner, 2014;
Kenny, 2011). The modern imaging techniques, such as functional
magnetic resonance and positron emission tomography, data from
bariatric surgery follow-up studies and animal models could provide
valuable missing interconnections between the homeostatic and reward
systems regulating the energy balance and food-driven behavior
(Burger and Berner, 2014).

3. Risk factors for obesity development

The process from gaining extra weight to developing pathologic
obesity is usually long and polygenic. Several groups of risk factors
influence body weight gain and interplay in the development of obesity
such as excessive food consumption, low levels of physical activity,
certain genetic phenotypes, disturbed neuroendocrine regulation, so-
cietal and environmental factors, epigenetic changes and iatrogenic
factors (Cheng et al., 2018; González-Muniesa et al., 2017; Hennig
et al., 2018; Karam and McFarlane, 2007).

3.1. Lack of energy balance

The most common risk factors for gaining weight are the over-
consumption of energy-dense foods and the sedentary lifestyle
(González-Muniesa et al., 2017). When there is an excess of energy from
food that is not needed, it is hence stored in the organism mainly as fat
in the adipose tissue. However, there are remarkable differences in the
way people accumulate body fat, which is one of the complexities to
study risk factors in obesity. An obvious example of such heterogeneity
is the variation in body configuration and in regional accumulation of
body fat at any given adiposity level (González-Muniesa et al., 2017).
For example, two people from the same gender, with the same body
weight and height could look completely different, depending of their
body composition (e.g. levels of fat and muscle tissue). Furthermore, the
differences in fat deposition patterns have been described in mono-
zygotic twins with identical genetic background, suggesting important
role of the nutrition and epigenetic interactions in obesity development.
Therefore, maintaining a healthy lifestyle involves more of a focus on
the quality of foods eaten and the overall metabolic balance than on
kilograms or calories alone (Cheng et al., 2018; Hennig et al., 2018).
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3.2. Genetic factors

Few decades ago the understanding of genetic determinants of body
weight regulation in humans was relying on the study of rodent models
of obesity. Monogenic deficiencies of appetite-regulating hormones or
their receptors such as leptin, leptin receptor and MC4R are examples
that accounts for a minor proportion of severe young-onset forms of
obesity (Ghosh and Bouchard, 2017; Spiegelman and Flier, 2001).

The first single polymorphism that has been found to strongly cor-
relate with elevation in the BMI and hyperphagia was the FTO gene
(Fall and Ingelsson, 2014). Congenital genetic disorders manifested
with severe obesity are Alstrom-Hallgren, Bardet-Biedl, Beckwith-Wie-
deman, Carpenter, Cohen and Prader-Willi syndromes, the latter being
one of the most common syndromic types of childhood obesity (Rahilly,
2009).

The advent of large-scale genotyping allowed for a more compre-
hensive, unbiased and data-driven approach in the search for causal
genetic mechanisms underlying obesity which was extensively pre-
sented in the review papers on genome-wide association studies of
obesity, MetS and BMI (Fall and Ingelsson, 2014; Ghosh and Bouchard,
2017; Locke et al., 2015).

3.3. Neuroendocrine factors

Dysfunctions in the neuroendocrine system such as hypothyroidism,
Cushing disease, somatotropin deficiency, hypothalamic damage, hy-
pogonadism, pseudohypoparathyroidism and insulinoma are commonly
associated with increased risk of obesity development (Karam and
McFarlane, 2007).

For example, decrease in the thyroid hormones drop the rates of the
resting metabolism, thermogenesis and cellular respiration processes
(Karam and McFarlane, 2007). The injury of the hypothalamus could
also lead to rapid weight gain since it plays a key role in integrating
information regarding the metabolic homeostasis (Williams et al.,
2000). Excessive levels of the endogenous corticoids which are typical
in the Cushing syndrome generate specific central fat accumulation
pattern in the abdominal area, the face, the neck, the humps and the
upper arms without affecting the extremities (Karam and McFarlane,
2007).

3.4. Drug-induced obesity

Several classes of drugs are known to induce obesity as side-effect of
their use, such as the antipsychotics, antiepileptics, antidepressants,
corticosteroids and some of the antidiabetics (Karam and McFarlane,
2007; Verhaegen and Van Gaal, 2017).

The long-term systemic administration of corticosteroids promotes
weight gain by multiple mechanisms: activation of the hypothalamic-
pituitary-adrenal (HPA) axis, the eCB system, modulation of the AMP-
activated proteinkinase (AMPK) activity in the hypothalamus and thus
stimulating the appetite, decrease in the energy expenditure and in-
crease in the fat accumulation in the liver. In addition, the corticos-
teroids induce glucose intolerance in a dose-dependent manner by in-
ducing hepatic and extrahepatic insulin resistance (Verhaegen and Van
Gaal, 2017).

Antipsychotics, antiepileptics and antidepressants as psychoactive
drugs modulate multiple systems in the brain (dopaminergic, nora-
drenergic, serotonergic, and histaminergic neurotransmission, GABA),
thus affecting through diverse mechanisms satiety and energy

homeostasis, leading to weight gain as a side effect (Schwartz et al.,
2004).

Insulin, sulfonylureas, and thiazolidinediones (TZDs) are among the
antidiabetic agents associated with substantial weight gain, due to in-
creased appetite and fat accumulation which result from the adverse
issues with hypoglycemia or poor glycemic control. Insulin itself further
increase the risk of gaining weight because of its anabolic action
(Verhaegen and Van Gaal, 2017).

3.5. Behavioral, societal and environmental factors

Except from sustained positive energy balance, the attitude towards
feeding and other behavioral and socioeconomic factors could influence
excessive weight gain (Burger and Berner, 2014; Karam and McFarlane,
2007).

The societal and environmental factors favoring obesity develop-
ment include the easy access and commercialization of processed food
with high-caloric values, the increasingly sedentary forms of work, lack
of pedestrian zones for walking and increase in the use of transporta-
tion, due to the need of saving time and crossing long distances in the
big urbanized cities (Lopez and Hynes, 2006). In addition, the lack of
supportive policies in sectors such as health, agriculture, ecology, urban
planning, food processing, distribution, marketing, sports and educa-
tion also contribute to the complex etiology of obesity (González-
Muniesa et al., 2017). Environmental pollutants to which people are
exposed daily substantially increase the risk of epigenetic changes and
further aggravate the metabolic complications of obesity and type 2
diabetes (Cheng et al., 2018; Hennig et al., 2018).

Ethnicity and family pattern feeding behavior play role in what the
person think is healthy body-weight. Even though the scientific data is
controversial, bad habits such as alcohol abuse and smoking increase
the long-term risk of obesity and metabolic disorders (Traversy and
Chaput, 2015). Smokers tend to have relatively lower BMI, but in-
creased risk for future metabolic complications compared to non-smo-
kers. Moreover, smoking cessation has been linked to a 3–5 kg average
weight gain (Karam and McFarlane, 2007).

4. Assessment parameters and epidemiology

Various assessment parameters are used to appropriately determine
which of the people that are overweight or obese are at risk of serious
consequences for health (Duren et al., 2008). The most easily applicable
are the anthropometric measures, such as measuring the total body
weight (BW), height, waist circumference (WC), hip circumference
(HC) or calculating the BMI. In general, individuals with high BW ty-
pically have higher amounts of body fat (Wells and Fewtrell, 2006).

The BMI is the most frequently used indicator for scoring the degree
of obesity that correlates weight and height, having as main advantage
the possibility to be interpreted in correlation with wide national re-
ference data of the levels of adiposity, morbidity and mortality in adults
(Lo et al., 2016). The calculation of the BMI is represented by the fol-
lowing simple equation: BMI = BW (kg)/Height2 (m). According to the
classification of the World Health Organization (WHO) for obesity a
person is within the normal range if the BMI is between 18.5 kg/m2 and
24.9 kg/m2 (Fig. 2). However, BMI alone cannot provide information
about the body composition and respective contribution of fat free mass
(FFM) or fat mass (FM) to body weight which suggest the use of ad-
ditional indicators for central adiposity in overweight and obese people.
The WC is such indicator of the visceral adipose tissue (VAT), but it also

Fig. 2. The BMI (kg/m2) categories according to the WHO data.
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includes subcutaneous abdominal fat which decrease its sensitivity to
predict obesity-related complications (Wells and Fewtrell, 2006).

Waist to hip ratio (WHR), waist to height ratio (WHtR), conicity
index and abdominal volume index are indexes that have been devel-
oped to better discriminate those at higher risk for developing meta-
bolic complications due to central obesity. However, there is in-
sufficient data on these measures (e.g. WHtR), to suggest giving any
priority at present, thus, due to the relative ease of obtaining, WC and
the BMI are the most widely used parameters to predict the risk of
obesity consequences (Motamed et al., 2015).

To discriminate the levels of adipose tissue out of the total body
composition more precise techniques could be used such as bioelectric
impedance analysis, dual energy X-ray absorptiometry, densitometry,
magnetic resonance imaging and computed tomography, but their use
is mainly restricted to laboratory settings (González-Muniesa et al.,
2017).

Data from epidemiological studies showed that between 1980 and
2008, the global age-standardized mean for BMI increased by 0.4 kg/m2

(in men) to 0.5 kg/m2 (in women) per decade (Finucane et al., 2011).
The portion of adults with a BMI higher than 25 kg/m2 increased with
about 8% between 1980 and 2013. By 2030, estimates forecast that
57.8% (3.3 billion people) of the world adult population will have a
BMI of 25 kg/m2 or higher (Finkelstein et al., 2012).

Most of the world's population is threatened to become overweight
and obesity than underweight. Furthermore, obesity among children is
enormously increasing its numbers with over 107 million children
found to be obese in 2015 which predicts future aggravation of the
globesity problem (Global Burden of Disease, 2017).

5. Consequences of obesity

Overfeeding and obesity lead to pathophysiological changes that
disrupt the functions of various organs and tissues. Subsequently these
metabolic complications increase the risk of development serious health
problems in obese individuals (González-Muniesa et al., 2017).

5.1. Common comorbidities

Obesity and especially excessive accumulation of intra-abdominal
fat are the main predisposing factors for development of MetS, which is
characterized as complex pathology clustering of several metabolic
disturbances (Fall and Ingelsson, 2014). The most recent harmonized
definition from 2009 states as inclusion criteria for MetS the presence of
at least 3 of the following 5 risk factors: (1) enlarged WC with popu-
lation-specific and country-specific criteria (for example, in the Western
World WC≥ 94 cm in men and WC≥ 80 cm in women); (2) hyper-
triglyceridaemia ≥150mg/dL or on triglyceride-lowering medication;
(3) low levels of high-density lipoprotein cholesterol (HDL-
C): < 40mg/dL for men and<50mg/dL for women; (4) elevated
blood pressure: systolic blood pressure of ≥130mmHg, diastolic blood
pressure of ≥85mmHg or on antihypertensives; (5) increased glucose
levels: fasting glucose levels of ≥100mg/dL or on antidiabetics (Silva
et al., 2013).

In addition, to the increased risk of developing features of the MetS,
other common to obesity co-morbidities are endocrine disorders (such
as type 2 diabetes and polycystic ovaries syndrome), respiratory pro-
blems (for example, obstructive sleep apnea), cardiovascular diseases
(such as atherosclerosis and heart attack), mood-disorders (such as
depression and anxiety), and certain types of cancers (for example,
pancreatic, liver and kidney cancer) (González-Muniesa et al., 2017).

5.2. Chronic low-grade inflammation in obesity

Recently, increasing number of studies associate obesity witha state
of systemic low-grade chronic inflammation, which may be the pre-
cipitating factor for many of its associated complications (Chawla et al.,

2012; Winer et al., 2016).
In the gut where all the food is processed the disturbances accom-

panying obesity are of great importance and is hard to differentiate
weather they are causes or consequences for this pathologic condition.
Link between diet-induced obesity and dysbiosis in the gastro-intestinal
tract is suggested both in experimental and clinical studies (Luck et al.,
2015; Nguyen et al., 2017; Winer et al., 2016). Winer et al. (2016)
provide excellent comprehensive review of the interconnection be-
tween the intestinal immune system, the gut microbiota and the chronic
inflammation displayed in different tissues in obesity (Winer et al.,
2016). Feeding predominantly with the HFD rich of saturated fatty
acids and cholesterol is proposed to alter the composition of the gut
microbiota, leading todysbiosis. The dysbiosis favors the reduction of
commensal bacterial species that produce anti-inflammatory metabo-
lites, such as short-chain fatty acids, which, in turn, promotes in-
flammatory immune changes within the intestines. The intestinal epi-
thelial cells (IECs) and the gut resident immune cells secrete pro-
inflammatory mediators such as interferon γ (IFNγ) and interleukin-1β
(IL-1β) that weaken the intestinal barrier, increase the intestinal per-
meability to luminal microbial or dietary components and lead to a
state of a low-grade chronic gut inflammation. Subsequently, the leaked
luminal microbial and dietary components such as lipopolysaccharide
(LPS) enter the systemic circulation to induce inflammation into mul-
tiple organs and tissues – pancreas, liver, muscle and adipose tissues
(Winer et al., 2016).

The pancreatic function in obesity is disturbed not only due to in-
creased lipid accumulation, but also to altered incretins' signaling and
insulin secretion from the β-cells. Moreover, obese compared to lean
individuals have greater probability to develop acute pancreatitis or
pancreatic cancer (Gregor and Hotamisligil, 2011). The inappropriate
insulin secretion decrease the insulin sensitivity in other tissues and
organs, especially the liver where it regulates the hepatic gluconeo-
genesis (Luck et al., 2015).

The liver reacts to the increased glucose levels with development of
IR. In addition to this state of glucotoxicity, the liver function is dis-
turbed due to the excessive lipid accumulation which is defined as a
state of lypotoxicity or liver steatosis (Jung et al., 2016b). In response to
the overload with glucose and lipids the hepatocytes up-regulate their
production of pro-inflammatory hepatokines such as fetuin A, seleno-
protein P, leukocyte cell-derived chemotaxin 2 and chemerin (Jung
et al., 2016b; Oh et al., 2017).

The muscle tissue was also recognized as an endocrine organ, which
was comprehensively reviewed elsewhere (Ahima and Park, 2015; Li
et al., 2017). Myokines such as irisin, IL-6, interleukin-15 (IL-15), in-
sulin-like growth factor I (IGF-I), brain-derived neurotrophic factor
(BDNF), and follistatin-related protein 1 (FSTL1) are involved in insulin
signaling and energy metabolism (So et al., 2014). Furthermore, myo-
kines are responsible to mediate the communication between the
muscle and the adipose tissue, the liver, the brain, and other organs. In
obesity the muscle tissue is characterized with decreased insulin sen-
sitivity or even IR, and due to metabolic deregulation increase its
production of the pro-inflammatory myostatin leading to myoatrophy
(Ahima and Park, 2015). This state is further aggravated by the lack of
muscle contractility in obese individuals leading to decrease in the le-
vels of the anti-inflammatory “exercise-induced” myokines such as that
of BDNF, leukemia inhibitory factor (LIF), irisin, fibroblast growth
factor 21 (FGF-21), secreted protein acidic and rich in cysteine (SPARC;
Oh et al., 2017).

In the adipose tissue as main fat storage the most abundant changes
in obesity occur. The adipocytes are not only responsible for fat meta-
bolism and accumulation, but also possess secretor functions of auto-
crine, paracrine and endocrine character (Rodríguez et al., 2015). Ex-
cessive weight gain leads to hyperplasia and/or hypertrophy of the
adipocytes, altered adipokines secretion, decreased insulin sensitivity,
shift in the profile of the immune cells resident for the fat tissue thus
leading to low-grade chronic inflammation (Mathis, 2013).

L.V. Vasileva et al. Food and Chemical Toxicology 121 (2018) 173–193

177



Two types of adipose tissue are distinguished white adipose tissue
(WAT) which is the active endocrine organ that dynamically stores fat
and brown adipose tissue (BAT) that primarily converts energy into
heat upon β-adrenergic stimulation or cold exposure, a process known
as thermogenesis. Recently the presence of third type adipocytes de-
scribed as brown-likecells also termed beige or brite (brown-in-white)
have been revealed, which under basal conditions are not thermo-
genically active as white adipocytes, but upon β-adrenergic stimulation
induced by cold exposure or exercise show thermogenic properties such
as the brown fat cells (Wu et al., 2012).

In environment of excess nutrients, if the subcutaneous WAT han-
dles the energy excess by causing hyperplasia, such properly expanding
adipose tissue will then act as a “metabolic sink”, protecting lean tissues
(for example, the heart, liver, pancreas and the kidneys) against
harmful ectopic fat deposition. Conversely, if hyperplasia do not occur,
the stored triglycerides will contribute to adipocyte hypertrophy until
these large adipocytes become saturated and are no longer able to ex-
pand. This is leading to increased release of pro-inflammatory and re-
duction of anti-inflammatory adipokines by the hypertrophied adipo-
cytes and/or their rupture and macrophage invasion (Fig. 3; Gupta,
2014).

Nowadays, it is well known that in the adipose tissue resident
macrophages are classified according to their cell surface markers and
secretory profiles as type 1 (M1) and type 2 macrophages (M2). M1

macrophages play a key role against bacterial and viral infections,
being activated by IFNγ and LPS, and secrete pro-inflammatory cyto-
kines. By contrast, M2 macrophages are associated with anti-in-
flammatory responses and are induced by exposure to interleukin 14
(IL-14) and interleukin 13 (IL-13). While in healthy lean individual
there are predominantly anti-inflammatory M2 over M1 macrophages,
obesity is associated with a switch towards the M1 pro-inflammatory
phenotype (Chawla et al., 2012).

Additionally to the resident macrophages, other immune cells of the
adaptive (B and T lymphocytes) and innate (dendritic cells, mast cells
or eosinophils) system further aggravates the adipose tissue in-
flammation and contribute to the onset of obesity-associated co-
morbidities (Lee and Lee, 2014; Rodríguez et al., 2015). The activated
immune cells sustain the chronic production of pro-inflammatory adi-
pokines, leading to decreased insulin sensitivity and form vicious circle
of the chronic systemic inflammation in obesity (González-Muniesa
et al., 2017).

6. Current treatment options

The established strategies for obesity management fall in three ca-
tegories: lifestyle interventions, pharmacotherapy and bariatric sur-
gery.

Fig. 3. Adipocytes and the resident macrophages in the adipose tissue. (A) Healthy lean individual – the adipose tissue secretes mainly anti-inflammatory
adipokines (adiponectin, FGF21, SFRP5) and the predominant type of resident macrophages are the anti-inflammatory type 2 (M2) which secrete cytokines such as
IL-1Ra, IL-10; (B) Obese individual – the hypertrophied adipocytes have increased production of pro-inflammatory adipokines (leptin, resistin, TNF-α, IL-6, RBP4).
The resident macrophages have shifted mainly towards type 1 (M1) and their cytokines profile is pro-inflammatory (TNF-α, IL-1, IL-6, MCP1, NO). When an
adipocyte is saturated it becomes apoptotic and the M1 macrophages form a “crown-like” structure around it as another hallmark of adipose tissue chronic in-
flammation.
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6.1. Lifestyle modifications

Lifestyle interventions have been an important part of weight loss
management for more than a quarter of a century. Diet modifications
and increase in physical activity are the first measures to be re-
commended and although having good long-term efficacy the first re-
sults are visible after months or up to a year (mean weight loss of 3 kg
for 12 months). A meta-analysis indicated that physical activity results
in additional 1–1.5 kg lost weight over 12 months than a dietary in-
tervention alone (Wu et al., 2009).

A restriction of 500 kcal/day or 30% from the average individual
daily intake, or a diet with 1200 kcal/day for women and 1500 kcal/
day for men is generally recommended for weight loss (González-
Muniesa et al., 2017). The ideal healthy diet is the one that comprise of
balance of the macronutrients (proteins, carbohydrates and lipids), as
well as, the micronutrients and vitamins needed for the organism. Some
food components are well known to be beneficial for human health such
as green-leaf vegetables, fruits rich in fibers, seeds, nuts and fish rich in
essential fatty acids (Omega 3 and 6), meat and dairy products rich in
proteins (Hennig et al., 2018; Lucan and DiNicolantonio, 2015).

However, many people struggle to comply with restricted calories
diet for long period of time and they often re-gain the lost weight very
fast after stopping with the weight loss regimen (González-Muniesa
et al., 2017). When interventions to restore the energy balance are in-
itiated the individual variation in weight loss response is striking, and
therefore there is need to reveal the mechanisms responsible for the
underlying differences in compensatory adaptive response to caloric
restrictions, food rewards, and re-establishment of metabolic home-
ostasis (Hall et al., 2012).

6.2. Pharmacotherapy

From historical perspective great variety of drugs have been used
for weight loss, but because of their side effects such as rebound weight
gain, sleep disturbances, anxiety, depression, anorexia, serious cardio-
vascular incidents and risk for tolerance and abuse many them were of
withdrawn from the market (Fenske et al., 2011). For example, in the
last few decades the European Medicines Agency (EMA) discontinued
the use of phentermine, mazindol and diethylpropion (in 2000), rimo-
nabant (in 2008) and sibutramine (in 2010; Fujioka, 2015).

Currently approved anti-obesity medicines can be classified into two
broad categories: peripherally acting agents that inhibit food absorption
in the gut and centrally acting agents that inhibit food intake by acting
on the brain's satiety, hunger and reward centers. In the USA, as for
2017, nine therapeutic options are approved by the Food and Drugs
Administration (FDA), whereas due to certain safety considerations the
EMA have currently approved only three of them (Table 1).

Orlistat is an anti-obesity drug that acts peripherally on reducing the
efficiency of digestion by inhibiting pancreatic and gastric lipases and
decrease the amount of fats absorption from food. The pancreatic lipase
hydrolyzes 50–70% of the consumed fats to monoacylglycerols and
fatty acids and aids their subsequent absorption (Seyedan et al., 2015).
Orlistat reduces the intestinal fat absorption with around one third
without affecting the appetite (Alonso-Castro et al., 2015; Jaradat et al.,
2017). It is the only drug for weight loss that could be used without
prescription for prolonged period and thus is the most widely used in
obesity management. The most common side effects from its adminis-
tration are abdominal pain and diarrhoea. In experimental studies for
new potential pancreatic lipase inhibitors orlistat is usually used as
reference substance (Jaradat et al., 2017).

Another peripherally acting agent is liraglutide which is human
analogue of GLP-1 produced by recombinant DNA technology in
Saccharomyces cerevisiae with anorexigenic effect, initially approved in
the therapy of type 2 diabetes. Except from acting by enhancing the
insulin production after meal, it also induces satiety through not yet
clarified mechanisms. However, novel GLP-1 agonists are under study

in order to lower the chance of hypoglycemic complications and in-
crease the weight reduction potential (Srivastava and Apovian, 2018;
Zhou et al., 2017). The centrally acting drugs for obesity are mainly
from the group of sympathomimetics that increase the noradrenalin and
dopamine levels and inhibit hunger signals by activation of the adre-
nergic mediation. These drugs are structurally similar to amphetamines
and also possess similar to their side effects such as dependence, tol-
erance and tachycardia (Fenske et al., 2011). Phenteramine and its
analogues are not recommended for long-term administration as
monotherapy for obesity (Srivastava and Apovian, 2018). Lorcaserin is
another centrally acting anti-obesity agent approved by FDA acting as
agonist for serotonin receptors subtype 2C (5HT2CR), thus stimulating
the satiety centers in the brain (Greenway et al., 2016). In the European
Union lorcaserine was withdrawn from the market in 2013 due to safety
considerations which defines the need for development of new safer
serotonergic anti-obesity drugs (Voigt and Fink, 2015).

The concept of targeting multiple regulatory pathways of energy
balance has become popular as a potentially safer and more efficient
strategy for obesity treatment as monotherapies that selectively target
one specific system in the brain rarely achieve greater efficacy than 5%
weight loss (Manning et al., 2014). Phenteramine in combination with
the antiepileptic drug topiramate is approved for prolonged use in
obesity by the FDA showing grater efficacy of the combination than of
phenteramine or topiramate alone (Aronne et al., 2013). Another
combination used to modulate the brain reward and satiety systems is
the opioid receptors' antagonist naltrexone and the dopamine and
noradrenaline selective re-uptake inhibitor bupropion which is also
approved for prolonged use and with overall good efficacy from the
treatment (Srivastava and Apovian, 2018).

6.3. Bariatric surgery

Bariatric or weight loss surgical procedures generally aim to de-
crease the capacity of the stomach. Gastric bypass, sleeve gastrectomy,
implantation of adjustable gastric band and biliopancreatic diversion
are among the most commonly performed procedures in bariatrics. The
gastric bypass which stands out as a gold standard in weight loss sur-
gery is done by resecting part of the stomach and re-connecting the
small intestine to a small stomach part left (Chang et al., 2014a,b).

Currently, this treatment option is considered only for patients with
BMI over 40 kg/m2 or over 35 kg/m2 with one or more obesity-related
co-morbidities, as being the most effective in terms of lost weight and
maintenance of the results. Records of diabetic patients undergone
bariatric surgery report decrease in the dose of insulin and oral anti-
hyperglycemics used. Other additional benefits include reduced rates of
hypertension, obstructive sleep apnea and improved lipid profile at 3–5
years post-surgery (Varban et al., 2017).

7. Emerging targets for treatment of obesity

In the last decade many novel regulators of energy metabolism that
have improved the basic knowledge of the pathophysiology of obesity
and highlighted potential targets for novel treatment options have been
defined (Table 2). The anti-obesity effect of molecules targeting various
neuropeptides or their receptors, different transcription factors, en-
zymes and proteins have been evaluated in numerous research papers
(Ahima and Antwi, 2008; Fujioka, 2015; Girardet and Butler, 2014;
Kajimura et al., 2015; Manning et al., 2014; Matzinger et al., 2017).

7.1. Neuropeptides and their receptors

Varieties of potential weight loss drugs have been designed to target
the brain circuitsresponsible for the regulation of energy homeostasis
and feeding behavior. However, it must be taken into account that most
of the targeted pathways action is not restricted to only central me-
chanisms, but also could produce peripheral effects, both desired or
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adverse (Manning et al., 2014).
The central melanocortin pathway consists of neurons that produce

endogenous melanocortin ligands, derived from POMC [adrenocorti-
cotropic hormone (ACTH), melanocyte-stimulating hormone (MSH) α-,
β- or γ], five types of receptors for melanocortin (MCRs) and the en-
dogenous melanocortin antagonist/inverse agonist AgRP (Shen et al.,
2017). The melanocortin signaling is crucial to the appetite regulation
and energy balance. The MC4R genetic deficiency cause severe young-
onset obesity and theoretically MC4R agonists could induce weight loss
at least in this specific group of patients. However, compounds tar-
geting neural MCRs, especially MC4R with direct agonists, did not
manage to proceed from clinical trial to the market due to significant
cardiovascular incidences (Girardet and Butler, 2014). Recently novel
approach to modulate MCRs has been described via indirect agonists
acting through the AgRP-initiated signaling that provide opportunities
to investigate new potential anti-obesity drugs with improved cardio-
vascular safety (Yang and Tao, 2016).

The NPY has a pivotal role in many physiological functions such as
food intake, energy homeostasis, circadian rhythm, cognition and stress
response. For example, by activating the Y1 and Y5 receptors in the
hypothalamic AgRP/NPY neurons it stimulate the appetite (Reichmann
and Holzer, 2016). Most of the designed NPY blockers revealed low
selectivity, bioavailability, toxicity or tolerance that restrict their pro-
gress into clinical trials (Manning et al., 2014). It is suggested that
targeting selectively peripheral Y-receptors might have the beneficial
effect on energy homeostasis without affecting feeding behavior, mood
and cognitive functions controlled within the brain (Yulyaningsih et al.,
2011).

The endocannaboid system could be activated in a result of over-
eating, leading to decrease in energy expenditure and obesity devel-
opment. The influence on appetite and metabolism of the eCBs are
mediated through two types of cannabinoid receptors (CB) distributed
both in the central nervous system in the periphery (Manning et al.,
2014). The first selective CB1 receptor antagonist approved to treat
obesity was rimonabant which was withdrawn shortly after its in-
troduction to the European market, because independent reports sug-
gested serious adverse events, including severe depression and suicidal
thoughts (Cheung et al., 2013). Recent study examined the weight loss

potential of new generation CB1 antagonists designed to selectively
bind the peripheral receptors, but not to penetrate the blood-brain
barrier and thus to avoid the behavioral effects of the centrally active
agents (Sharma et al., 2018).

The endogenous peptide neuromedin U (NmU) is provided from the
lateral hypothalamus to the paraventricular nucleus (PVN) and was
recently suggested as a novel regulator of food-driven behavior with
anorectic action. Two types of NmU receptors are described to activate
neurons of certain brain circuits. Activation of the NmU1 receptor sti-
mulate the POMC neurons in ARC whereas the NmU2 receptors trigger
neurosignalling in the PVN, both inhibiting hunger (Kaisho et al.,
2017).

7.2. Transcription factors

Peroxisome proliferator-activated receptors (PPARs) are transcrip-
tion factors belonging to the nuclear receptor superfamily, consisting of
three PPAR isotypes PPARα, PPARβ/δ and PPARγ, regulating genes
implicated in inflammatory response and metabolic regulation. The
PPARα is mainly expressed in the liver, where it regulates the fatty acid
transport, β-oxidation and ketogenesis, PPARβ/δ is highly active in
skeletal muscle and is involved in the response to exercise by improving
lipid homeostasis and insulin sensitivity and PPARγ expression is
highest in adipose tissues, where it modulates lipid uptake and adipo-
genesis by adipocytes (Gross et al., 2017). Currently available PPARγ
agonists from the drug class of TZDs are used in the therapy of the non-
insulin-dependent diabetes to increase the insulin sensitivity of the
tissues. However, due to serious side effects of these drugs such as
weight gain, cardiovascular events, hepatotoxicity and increased risk of
liver failure there is need for novel class PPARγ ligands with better
safety profiles (Wang et al., 2014b). Recent studies also suggest po-
tential use of PPARα and PPARβ/δ ligands in obesity (Mueller, 2014).

Another family of transcription factors crucial for the adipocyte
development which could provide potential targets in obesity man-
agement is the cytosine-cytosine-adenosine-adenosine-thymidine
(CCAAT)/enhancer binding protein (C/EBP) superfamily consisting
from several members C/EBPα, β, δ and C/EBP homologous protein
(CHOP; Gupta, 2014). The CHOP is an endoplasmic reticulum stress-

Table 2
Emerging targets for treatment of obesity.

Novel targets Function in obesity Reference

Neurpeptides and their
receptors

MCs MC4R is known to be crucial to the regulation of satiety signals. MC3R is also expressed in the
CNS and is linked with energy homeostasis, but his function is not clearly elucidated yet

Shen et al., 2017

NPY NPY is thought to stimulate appetite by activation of the Y1 and Y5 receptors in the hypothalamic
AgRP/NPY neurons. Antagonists at these receptors have been studied with the aim of blocking
this orexigeniceffect

Yulyaningsih et al., 2011

eCBs The CB1 receptors mediate the metabolic actions of eCBs including increased feeding motivation
and reduction in energy expenditure

Sharma et al., 2018

NmU NmU activate the AgRP/POMC neurons in ARC and neurons in PVN mediating anorectic effects Kaisho et al., 2017
Transcription factors PPARs PPARs regulate the fatty acid storage and glucose metabolism Gross et al., 2017

C/EBPs C/EBPs are known adipogenic transcription factors, crucial for the adipocyte develepment Mueller, 2014
SIRT Activation of SIRT1 and potentially SIRT6 could be beneficial for the treatment of hyperglycemia

in diabetes
Bae, 2017; Lee et al., 2014

Nrf2 Activation of Nrf2 is suggested to play a role in insulin sensitivity, β-cell function and long-term
complications of obesity and diabetes

Matzinger et al., 2017

Enzymes AMPK AMPK is activated under fasting conditions and causes increased fatty acid oxidation, glucose
uptake and glycolysis, and the inhibition of fatty acid and glycogen synthesis

Manning et al., 2014

PTP1B The protein-tyrosine phosphatase 1B (PTP1B) takes part in the regulation of the tyrosine
phosphorylation cascade integral to the insulin and leptin signaling pathways

Cho, 2013

NNMT NNMT is a cytosolic enzyme with a newly identified role in modulating cellular energy
homeostasis

Neelakantan et al., 2018

Proteins SOCS3 SOCS3 is a protein that inhibits the signal transduction process of leptin, thus its modulation
could be beneficial in state of LR

Lubis et al., 2008; Manning
et al., 2014

Adiponectin Adiponectin is an essential regulator of thermogenesis and thus is required for maintaining body
temperature under cold exposure

Yamauchi et al., 2014

UCP UCP1 and UCP3 are proteins involved in the induction of thermogenesis in BAT and WAT
respectively

Kajimura et al., 2015

Leptin Leptin regulates the levels of fat tissue is the body Uchiyama et al., 2017
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inducible protein that regulates the cell metabolism, but its exact
function has to be further investigated (Chikka et al., 2013). The C/
EBPβ and C/EBPδ have been shown to participate in the early phases of
adipogenesis whereas C/EBPα is expressed at later stages of differ-
entiation and participates in a positive feedback loop with PPARγ to
sustain adipocyte maturation (Mueller, 2014).

The sirtuins (SIRT), particularly SIRT1, have been extensively stu-
died for their roles in calorie restriction-induced life span extension, as
well as the prevention of aging-associated pathologies including me-
tabolic dysfunctions (type 2 diabetes and obesity), cardiovascular dis-
ease, cancer, and neurodegeneration (Lee et al., 2014). The SIRT6,
another member of the sirtuin family, localizes in the nucleus and
primarily regulates chromatin signaling and genomic integrity. Its ac-
tivation improves pathophysiological defects in various tissues that
occur as a result of obesity and diabetes such as liver, adipose tissue,
skeletal muscle and pancreatic β-cells. However, whether activators of
the SIRTs could be beneficial for the treatment of such pathological
conditions needs further investigations (Bae, 2017).

The nuclear erythroid-related factor 2 (Nrf2) is a transcriptional
factor taking part in the cellular response against stress (Marchev et al.,
2017b). At present, it is identified to counteract with chemical stressors,
oversupply of nutrients, inflammatory mediators or accumulation of
misfolded proteins within the cells (Hayes and Dinkova-Kostova, 2014).
Recent data suggest that activation of Nrf2-KEAP1 pathway could plays
a role in the pancreatic β-cell function, insulin sensitivity and thus may
prevent the long-term complications of diabetes (Matzinger et al.,
2017). Oxidative stress is one of the key factors involved in obesity-
related health complications, and Nrf2 may be a promising drug target
to treat them. However, studies using Nrf2 knock-out mice and KEAP1
knock-down mice, as well as, an Nrf2 agonist in obesity models show
inconsistent results. Therefore, future studies are needed to elucidate
the involvement of the Nrf2-KEAP1 pathway in obesity (Seo and Lee,
2013).

7.3. Enzymes

The AMP-activated protein kinase (AMPK) is an energy regulating
enzyme acting in multiple tissues. Fasting activates the AMPK thus
leading to increased fatty acid oxidation, glucose uptake and glycolysis,
and inhibited fatty acid and glycogen synthesis. Considering its con-
tribution to the control of energy metabolism at both the cell and
whole-body levels, experimental studies suggest that exogenous acti-
vation of AMPK may induce weight loss in obese patients (Hardie,
2018).

The nicotinamide N-methyltransferase (NNMT) is a cytosolic en-
zyme recently described to play a role in the cellular energy home-
ostasis. The NNMT expression has been found to be up-regulated in the
WAT of mice subjected to diet-induced obesity (DIO) model. Systemic
treatment of the DIO mice with a selective NNMT inhibitor resulted in
significant loss of body weight and WAT mass, reduction in adipocyte
size, and corresponding improvements in the plasma lipid profile
without affecting food intake nor produce any signs of toxicity or ad-
verse behavioral effects which point out NNMT as viable target for
potential anti-obesity agents (Neelakantan et al., 2018).

The protein-tyrosine phosphatase 1B (PTP1B) is an important ne-
gative regulator of the tyrosine phosphorylation cascade integral to the
insulin and leptin signaling pathways (Cho, 2013). The PTP1B in-
hibitors are promising candidates for novel type of “insulin sensitizers”
in the management of non-insulin-dependent diabetes, the MetS and
obesity (Goldstein, 2001). Some small molecule inhibitors and PTP1B-
directed antisense oligonucleotides investigated, which acts both cen-
trally and peripherally, were reported to be in phase 2 clinical trials
(Cho, 2013).

7.4. Protein targets

The suppressors of cytokine signaling (SOCS) are family of proteins
that play an essential role in mediating inflammatory responses in both
immune cells and metabolic organs such as the liver, fat and muscle
tissues. The SOCS1 and SOCS3 play a role in controlling immune cells
such as macrophages and T-cells, impact systemic inflammation, leptin
and insulin resistance (Galic et al., 2014). The SOCS3 inhibitors could
activate the signal transducer and activator of transcription 3 (STAT3)
phosphorylation and eventually leads to improved sensitivity of the
leptin signaling (Lubis et al., 2008).

Adiponectin is secreted from the fat cells as essential regulator of
thermogenesis and mediate increased AMPK, PPARα ligand activities,
fatty-acid oxidation, and glucose uptake. Deletion of adiponectin gene
suppresses adrenergic activation, and down-regulates β3-adrenergic
receptors, insulin signaling, and the AMPK-SIRT1 pathway in the BAT
(Yamauchi et al., 2014). In obese individuals decreased adiponectin
levels are found, thus potential strategies are discussed to reverse re-
duced adiponectin activity such as administration of adiponectin ana-
logues or compounds that stimulate its expression (TZDs, soy protein,
fish oils, and linoleic acid), activation of adiponectin receptors with
selective agonists or activating antibodies (Liu and Sweeney, 2014).

Another regulator of the process of thermogenesis is the mi-
tochondrial brown fat uncoupling protein 1 (UCP1), which produces
heat by β-oxidation of lipids and glucose metabolism, instead of pro-
ducing ATP (Kajimura et al., 2015). On the other hand the expression of
UCP3 (an UCP1 analogue) could be induced by thyroid hormones, β3-
adrenergic agonists and leptin, stimulating thermogenesis in muscles
and BAT thus increasing the energy expenditure and the process of
“browning” of the WAT. Targeting UCP1 and UCP3 as proteins inducing
the thermogenesis is a novel strategy in the development of potential
weight loss agents (Thyagarajan and Foster, 2017).

The discovery of leptin, in 1994, by Jeffrey Friedman laboratory
initiated extensive experimental investigations over the last 20 years
searching for novel anti-obesity agents targeting the leptin signaling
(Morrison, 2009). However, up to date leptin replacement therapy is
approved only in the treatment of certain types of lipodystrophy and
very rare form of congenital obesity with leptin deficiency (Manning
et al., 2014). The recent studies are focused on resolving the mechan-
isms and targeting the leptin resistance presented in obesity (Cui et al.,
2017).

Despite this focus, newly approved anti-obesity drugs acting on
these emerging targets are still missing which points out the need for
elucidating more potent bioactive leads from synthetic, semi-synthetic
or natural origin (Manning et al., 2014).

8. Traditional medicinal plants as powerful source of novel anti-
obesity drugs

Plant-based medications that accelerate weight loss, proved to be
safe, effective and widely available would be a preferable alternative
for anti-obesity treatments (Martel et al., 2017). The biologically active
food supplements for weight reduction are in the top 3 of the health
products with highest sales, flooding the market with countless pro-
ducts that need to be regulated and standardized. Many of these claim
to have natural origin and in the same time contain adulterants that are
now known to be dangerous, for example, sibutramine (Skalicka-
Woźniak et al., 2017). Thus, it is necessary to establish reliable para-
meters and correctly assess all the variables that mark a plant as a
potent alternative in obesity therapy and warrant their safety (de
Freitas Junior and de Almeida, 2017). In this context, the plants with
anti-obesity effect could be classified in several categories according to
their distinctive mechanisms, including (1) decreasing the lipid ab-
sorption, (2) decreasing the energy intake, (3) increasing the energy
expenditure, (4) inhibiting the pre-adipocyte differentiation and pro-
liferation, (5) decreasing lipogenesis and increasing lipolysis. As plant
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extracts are multi-component systems they could also show their anti-
obesity activities by a variety of mechanisms (Yun, 2010).

Current strategies for screening potent natural anti-obesity drugs
involve the study of organic or water extracts of different parts (roots,
leaves, fruits, flowers or seeds) of the medicinal plants, as well as, some
related phytochemicals such as polyphenols, terpenoids, alkaloids, sa-
ponins, steroids and polysaccharides for their antihyperlipidemic, an-
tihyperglycemic, carbohydrate and fat digestion reduction properties
supported by their ability to modulate the molecular pathways and
gene/protein expressions responsible of these activities (de Freitas
Junior and de Almeida, 2017; Sompong et al., 2016; Spínola and
Castilho, 2017). The suppression of the digestive enzymes, especially
the pancreatic and gastric lipases, suppression of AMPK/malonyl Co-A
signaling pathway or potential ghrelin antagonism that blunt the in-
creased appetite or mediate the reduced expression of hypothalamic
NPY or serum leptin (Yun, 2010), the increase of the energy ex-
penditure via stimulating thermogenesis in muscles and BAT through
the activation of UCP1 with natural compounds (Song et al., 2017b;
Stohs and Badmaev, 2016) are the most widely studied mechanisms for
determining natural products' beneficial effect in overweight and obese
people (Sompong et al., 2016).

Since adipose tissue growth can be due to both hyperplasia and
hypertrophy of adipocytes, the process of inhibiting proliferation and
differentiation of pre-adipocytes and/or induction of apoptosis and
stimulation of lipolysis in mature adipocytes are also possible oppor-
tunities to prevent and treat obesity. As an in vitro model to study this
process 3T3-L1 murine pre-adipocytes cells are frequently used.
Adipogenesis involves various stages and is regulated by several tran-
scriptional factors, cell-cycle protein-regulated genes' expression, lipo-
genesis-related genes (Tung et al., 2017), adipogenesis-related en-
zymes, C/EBPs, PPARs, sterol regulatory element-binding proteins
(SREBPs), fatty acid synthase (FAS) gene and acetyl-CoA carboxylase
(ACC; Chaiittianan et al., 2017; Martel et al., 2017; Zhang et al., 2017).

The anti-obesity properties of plant extracts or isolated pure com-
pounds could be evaluated by in vitro and in vivo studies. Selected ex-
amples of plant-derived molecules with well-established beneficial ef-
fects in obesity management are summarized in Fig. 4. The in vitro
studies include two basic tests: inhibition on lipid accumulation in
adipocytes and inhibition on pancreatic lipase activity, while the in vivo
parameters comprise weight loss, lipid profile and food intake (Alonso-
Castro et al., 2015).

8.1. In vitro studies

Hundreds of plant species have been screened for their activity to
inhibit pancreatic lipase (Seyedan et al., 2015; Tung et al., 2017) and
some other digestive enzymes (α-amylase, α- and β-glucosidase;
Sompong et al., 2016) or to increase insulin sensitivity, supported with
investigations of the molecular signaling pathways in several model cell
lines, such as 3T3-L1, HEPG2 or L6 cells (Pan et al., 2017; Semaan et al.,
2018). The present review summarizes some recent studies of plant
extracts or pure isolated compounds with in vitro activity similar to that
of the referenced drugs (e.g. Orlistat) used in obesity treatment. Se-
lected examples are presented in Table 3.

Some of the most studied plants as natural pancreatic lipase in-
hibitors are different types of teas, such as oolong (Yuan et al., 2018),
green (Nakayama et al., 2015; Seo et al., 2017) and black tea (Wang
et al., 2017a,2017b). The identified polyphenols, e.g. gallocatechin
(GC), epigallocatechin (EGC), epicatechin (EC), epigallocatechin gallate
(EGCG), gallocatechin gallate (GCG) and epicatechin gallate (ECG)
showed strong inhibitory activity against pancreatic lipase that is sug-
gested to be due to the galloyl moieties within their chemical structures
and/or polymerization of their flavan-3-ols (Jiang et al., 2017; Nakai
et al., 2005). The non-esterified flavan-3-ols, such as (+)-catechin,
(−)-epicatechin, (+)-gallocatechin, and (−)-epigallocatechin, showed
zero and/or the lowest activities (IC50 > 20 μM; Nakai et al., 2005).

Jiang et al. (2017) showed that although (−)-epigallocatechin 3-O-(3-
O-methyl) gallate (EGCG3″Me) had better lipase and α-amylase in-
hibitory effect than the EGCG3″Me-phospholipids complex, the latter
had facilitated transepithelial transport, suggesting the improved
bioavailability and absorption of tea polyphenols and potential in de-
velopment of functional foods (Jiang et al., 2017).

Ethanolic extracts of several Thai medicinal plant species such as
Memecylon edule Roxb., Garcinia vilersiana Pierre, Cryptoleptis elegans
Wall. and Phyllanthus chamaepeuce Ridl. produced the highest in-
hibitory activity of 90.97, 92.04, 94.64 and 95.38% at 100 μg/mL, re-
spectively. The estimated activity was reported to be close to that of
Orlisat (95.56%) and in positive correlation with the content of phe-
nolic acids, flavonoids and alkaloids (Dechakhamphu and Wongchum,
2015). Aqueous extract of Vitis vinifera L., Rhus coriaria L., Taraxacum
syriacum Boiss., Rosmarinus officinalis L., Origanum dayui Post also had
pancreatic lipase inhibitory activity comparable with that of orlistat
(IC50= 12.38 μg/mL). The observed activity was explained with the
presence of some phenolic acids, such as caffeoylquinic, gallic, caffeic,
protocatehuic, trans-caffeoyl tartaric and trans-coumaroyl tartaric acid,
as well as, some flavonoids, e.g.myricetin-3-O-glucoside, quercetin-3-O-
glucoside, quercetin-3-O-galactoside, quercetin, kaempferol-3-O-gluco-
side, kaempferol, myricetin, rhamnetin and isorhamnetin (Jaradat
et al., 2017). The promising antihyperlipidemic and antihyperglycemic
effects of Syzygium aromaticum L., Phyllanthus amarus Schumach. &
Thonn., Thunbergia laurifolia Lindl at concentration of 1mg/mL were
confirmed by investigating the inhibition not only of the pancreatic
lipase activity (21.42–85.93%), but also pancreatic cholesterol esterase
(2.92–53.35%), intestinal maltase (5.16–44.33%), sucrase
(1.25–45.86%), and pancreatic α-amylase activity (1.75–12.53%). In
addition, inhibition of the cholesterol incorporation into micelles
(6.64–33.74%), as well as, the bile acids binding (2.05–18.40%) was
established (Sompong et al., 2016). Among 10 investigated Asteracea
species Argyranthemum pinnatifidum Lowe var. pinnatifidum, Helichrysum
melaleucum Rchb. Ex Holl, Phagnalon loweli DC revealed the most pro-
mising lipase inhibitory activity although lower than that of orlistat
(IC50= 470 μg/mL), as well as, anti-diabetic potential due to the in-
hibition of α-amylase, α- and β-glucosidase. The observed activities
were considered to be due to the presence of caffeoylquinic acids
(Spínola and Castilho, 2017). Although the 80% methanolic extract
from hot peppers (jalapeño) showed no lipase inhibitory activity, its
main bioactive compounds quercetin, capsaicin, p-coumaric and caffeic
acid were compared for their lipase inhibitory capacity with orlistat
(Martinez-Gonzalez et al., 2017). Capsaicin revealed low pancreatic
lipase inhibitory activity (Martinez-Gonzalez et al., 2017), but when
used in high concentration (250 μM) decreased 90% of the lipase ac-
tivity (Hsu and Yen, 2007).

Several terpenoids, such as corosolic, ursolic, 23-hydroxyursolic,
asiatic and betulinic acids isolated from Actinidia arguta (Siebold &
Zucc.) Planch. Ex Miq (Jang et al., 2008), carnosol, oleanolic and car-
nosic acid identified in Salvia officinalis L. (Ninomiya et al., 2004), as
well as, several acetylated oleanane-type triterpene saponins (chaka-
saponin I, II and III) from Camellia sinensis (L.) O. Kuntze have been
reported to exhibit significant lipase inhibitory activity (Yoshikawa
et al., 2009). The alkaloid rich fraction from Tabernaemontana divaricata
(L.) R. Br. Ex Roem. & Schult had higher lipase inhibitory activity
(IC50= 7.86 μg/mL) than the total methanolic extract
(IC50= 12.73 μg/mL), due to the main bis-indol alkaloid conophylline
(IC50= 2.63 μg/mL). Other bis-indol alkaloids with lipase inhibitory
activity from the same plant were conophyllinine, conophyllidine and
taberhanine (Sridhar et al., 2017). The isoquinoline alkaloid stephala-
gine had more than 10 times higher lipase inhibitory activity that the
ethanolic extract of Annona crassiflora Mart (Pereira et al., 2017).

Ethanolic extract of purple corn silk caused multiple-stages inter-
ruption on adipocyte life cycle at concentration between 25 and
1000 μg/mL and inhibited the pre-adipocyte proliferation between
43.52 and 75.51% in 3T3-L1 cells. More than 80% reduction of lipid
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Fig. 4. Chemical structures of common anti-obesity plant-derived compounds.
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accumulation at 500 μg/mL and moderate apoptotic inductive effect
(40.35%) at 1000 μg/mL was observed. The authors explained the ob-
served activity with the presence of phenolic acids, anthocyanins and
flavonoids with quercetin derivatives being the dominant molecules
(Chaiittianan et al., 2017). Standardized Cirsium setidens Nakai etha-
nolic extract (containing the marker compounds pectolinarin and pec-
tolinargenin) exhibited also antiadipogenic activity, suppressed the
expression of lipogenic and increased the expression of lipolytic genes,
e.g. at concentration of 200 μg/mL the lipid accumulation was de-
creased with 56% while the glycerol release was increased with
114.9%. The observed effects were mediated by inhibition of PPARγ, C/
EBPβ and C/EBPδ, which are the early transcriptional factors indicating
the initial adipocyte differentiation. The extract stimulated also the
fatty acid oxidation in an AMK-dependent manner. The increased
phosphorylation of AMK and ACC lowered the concentration of

malonyl-CoA, an endogenous inhibitor of carnitine palmitoyl trans-
ferase (CPT)-1 and the first enzyme in the β-oxidation of fatty acids
(Cho et al., 2017a,2017b). These signaling pathways were studied
during the treatment of 3T3-L1 cells with aqueous extract of Baccharis
trimera (Less.) DC. At concentration of 1.0 mg/mL 90% reduction of
these molecules was observed, considering that the extract has a po-
tential to be used in development of functional foods (de Souza Marinho
do Nascimento et al., 2017). Similar findings were reported by Gao
et al. (2016) who studied the activity of EEG rich extract (astragalin,
daphnoretin and tiliroside were identified) from Edgeworthia gardneri
(wall.) Meisn. Treatment of 3T3-L1, L6 and HepG2 cellular models with
methanolic extract of Allophylus cominia Sw. stimulated the glucose
uptake through inhibition of PTP1B. The inhibition of this enzyme in-
creased the insulin activity as well, e.g. the insulin EC50 decreased from
1000 nM to 38 nM in the presence of the extract. Another observed

Table 3
In vitro lipase inhibitory activity of selected plant extracts and isolated pure molecules.

Plant species (incl. plant organ, extract type) Inhibition (IC50, μg/mL) Reference

Annona crassiflora Mart (fruits, ethanolic) 104.50 Pereira et al., 2017
Argyranthemum pinnatifidum Lowe var. pinnatifidum (leaves, ethanolic) 3310 Spínola and Castilho, 2017
Brassica nigra L (leaves, aqueous) 91 Jaradat et al., 2017
Camellia sinensis (L.) O. Kuntze (flower buds, ethylacetate fraction of methanolic extract) 91 Yoshikawa et al., 2009
Cryptoleptis elegans Wall (leaves, ethanolic) 0.30 Dechakhamphu and Wongchum, 2015
Fagonia arabica L (aerial part, 80% methanolic) 204.10 Bustanji et al., 2011
Garcinia vilersiana Pierre (leaves, ethanolic) 0.11 Dechakhamphu and Wongchum, 2015
Green tea (Camellia sinensis L) (leaves, aqueous) 76.20 Nakayama et al., 2015
Green tea (leaves, 50% methanolic) 480 Seo et al., 2017
Helichrysum melaleucum Rchb. Ex Holl (leaves, ethanolic) 3890 Spínola and Castilho, 2017
Hypericum triquetrifolium Boiss (aerial part, 80% methanolic) 107.70 Bustanji et al., 2011
Magnifera indica L (fruits, methanolic) 1.50 De Pradhan et al., 2017
Marva palviflora L (leaves, 50% ethanol and n-hexane) 23.70 Jaradat et al., 2017
Origanum dayui Post (leaves, 50% ethanol and n-hexane) 18.62 Jaradat et al., 2017
Phagnalon loweli DC (leaves, ethanolic) 3050 Spínola and Castilho, 2017
Phyllanthus chamaepeuce Ridl (leaves, ethanolic) 0.45 Dechakhamphu and Wongchum, 2015
Reseda alba L (aerial part, 80% methanolic) 738 Bustanji et al., 2011
Rosmarinus officinalis L (leaves, aqueous) 51.30 Jaradat et al., 2017
Rhus coriaria L (fruits, aqueous) 19.95 Jaradat et al., 2017
Salvia apinosa L (aerial part, 80% methanolic) 156.20 Bustanji et al., 2011
Salvia officinalis L. (leaves, methanolic) 94 Ninomiya et al., 2004
Taraxacum syriacum Boiss (leaves, aqueous) 39.80 Jaradat et al., 2017
Vitis vinifera L (leaves, aqueous) 14.13 Jaradat et al., 2017

Phytochemicals

(−)-Epigallocatechin 3-O-(3-O-methyl) gallate 1140 Jiang et al., 2017
(−)-Epigallocatechin 3-O-gallate 0.16 Nakai et al., 2005
(−)-Epigallocatechin-3,5-digallate 0.06 Nakai et al., 2005
5-O-caffeoylquinic acids 310 Spínola and Castilho, 2017
1.5-O-dicaffeoylquinic acids 610 Spínola and Castilho, 2017
3.5-O-dicaffeoylquinic acids 500 Spínola and Castilho, 2017
p-Coumaric acid 27.92 Martinez-Gonzalez et al., 2017
Caffeic acid 72.33 Martinez-Gonzalez et al., 2017
Chlorogenic acid 59.80 Lunagariya et al., 2014
Gallic acid 80 De Pradhan et al., 2017
4-Hydroxybenzoic acid 160 De Pradhan et al., 2017
Hesperidin 32 Lunagariya et al., 2014
Isoorientin 31.60 Lunagariya et al., 2014
Quercetin 1.84 Martinez-Gonzalez et al., 2017
Kaempferol 33.02 Zhang et al., 2015
Oleanolic acid 83 Ninomiya et al., 2004
7-Methoxyrosmanol 32 Ninomiya et al., 2004
Royleanonic acid 35 Ninomiya et al., 2004
Carnosol 4.40 Ninomiya et al., 2004
Carnosic acid 12 Ninomiya et al., 2004
Ursolic acid 7.22 Jang et al., 2008
Betulinic acid 9.58 Jang et al., 2008
Corosolic acid 9.64 Jang et al., 2008
23-Hydroxyursolic acid 19.70 Jang et al., 2008
Chakasaponin I 206.95 Yoshikawa et al., 2009
Chakasaponin II 229.22 Yoshikawa et al., 2009
Chakasaponin III 653.68 Yoshikawa et al., 2009
Stephalagine 8.35 Pereira et al., 2017
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effect was the decreased lipid accumulation at the initial stage of the
adipocytes differentiation, which could be related to the lypolitic ac-
tivity of the extracts, triggered by an increase of intracellular cAMP
levels (Semaan et al., 2018). Water extracts from Arctium lappa L. were
also reported to have antiadipogenic effect mediated through inhibition
of PPARγ, C/EBPα and activation the AMPK. On the other hand, in-
hibition of WAT differentiation and activation of BAT differentiation
has been observed as well (Han et al., 2016). Seeds extract form
Cathamus tinctorius L. down-regulate the adipogenic transcription fac-
tors SREBP1c and PPARγ and their target genes involved in the
synthesis, transport, and storage of lipids at least partly via activation of
AMPK pathway and thus inhibit the differentiation of the adipocytes
(Hwang et al., 2016). A polyphenol rich extract (containing mainly
glycosylated derivatives of cyaniding and malvidin, chlorogenic, p-
coumaric, ferulic, caffeic and sinapic acids, as well as, quercetin, myr-
icetin, kaempferol and laricitrin) from different berries inhibited adi-
pogenesis through suppression of PPARγ, C/EBPα, SREBP1, adipocyte
fattyacid-binding protein (aP2), FAS, lipoproteinlipase (LPL), hormone-
sensitive lipase (HSL), perilipin 1 (PLIN1) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA expression in a dose-dependent
manner (Kowalska et al., 2017). At IC50 dose of 22.5 μg/mL and
7.63 μg/mL extract from Lysimachia foenum-graecum and its active
component foenumoside B inhibited the PPARγ induced preadipocyte
differentiation and the expression of the lipogenic genes aP2, CD36 and
FAS (Seo et al., 2011). A well-document molecule that inhibits also the
adipogenesis in 3T3-L1 cells through the above mentioned mechanisms
is capsaicin. Along with that capsaicin induced also apoptosis in these
model cells through activation of caspase-3, Bax and Bak (proapoptotic
proteins) and down-regulation of Bcl-2 (antiapoptotic protein). A loss in
the mitochondria membrane potential and up-regulation of adiponectin
was observed as well (Hsu and Yen, 2007). Some polyphenols such as
isorhamnetin-3-O-D-glucuronide and ellagic acid isolated from Sangui-
sorba officinalis Linne also possess antiadipogenic properties (Im et al.,
2017). Flavonoid glycosides (astragalin, isoquercetin, rhamnocitrin 3-
O-glucoside, and nicotiflorin), triterpenes (methyl hederagenin) and
triterpene glycosides (hederin, echinocystic acid 3-O-arabinoside and
cauloside B) had a regulatory role in adipocytes differentiation. Some of
them down-regulated lipid accumulation and insulin induced 3T3-L1
differentiation, reduced adipocyte size, while others decreased the le-
vels of all adipogenic proteins and glucose transporter type 4 (GLUT4),
but increased adiponectin (Nishina et al., 2017). Betulinic acid has been
reported to have a strong lipolytic effect mediated by cAMP-dependent
phosphodiesterase inhibition (Kim et al., 2012). Cucrumin has a certain
beneficial effect on regulating glucose and lipid metabolism. At 20 μM
concentration curcumin increased the glucose uptake in 3T3-L1 adi-
pocytes 1.6 times and decreased the glycerol release 69% in comparison
with the control. The observed effect was due to the increased mRNA
expression for C/EBPα, PPARγ and PPARα (Pan et al., 2017).

Although the inhibition of pancreatic lipase, cholesterol esterase, α-
amylase, α- and β-glucosidase are considered as markers for anti-obe-
sity efficacy, the obtained results might not be relevant in a certain
biological system. That is why further studies using animal models to
verify the inhibitory activities in vivo are required (Alonso-Castro et al.,
2015; Bustanji et al., 2011).

8.2. In vivo studies

The BW, body fat and the BMI are generally used to define obesity,
while the lipid profile, including hepatic and blood levels of triglycer-
ides (TG), total cholesterol (TC), LDL-cholesterol (LDL-C) and HDL-C
are used to diagnose MetS. Increased levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) are used as indicators for
hepatic damage. For that reason these are of the most frequently in-
vestigated parameters in in vivo models of obesity (Ahn and Go, 2017).
Summary of the main findings from recent in vivo studies are presented
in Table 4.

Approximately 10% BW loss was reported by Ahn and Go (2017)
after treatment of C57BL/6 mice (subjected to HFD for 12 weeks) with
Pinus densiflora bark extract. The food intake, as well as, the food effi-
ciency ratio [(weight gain/food intake)× 100] did not change sig-
nificantly, which means that the extract did not induce a loss of appetite
or an increase in food intake. The supplementations of this extract
down-regulated de novo lipogenesis by reducing hepatic TG, TC, LDL-C
and decreasing the fat distribution compared to the control group. The
results were consistent with the lowered levels of the enzymes ACC1,
FAS and stearoyl CoA desaturase 1 (SCD1). The reduction of adipo-
genesis was confirmed by inhibition of C/EBPα, PPARγ and perilipin. In
the treated group the serum levels of ALT and AST were higher than in
the control group, but still within the normal range (0–40 IU/L; Ahn
and Go, 2017). Similar effects were achieved by administration of 50%
ethanolic extract of Sanguisorba officinalis L. (Jung et al., 2016a). The
standardized extract of Cirsium setidens reduced the BW, adipose tissue
weight and improved the serum lipid profile through down-regulation
of the adipogenesis markers and up-regulation of the enzymes boosting
the fatty acid oxidation. The activation of AMPK responsible for shifting
the lipid synthesis to fatty acid oxidation was observed (Cho et al.,
2017a,2017b). At low doses (100mg/kg/day) the methanolic extract of
Salvia officinalis had better beneficial effect on glucose tolerance, insulin
sensitivity, lipid profile, body weight gain and food intake compared to
the high dose of 400mg/kg/day. This might be due to the presence of
palmitic acid in the extract, which leads to insulin resistance in higher
concentrations. The extract also increased significantly the plasma le-
vels of the anti-inflammatory cytokines (IL-2, IL-4 and IL-10) and de-
creased the pro-inflammatory IL-12, TNF-α and keratinocyte-derived
chemoattractant/humangrowth-regulated oncogene (KC/GRO). The
improved insulin sensitivity was explained by the presence of PPARα
and PPARγ agonists α-linoleic, γ-linoleic, carnosic, oleanolic, ursolic
acid and carnosol (Zaibi et al., 2018). Agrimonia pilosa Ledeb aqueous
extract ameliorated insulin resistance in HFD rats by decreasing the
inflammatory response (TNF-α and IL-6) and increasing the adiponectin
(Jang et al., 2017). The polyphenol-rich extract of Vitis vinifera L. grape
skin prevented the obesity induced by HFD through increasing the in-
sulin sensitivity in adipose tissue and skeletal muscle due to increase in
AMPK and GLUT4 expression. The observed hypoglycemic and anti-
oxidant effects contributed to the regulation of the lipid profile and
adipokines, by favoring the reduction of the inflammation in adipose
tissue and weight gain (da Costa et al., 2017). The sesquiterpene ger-
macrone (20mg/kg/day) was the active molecule of Garcinia cambogia
extract, which at concentration of 200mg/kg/day attenuated hyperli-
pidemia by alleviating fatty acid synthesis/uptake and improve lipid
metabolism by stimulation of FA β-oxidation (Guo and Choung, 2017).
Another molecule – arctiin – isolated form A. lapa was considered to be
responsible for the weight loss in HFD-induced obese mice by reducing
the mass of the WAT and inhibition of adipogenesis, through activation
of liver kinase B1 (LKB1), which is constitutively active and phos-
phorylates AMPK (Han et al., 2016). Some triterpene saponins, such as
foenumoside B, isolated from L. foenum-graecum inhibited adipocyte
differentiation through expression of genes involved in lipid metabo-
lism towards lipid breakdown. Moreover, the inhibition of some pro-
inflammatory cytokines in adipose tissue suggested its protective role
against insulin resistance (Seo et al., 2012). Extract of Morinda citrifolia
L. leaves (60% ethanolic) improved the metabolic disruptions caused by
obesity regarding the tricarboxylic acid cycle, glucose, choline, and
creatinine and gut microbiota metabolism in Srague-Dawley rats. After
treatment for 9 weeks with 50mg extract/kg/day, 7.9% reduction of
the BW was observed (Jambocus et al., 2017). An improvement in
Bacteriodetes/Firmicutes ratio in the gut of DIO mice through enrich-
ment of the Proteobacteria population and reduction of the Deferri-
bacters population was achieved by administration of Polygala tenuifolia
extract (Wang et al., 2017a,2017b).

A novel target mechanism for obesity management is the modula-
tion of KEAP1-NRF2 and PKC/NF-κB signaling pathways. The
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administration of polyphenol-rich extract from Molineria latifolia rhi-
zomes neutralized the systemic oxidative stress-related parameters
without affecting the renal and liver functions in the diabetic rats.
Analyses on adipose, muscle and liver tissues demonstrated differing
ability to scavenge free radicals and protection against lipid peroxida-
tion (Ooi et al., 2018). Another polyphenol-rich extract from Plantago
albicans reduced the BW, lipid accumulation in liver and heart tissue of
DIO rats and improved the lipid profile, activating a panel of anti-
oxidant enzymes, including superoxide dismutase (SOD), glutathione
peroxidase (GSH-Px) and catalase (CAT) (Samout et al., 2016).

8.3. Clinical studies

Due to the prevalent and often uncontrolled use of plant extracts in
obesity management, evidence from human studies is required to sup-
port claims of efficacy and safety. The main outcome measures eval-
uated in clinical trials are antropometric parameters such as BW, BMI,
WC, HC, WHR, FFM, FM. Additional tests are done usually to evaluate
the effect on appetite, overall physical health (blood pressure, heart
rate), changes in lipid profiles (TG, TC, HDL-C, LDL-C), glucose, insulin,
leptin and ghrelin levels (Hasani-Ranjbar et al., 2009).

In a systematic review Hasani-Ranjbar et al. (2009) summarized
clinical trials investigating various combinations of plant extracts or
plant-derived compounds and most of these studies showed anti-obesity
effects such as decreasing BW in humans with or without changes in
body fat. Ephedrine, caffeine and EGCG are among the most frequently
included natural compound in such combinations (Hasani-Ranjbar
et al., 2009; Kapoor et al., 2017). Another recent review assessed the
commonly available natural supplements used to inhibit the appetite
for obesity control and management in humans using a systematic
search of clinical trials meeting an acceptable standard of evidence
(Astell et al., 2013).

In this present review as examples for human studies of plant ex-
tracts with anti-obesity activities 12 randomized clinical trials (RCTs)
were included, 10 reporting supplementation with certain extract and 2
with herbal combinations. The RCTs reported random allocation of
humans to herbal products vs placebo with or without specific dietary
and exercise programs outlined in Table 5. The main inclusion criteria
were defined to be the BMI varies between 25 and 40 kg/m2, WC >
80 cm for women and WC > 94 cm for men. None of the included
RCTs reported serious adverse events from the supplementation with
the tested herbal preparations (Cho et al., 2017a,b; Dostal et al., 2016a,
2016b; Gilardini et al., 2016; Loftus et al., 2015; Samavat et al., 2016).

The largest and with longest duration clinical trials evaluated cohort
of women supplemented with Camelia sinensis L. decaffeinaited ca-
techin-rich extract. However, the evidences that the green tea extracts
are effective in reducing body weight in these recently published RCTs
were mostly inconclusive (Dostal et al., 2016a, 2016b; Samavat et al.,
2016). Within the studied herbal preparations in the selected RTCs
Aster spathulifolius extract (Cho et al., 2016) and a combination con-
taining Imperata cylindrica Beauvois, Citrus unshiu Markovich, and
Evodia officinalis Dode (Cho et al., 2017b) were the only exceptions that
achieved weight reduction greater that 3% from initial weight within
12 weeks, but with very small number of participants included.

In spite of the reviewed data from clinical trials there is scanty of
information regarding the toxicity of the plant extracts or phytochem-
ical preparations. Systematic investigations in this aspect are missing
and only few case reports have been mentioned, e.g. Larrea tridentata
(DC.) Coville exhibited acute hepatotoxicity effect by inhibition of cy-
clooxygenase and cytochrome P-450; Thevetia peruviana (Pers.) K.
Schum. induced cardiotoxicity, gastrointestinal and neurological dis-
orders; administration of Rhamnus purshiana DC has been associated
with hepatotoxicity and hypokalemia (Alonso-Castro et al., 2015).

Another safety issue is that in many countries the plant-derived anti-
obesity products are labeled as food supplements and do not pass
through strict licensing regulations, which may lead to distinguishable

abuse with the products' authenticity, exposing to a risk the human
health (Alonso-Castro et al., 2015). Different platforms for determining
the quality and authenticity of the raw plant material and final herbal
product have been constantly developing. They include broad range of
classical to modern analytical techniques, e.g. nuclear magnetic re-
sonance (NMR) spectroscopy, high performance liquid chromatography
(HPLC), ultra HPLC (UHPLC), gas chromatography and liquid chro-
matography-mass spectrometry (GC-MS and LC-MS) and in some case
combined with DNA-barcoding supervisory method (Skalicka-Woźniak
et al., 2017). The NMR-based metabolomics is an useful tool in terms of
quality control, since it allows obtaining structural information for a
wide range of compounds in complex plant extracts or commercial
products with a high analytical precision (Georgiev et al., 2015). This
technique has been successfully applied in development of procedures
for detection of marker phytochemicals found in a definite plant or
commercial product, thus confirming their authenticity (Booker et al.,
2016; Marchev et al., 2017a).

The relative lack of compelling evidence to suggest the efficacy and
safety of weight loss herbal supplements confirms the findings of pre-
vious literature reviews and highlights the need for more prolonged
RCTs with greater number of participants and more detailed authenti-
cation of the plant extracts used (Astell et al., 2013; Hasani-Ranjbar
et al., 2009; Skalicka-Woźniak et al., 2017).

9. Conclusions

Obesity is a multifactorial disease that has reached epidemic extent
and is becoming a public health burden of the highest order, hence the
term globesity was introduced. It has a complex etiology comprising
several risk factors, including lack of energy balance, genetic, neu-
roendocrine, behavior, social and environmental factors, as well as,
intake of drugs that cause overweigh or obesity as a side effect.
However, the chronic low-grade inflammation as a consequence of
obesity compromises the healthy secretion profile of pro and anti-in-
flammatory adipokines and increases the risk of developing insulin
resistance, heart and vascular diseases, respiratory and metabolic dis-
orders and cancers. Various strategies including lifestyle changes, bar-
iatric surgery and pharmacotherapy have been applied to reduce obe-
sity and inflammation. Despite the advances in the field of obesity
ethiology and pathology there is still lack of effective therapeutic op-
tions. At the present moment there are only few anti-obesity drugs
approved for long-term use with orlistat being the most common.
Further studies are needed to clarify the role of the newly identified
targets, such as receptors for neuropeptides, transcription factors, en-
zymes and proteins and how their modulation could benefit obese in-
dividuals. The active exploration of many natural sources, including
medicinal plants may lead to developments based on a growing un-
derstanding of the complex and highly redundant physiological me-
chanisms involved in body fat content regulation.
Ethnopharmacological approaches have increased over the years, be-
coming an important scientific tool in selection of plant species for in
vitro and in vivo studies that test the efficacy, safety and quality of anti-
obesity pharmacological activity. Further investigations should be fo-
cused on the elucidation of the bioactive compounds, to clarify the
molecular mechanism and to verify the main effective phytochemicals.
Still the main focus is the effects of phytochemicals on WAT, especially
the process of adipogenesis and lipogenesis and alleviating the ex-
cessive energy on expanding adipose tissue. More solid scientific evi-
dences from pre-clinical and clinical studies are necessary to evaluate
the anti-obesity impacts of bioactive food compounds individually or in
combination.

All the plant extracts or bioactive molecules summarized in this
review are likely to be promising sources of anti-obesity compounds for
development of novel science-based natural product formulations. In
spite of the great number of the herbal supplements that claim to have
weight loss effect, only few have been tested to prove their efficacy in
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humans. The main reason for that is the poor reproducibility if the
clinical trials, as well as, underestimation of the toxicity assessment,
which should be taken in consideration. Tight licensing regulations,
including establishment of safety standards based on strict quality
control through all manufacturing stages are essential for development
of plant-derived products for obesity treatment with certified quality.

Acknowledgements

This project for establishment of CPSBB has received funding from
The European Union's Horizon 2020 research and innovation pro-
gramme under grant agreement № PlantaSYST – SGA/CSA: 739582 –
under FPA: 664620.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2018.08.071.

References

Ahima, R.S., Antwi, D.A., 2008. Brain regulation of appetite and satiety. Endocrinol
Metab. Clin. N. Am. 37, 811–823.

Ahima, R.S., Park, H.K., 2015. Connecting myokines and metabolism. Endocrinol. Metab.
30, 235–245.

Ahn, H., Go, G., 2017. Pinus densiflora bark extract (PineXol) decreases adiposity in mice
by down-regulation of hepatic de novo lipogenesis and adipogenesis in white adipose
tissue. J. Microbiol. Biotechnol. 27, 660–667.

Alonso-Alonso, M., Woods, S.C., Pelchat, M., Grigson, P.S., Stice, E., Farooqi, S., Khoo,
C.S., Mattes, R.D., Beauchamp, G.K., 2015. Food reward system: current perspectives
and future research needs. Nutr. Rev. 73, 296–307.

Alonso-Castro, A.J., Domínguez, F., Zapata-Morales, J.R., Carranza-Álvarez, C., 2015.
Plants used in the traditional medicine of Mesoamerica (Mexico and Central America)
and the Caribbean for the treatment of obesity. J. Ethnopharmacol. 175, 335–345.

Apovian, C., Aronne, L., Rubino, D., Still, C., Wyatt, H., Burns, C., Kim, D., Dunayevich,
E., COR-II Study Group, 2013. A randomized, phase 3 trial of naltrexone SR/bu-
propion SR on weight and obesity-related risk factors (COR-II). Obesity 21, 935–943.

Apovian, C., Palmer, K., Fain, R., Perdomo, C., Rubino, D., 2016. Effects of lorcaserin on
fat and lean mass loss in obese and overweight patients without and with type 2
diabetes mellitus: the BLOSSOM and BLOOM-DM studies. Diabetes Obes. Metabol.
18, 945–948.

Aronne, L.J., Wadden, T.A., Peterson, C., Winslow, D., Odeh, S., Gadde, K.M., 2013.
Evaluation of phentermine and topiramate versus phentermine/topiramate extended-
release in obese adults. Obesity 21, 2163–2171.

Astell, K.J., Mathai, M.L., Su, X.Q., 2013. Plant extracts with appetite suppressing prop-
erties for body weight control: a systematic review of double blind randomized
controlled clinical trials. Compl. Ther. Med. 21, 407–416.

Bae, E.J., 2017. Sirtuin 6, a possible therapeutic target for type 2 diabetes. Arch Pharm.
Res. (Seoul) 40, 1380–1389.

Blouet, C., Schwartz, G.J., 2012. Brainstem nutrient sensing in the nucleus of the solitary
tract inhibits feeding. Cell Metabol. 16, 579–587.

Booker, A., Jalil, B., Frommenwiler, D., Reich, E., Zhai, L., Kulic, Z., Heinrich, M., 2016.
The authenticity and quality of Rhodiola rosea products. Phytomedicine 23, 754–762.

Burger, K.S., Berner, L.A., 2014. A functional neuroimaging review of obesity, appetitive
hormones and ingestive behavior. Physiol. Behav. 136, 121–127.

Bustanji, Y., Mohammad, M., Hudaib, M., Tawaha, K., Al-Masri, I.M., AlKhatib, H.S., Issa,
A., Alali, F.Q., 2011. Screening of some medicinal plants for their pancreatic lipase
inhibitory potential. Jordan J. Pharm. Sci. 4, 81–88.

Chaiittianan, R., Sutthanut, K., Rattanathongkom, A., 2017. Purple corn silk: a potential
anti-obesity agent with inhibition on adipogenesis and induction on lipolysis and
apoptosis in adipocytes. J. Ethnopharmacol. 201, 9–16.

Chang, H.-C., Peng, C.-H., Yeh, D.-M., Kao, E.-S., Wang, C.-J., 2014a. Hibiscus sabdariffa
extract inhibits obesity and fat accumulation, and improves liver steatosis in humans.
Food Funct 5, 734.

Chang, S.-H., Stoll, C., Song, J., Varela, E., Eagon, C., Colditz, G., 2014b. The effectiveness
and risks of bariatric surgery: an updated systematic review and meta analysis,
2003–2012. JAMA Surg 149, 275–287. https://doi.org/10.1001/jamasurg.2013.
3654.Bariatric.

Chaves Filho, A.J.M., Lima, C.N.C., Vasconcelos, S.M.M., de Lucena, D.F., Maes, M.,
Macedo, D., 2018. Ido chronic immune activation and tryptophan metabolic
pathway: a potential pathophysiological link between depression and obesity. Prog.
Neuro Psychopharmacol. Biol. Psychiatr. 80, 234–249.

Chawla, A., Nguyen, K.D., Goh, Y.P.S., Nguyen, D.K., Goh, Y.P.S., Nguyen, K.D., Goh,
Y.P.S., 2012. Macrophage-mediated inflammation in metabolic disease. Nat. Rev.
Immunol. 11, 738–749.

Chen, I.-J., Liu, C.-Y., Chiu, J.-P., Hsu, C.-H., 2016. Therapeutic effect of high-dose green
tea extract on weight reduction: a randomized, double-blind, placebo-controlled
clinical trial. Clin. Nutr. 35, 592–599.

Cheng, Z., Zheng, L., Almeida, F.A., 2018. Epigenetic reprogramming in metabolic

disorders: nutritional factors and beyond. J. Nutr. Biochem. 54, 1–10.
Cheung, B.M.Y., Cheung, T.T., Samaranayake, N.R., 2013. Safety of antiobesity drugs.

Ther. Adv. drug Saf. 4, 171–181.
Chikka, M.R., McCabe, D.D., Tyra, H.M., Rutkowski, D.T., 2013. C/EBP homologous

protein (CHOP) contributes to suppression of metabolic genes during endoplasmic
reticulum stress in the liver. J. Biol. Chem. 288, 4405–4415.

Cho, H., 2013. Protein tyrosine phosphatase 1B (PTP1B) and obesity. Vitam. Horm. 91,
405–424.

Cho, I.-J., Choung, S.Y., Hwang, Y.-C., Ahn, K.J., Chung, H.Y., Jeong, I.-K., 2016. Aster
spathulifolius Maxim extract reduces body weight and fat mass in obese humans. Nutr.
Res. 36, 671–678.

Cho, B.-Y., Park, M.-R., Lee, J.-H., Ra, M.-J., Han, K.C., Kang, I.-J., Lee, O.-H., 2017a.
Standardized Cirsium setidens Nakai ethanolic extract suppresses adipogenesis and
regulates lipid metabolisms in 3T3-L1 adipocytes and C57BL/6J mice fed high-fat
diets. J. Med. Food 20, 763–776.

Cho, Y.G., Jung, J.H., Kang, J.H., Kwon, J.S., Yu, S.P., Baik, T.G., 2017b. Effect of a herbal
extract powder (YY-312) from Imperata cylindrica Beauvois, Citrus unshiu Markovich,
and Evodia officinalis Dode on body fat mass in overweight adults: a 12-week, ran-
domized, double-blind, placebo-controlled, parallel-group clinical tria. BMC Compl.
Alternative Med. 17, 1–10.

Cui, H., López, M., Rahmouni, K., 2017. The cellular and molecular bases of leptin and
ghrelin resistance in obesity. Nat. Rev. Endocrinol. 13, 338–351.

da Costa, G.F., Santos, I.B., de Bem, G.F., Cordeiro, V.S.C., da Costa, C.A., de Carvalho,
L.C.R.M., Ognibene, D.T., Resende, A.C., de Moura, R.S., 2017. The beneficial effect
of anthocyanidin-rich Vitis vinifera L. Grape skin extract on metabolic changes in-
duced by high-fat diet in mice involves antiinflammatory and antioxidant actions.
Phyther. Res. 31, 1621–1632.

de Freitas Junior, L.M., de Almeida, E.B., 2017. Medicinal plants for the treatment of
obesity: ethnopharmacological approach and chemical and biological studies. Am. J.
Transl. Res. 9, 2050–2064.

De Pradhan, I., Dutta, M., Choudhury, K., De, B., 2017. Metabolic diversity and in vitro
pancreatic lipase inhibition activity of some varieties of Mangifera indica L. fruits. Int.
J. Food Prop. 20. https://doi.org/10.1080/10942912.2017.1357041.

de Souza Marinho do Nascimento, D., Oliveira, R.M., Camara, R.B.G., Gomes, D.L.,
Monte, J.F.S., Costa, M.S.S.P., Fernandes, J.M., Langassner, S.M.Z., Rocha, H.A.O.,
2017. Baccharis trimera (Less.) DC exhibits an anti-adipogenic effect by inhibiting the
expression of proteins involved in adipocyte differentiation. Molecules 22, 1–16.

Dechakhamphu, A., Wongchum, N., 2015. Screening for anti-pancreatic lipase properties
of 28 traditional Thai medicinal herbs. Asian Pac. J. Trop. Biomed. 5, 1042–1045.

Dostal, A.M., Arikawa, A., Espejo, L., Kurzer, M.S., 2016a. Long-term supplementation of
green tea extract does not modify adiposity or bone mineral density in a randomized
trial of overweight and obese postmenopausal women. J. Nutr. 146, 256–264.

Dostal, A.M., Samavat, H., Espejo, L., Arikawa, A.Y., Stendell-Hollis, N.R., Kurzer, M.S.,
2016b. Green tea extract and catechol-O-methyltransferase genotype modify fasting
serum insulin and plasma adiponectin concentrations in a randomized controlled trial
of overweight and obese postmenopausal women. J. Nutr. 146, 38–45.

Duren, D.L., Sherwood, R.J., Czerwinski, S.A., Lee, M., Choh, A.C., Siervogel, R.M.,
Chumlea, W.C., 2008. Body composition methods: comparisons and interpretation. J.
Diabetes Sci. Technol. 2, 1139–1146.

Ebrahimzadeh Attari, V., Asghari Jafarabadi, M., Zemestani, M., Ostadrahimi, A., 2015.
Effect of Zingiber officinale supplementation on obesity management with respect to
the uncoupling protein 1-3826A>G and β3-adrenergic receptor Trp64Arg poly-
morphism. Phyther. Res. 29, 1032–1039.

Fall, T., Ingelsson, E., 2014. Genome-wide association studies of obesity and metabolic
syndrome. Mol. Cell. Endocrinol. 382, 740–757.

Fenske, W., Parker, J., Bloom, S.R., 2011. Pharmacotherapy for obesity: a field in crisis?
Expet Rev. Endocrinol. Metabol. 6, 563–577.

Finkelstein, E.A., Khavjou, O.A., Thompson, H., Trogdon, J.G., Pan, L., Sherry, B., Dietz,
W., 2012. Obesity and severe obesity forecasts through 2030. Am. J. Prev. Med. 42,
563–570.

Finucane, M.M., Stevens, G.A., Cowan, M.J., Danaei, G., Lin, J.K., Paciorek, C.J., Singh,
G.M., Gutierrez, H.R., Lu, Y., Bahalim, A.N., Farzadfar, F., Riley, L.M., Ezzati, M.,
Global Burden of Metabolic Risk Factors of Chronic Diseases Collaborating Group
(Body Mass Index), 2011. National, regional, and global trends in body-mass index
since 1980: systematic analysis of health examination surveys and epidemiological
studies with 960 country-years and 9·1 million participants. Lancet 377, 557–567.

Fujioka, K., 2015. Current and emerging medications for overweight or obesity in people
with comorbidities. Diabetes Obes. Metabol. 17, 1021–1032.

Gadde, K.M., Allison, D.B., Ryan, D.H., Peterson, C.A., Troupin, B., Schwiers, M.L., Day,
W.W., 2011. Effects of low-dose, controlled-release, phentermine plus topiramate
combination on weight and associated comorbidities in overweight and obese adults
(CONQUER): a randomised, placebo-controlled, phase 3 trial. Lancet 377,
1341–1352.

Galic, S., Sachithanandan, N., Kay, T.W., Steinberg, G.R., 2014. Suppressor of cytokine
signalling (SOCS) proteins as guardians of inflammatory responses critical for reg-
ulating insulin sensitivity. Biochem. J. 461, 177–188.

Gao, Q., Horvath, T.L., 2007. Neurobiology of feeding and energy expenditure. Annu.
Rev. Neurosci. 30, 367–398.

Gao, D., Zhang, Y.-L., Yang, F., Li, F., Zhang, Q., Xia, Z., 2016. The flower of Edgeworthia
gardneri (wall.) Meisn. suppresses adipogenesis through modulation of the AMPK
pathway in 3T3-L1 adipocytes. J. Ethnopharmacol. 191, 379–386.

Georgiev, M.I., Radziszewska, A., Neumann, M., Marchev, A., Alipieva, K., Ludwig-
Müller, J., 2015. Metabolic alterations of Verbascum nigrum L. plants and SAArT
transformed roots as revealed by NMR-based metabolomics. Plant Cell Tissue Organ
Cult. 123, 349–356.

Ghosh, S., Bouchard, C., 2017. Convergence between biological, behavioural and genetic

L.V. Vasileva et al. Food and Chemical Toxicology 121 (2018) 173–193

190

https://doi.org/10.1016/j.fct.2018.08.071
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref1
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref1
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref2
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref2
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref3
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref3
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref3
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref4
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref4
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref4
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref5
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref5
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref5
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref6
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref6
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref6
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref7
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref7
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref7
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref7
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref8
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref8
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref8
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref9
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref9
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref9
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref10
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref10
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref11
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref11
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref12
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref12
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref13
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref13
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref14
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref14
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref14
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref15
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref15
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref15
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref16
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref16
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref16
https://doi.org/10.1001/jamasurg.2013.3654.Bariatric
https://doi.org/10.1001/jamasurg.2013.3654.Bariatric
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref18
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref18
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref18
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref18
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref19
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref19
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref19
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref20
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref20
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref20
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref21
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref21
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref22
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref22
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref23
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref23
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref23
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref24
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref24
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref25
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref25
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref25
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref26
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref26
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref26
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref26
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref27
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref27
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref27
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref27
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref27
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref28
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref28
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref29
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref29
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref29
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref29
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref29
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref30
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref30
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref30
https://doi.org/10.1080/10942912.2017.1357041
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref32
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref32
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref32
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref32
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref33
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref33
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref34
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref34
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref34
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref35
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref35
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref35
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref35
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref36
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref36
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref36
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref37
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref37
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref37
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref37
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref38
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref38
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref39
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref39
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref40
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref40
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref40
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref41
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref42
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref42
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref43
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref43
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref43
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref43
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref43
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref44
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref44
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref44
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref45
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref45
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref501
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref501
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref501
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref46
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref46
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref46
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref46
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref47


determinants of obesity. Nat. Rev. Genet. 18, 731–748.
Gilardini, L., Pasqualinotto, L., Di Pierro, F., Risso, P., Invitti, C., 2016. Effects of

Greenselect Phytosome® on weight maintenance after weight loss in obese women: a
randomized placebo-controlled study. BMC Compl. Alternative Med. 16, 233.

Girardet, C., Butler, A.A., 2014. Neural melanocortin receptors in obesity and related
metabolic disorders. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1842, 482–494.

Global Burden of Disease, 2017. Health effects of overweight and obesity in 195 countries
over 25 years. N. Engl. J. Med. 377, 13–27.

Goldstein, B.J., 2001. Protein-tyrosine phosphatase 1B (PTP1B): a novel therapeutic
target for type 2 diabetes mellitus, obesity and related states of insulin resistance.
Curr. Drug Targets - Immune, Endocr. Metab. Disord. 1, 265–275.

González-Muniesa, P., Mártinez-González, M.A., Hu, F.B., Després, J.P., Matsuzawa, Y.,
Loos, R.J.F., Moreno, L.A., Bray, G.A., Martinez, J.A., 2017. Obesity. Nat. Rev. Dis.
Prim. 3, 17034.

Greenway, F.L., Shanahan, W., Fain, R., Ma, T., Rubino, D., 2016. Safety and tolerability
review of lorcaserin in clinical trials. Clin. Obes. 6, 285–295.

Gregor, M.F., Hotamisligil, G.S., 2011. Inflammatory mechanisms in obesity. Annu. Rev.
Immunol. 29, 415–445.

Gross, B., Pawlak, M., Lefebvre, P., Staels, B., 2017. PPARs in obesity-induced T2DM,
dyslipidaemia and NAFLD. Nat. Rev. Endocrinol. 13, 36–49.

Guo, Y.-R., Choung, S.-Y., 2017. Germacrone attenuates hyperlipidemia and improves
lipid metabolism in high-fat diet-induced obese C57BL/6J mice. J. Med. Food 20,
46–55.

Gupta, R.K., 2014. Adipocytes. Curr. Biol. 24, 988–993.
Hall, K.D., Heymsfield, S.B., Kemnitz, J.W., Klein, S., Schoeller, D.A., Speakman, J.R.,

2012. Energy balance and its components: implications for body weight regulation.
Am. J. Clin. Nutr. 95, 989–994.

Hall, K.D., Hammond, R.A., Rahmandad, H., 2014. Dynamic interplay among homeo-
static, hedonic, and cognitive feedback circuits regulating body weight. Am. J. Publ.
Health 104, 1169–1175.

Han, Y.-H., Kee, J.-Y., Kim, D.-S., Park, J., Jeong, M.-Y., Mun, J.-G., Park, S.-J., Lee, J.-H.,
Um, J.-Y., Hong, S.-H., 2016. Anti-obesity effects of arctii fructus (Arctium lappa) in
white/brown adipocytes and high-fat diet-induced obese mice. Food Funct 7,
5025–5033.

Hardie, D.G., 2018. Keeping the home fires burning: AMP-activated protein kinase. J. R.
Soc. Interface 15, 20170774.

Hasani-Ranjbar, S., Nayebi, N., Larijani, B., Abdollahi, M., 2009. A systematic review of
the efficacy and safety of herbal medicines used in the treatment of obesity. World J.
Gastroenterol. 15, 3073–3085.

Haslam, D., 2016. Weight management in obesity - past and present. Int. J. Clin. Pract. 70,
206–217.

Hayes, J.D., Dinkova-Kostova, A.T., 2014. The Nrf2 regulatory network provides an in-
terface between redox and intermediary metabolism. Trends Biochem. Sci. 39,
199–218.

Hennig, B., Petriello, M.C., Gamble, M.V., Surh, Y.J., Kresty, L.A., Frank, N., Rangkadilok,
N., Ruchirawat, M., Suk, W.A., 2018. The role of nutrition in influencing mechanisms
involved in environmentally mediated diseases. Rev. Environ. Health 33, 87–97.

Hosseini, B., Saedisomeolia, A., Wood, L.G., Yaseri, M., Tavasoli, S., 2016. Effects of
pomegranate extract supplementation on inflammation in overweight and obese in-
dividuals: a randomized controlled clinical trial. Compl. Ther. Clin. Pract. 22, 44–50.

Hosseinkhani, A., Asadi, N., Pasalar, M., Zarshenas, M.M., 2018. Traditional Persian
Medicine and management of metabolic dysfunction in polycystic ovary syndrome. J.
Tradit. Complement. Med. 8, 17–23.

Hsu, C.-L., Yen, G.-C., 2007. Effects of capsaicin on induction of apoptosis and inhibition
of adipogenesis in 3T3-L1 cells. J. Agric. Food Chem. 55, 1730–1736.

Hwang, E.Y., Yu, M.H., Jung, Y.S., Lee, S.P., Shon, J.H., Lee, S.O., 2016. Defatted saf-
flower seed extract inhibits adipogenesis in 3T3-L1 preadipocytes and improves lipid
profiles in C57BL/6J ob/ob mice fed a high-fat diet. Nutr. Res. 36, 995–1003.

Im, S.H., Wang, Z., Lim, S.S., Lee, O.-H., Kang, I.-J., 2017. Bioactivity-guided isolation
and identification of anti-adipogenic compounds from Sanguisorba officinalis. Pharm.
Biol. 55, 2057–2064.

Jambocus, N.G.S., Ismail, A., Khatib, A., Mahomoodally, F., Saari, N., Mumtaz, M.W.,
Hamid, A.A., 2017. Morinda citrifolia L. leaf extract prevent weight gain in Sprague-
Dawley rats fed a high fat diet. Food Nutr. Res. 61, 1338919.

Jang, D.S., Lee, G.Y., Kim, J., Lee, Y.M., Kim, J.M., Kim, Y.S., Kim, J.S., 2008. A new
pancreatic lipase inhibitor isolated from the roots of Actinidia arguta. Arch Pharm.
Res. (Seoul) 31, 666–670.

Jang, H.H., Nam, S.Y., Kim, M.J., Kim, J.B., Choi, J.S., Kim, H.R., Lee, Y.M., 2017.
Agrimonia pilosa Ledeb. aqueous extract improves impaired glucose tolerance in high-
fat diet-fed rats by decreasing the inflammatory response. BMC Compl. Alternative
Med. 17, 1–8.

Jaradat, N., Zaid, A.N., Hussein, F., Zaqzouq, M., Aljammal, H., Ayesh, O., Naser Zaid, A.,
Hussein, F., Zaqzouq, M., Aljammal, H., Ayesh, O., Zaid, A.N., Hussein, F., Zaqzouq,
M., Aljammal, H., Ayesh, O., 2017. Anti-lipase potential of the organic and aqueous
extracts of ten traditional edible and medicinal plants in Palestine; a comparison
study with orlistat. Medicine 4, 89.

Jarl, S., Mark, N., 2004. XENical in the prevention of diabetes in obese subjects (XENDOS)
study. Diabetes Care 27, 155–161.

Jiang, J.-S., Cheng, M., Zhang, X., Wu, Z.-F., Weng, P.-F., 2017. Effects of (-)-epigallo-
catechin 3- O -(3- O -methyl) gallate (EGCG3″Me)- phospholipids complex on pan-
creatic α-amylase and lipase activities. J. Food Biochem. 41, e12388.

Jung, D.-W., Lee, O.-H., Kang, I.-J., 2016a. Sanguisorba officinalis L. extracts exert anti-
obesity effects in 3T3-L1 adipocytes and C57BL/6J mice fed high-fat diets. J. Med.
Food 19, 768–779.

Jung, T.W., Yoo, H.J., Choi, K.M., 2016b. Implication of hepatokines in metabolic dis-
orders and cardiovascular diseases. BBA Clin 5, 108–113.

Kaisho, T., Nagai, H., Asakawa, T., Suzuki, N., Fujita, H., Matsumiya, K., Nishizawa, N.,
Kanematsu-Yamaki, Y., Dote, K., Sakamoto, J., Asami, T., Takekawa, S., 2017. Effects
of peripheral administration of a Neuromedin U receptor 2-selective agonist on food
intake and body weight in obese mice. Int. J. Obes. 41, 1790–1797.

Kajimura, S., Spiegelman, B.M., Seale, P., 2015. Brown and beige fat: physiological roles
beyond heat generation. Cell Metabol. 22, 546–559.

Kapoor, M.P., Sugita, M., Fukuzawa, Y., Okubo, T., 2017. Physiological effects of epi-
gallocatechin-3-gallate (EGCG) on energy expenditure for prospective fat oxidation in
humans: a systematic review and meta-analysis. J. Nutr. Biochem. 43, 1–10.

Karam, J.G., McFarlane, S.I., 2007. Secondary causes of obesity. Therapy 4, 641–650.
Kenny, P.J., 2011. Reward mechanisms in obesity: new insights and future directions.

Neuron 69, 664–679.
Kim, J., Lee, Y.S., Kim, C.S., Kim, J.S., 2012. Betulinic acid has an inhibitory effect on

pancreatic lipase and induces adipocyte lipolysis. Phyther. Res. 26, 1103–1106.
Kowalska, K., Olejnik, A., Szwajgier, D., Olkowicz, M., 2017. Inhibitory activity of cho-

keberry, bilberry, raspberry and cranberry polyphenol-rich extract towards adipo-
genesis and oxidative stress in differentiated 3T3-L1 adipose cells. PLoS One 12,
1–15.

Lee, B.C., Lee, J., 2014. Cellular and molecular players in adipose tissue inflammation in
the development of obesity-induced insulin resistance. Biochim. Biophys. Acta (BBA)
- Mol. Basis Dis. 1842, 446–462.

Lee, J., Jo, D.-G., Park, D., Chung, H.Y., Mattson, M.P., 2014. Adaptive cellular stress
pathways as therapeutic targets of dietary phytochemicals: focus on the nervous
system. Pharmacol. Rev. 66, 815–868.

Li, F., Li, Y., Duan, Y., Hu, C.-A., Tang, Y., Yin, Y., 2017. Myokines and adipokines: in-
volvement in the crosstalk between skeletal muscle and adipose tissue. Cytokine
Growth Factor Rev. 33, 73–82.

Liu, Y., Sweeney, G., 2014. Adiponectin action in skeletal muscle. Best Pract. Res. Clin.
Endocrinol. Metabol. 28, 33–41.

Lo, K., Wong, M., Khalechelvam, P., Tam, W., 2016. Waist-to-height ratio, body mass
index and waist circumference for screening paediatric cardio-metabolic risk factors:
a meta-analysis. Obes. Rev. 17, 1258–1275.

Locke, A.E., Kahali, B., Berndt, S.I., Justice, A.E., Pers, T.H., Day, F.R., Powell, C.,
Vedantam, S., Buchkovich, M.L., Yang, J., Croteau-Chonka, D.C., Esko, T., Fall, T.,
Ferreira, T., Gustafsson, S., Kutalik, Z., Luan, J., Mägi, R., Randall, J.C., Winkler,
T.W., Wood, A.R., Workalemahu, T., Faul, J.D., Smith, J.A., Zhao, J.H., Zhao, W.,
Chen, J., Fehrmann, R., Hedman, Å.K., Karjalainen, J., Schmidt, E.M., Absher, D.,
Amin, N., Anderson, D., Beekman, M., Bolton, J.L., Bragg-Gresham, J.L., Buyske, S.,
Demirkan, A., Deng, G., Ehret, G.B., Feenstra, B., Feitosa, M.F., Fischer, K., Goel, A.,
Gong, J., Jackson, A.U., Kanoni, S., Kleber, M.E., Kristiansson, K., Lim, U., Lotay, V.,
Mangino, M., Leach, I.M., Medina-Gomez, C., Medland, S.E., Nalls, M.A., Palmer,
C.D., Pasko, D., Pechlivanis, S., Peters, M.J., Prokopenko, I., Shungin, D., Stančáková,
A., Strawbridge, R.J., Sung, Y.J., Tanaka, T., Teumer, A., Trompet, S., Van Der Laan,
S.W., Van Setten, J., Van Vliet-Ostaptchouk, J.V., Peden, J.F., Peters, A., Postma, D.S.,
Pramstaller, P.P., Price, J.F., Qi, L., Raitakari, O.T., Rankinen, T., Rao, D.C., Rice,
T.K., Ridker, P.M., Rioux, J.D., Ritchie, M.D., Rudan, I., Salomaa, V., Samani, N.J.,
Saramies, J., Sarzynski, M.A., Schunkert, H., Schwarz, P.E.H., Sever, P., Shuldiner,
A.R., Sinisalo, J., Stolk, R.P., Strauch, K., Tönjes, A., Trégouët, D.A., Tremblay, A.,
Tremoli, E., Virtamo, J., Vohl, M.C., Völker, U., Waeber, G., Willemsen, G., Witteman,
J.C., Zillikens, M.C., Adair, L.S., Amouyel, P., Asselbergs, F.W., Assimes, T.L., Bochud,
M., Boehm, B.O., Boerwinkle, E., Bornstein, S.R., Bottinger, E.P., Bouchard, C.,
Cauchi, S., Chambers, J.C., Chanock, S.J., Cooper, R.S., De Bakker, P.I.W., Dedoussis,
G., Ferrucci, L., Franks, P.W., Froguel, P., Groop, L.C., Haiman, C.A., Hamsten, A.,
Hui, J., Hunter, D.J., Hveem, K., Kaplan, R.C., Kivimaki, M., Kuh, D., Laakso, M., Liu,
Y., Martin, N.G., März, W., Melbye, M., Metspalu, A., Moebus, S., Munroe, P.B.,
Njølstad, I., Oostra, B.A., Palmer, C.N.A., Pedersen, N.L., Perola, M., Pérusse, L.,
Peters, U., Power, C., Quertermous, T., Rauramaa, R., Rivadeneira, F., Saaristo, T.E.,
Saleheen, D., Sattar, N., Schadt, E.E., Schlessinger, D., Slagboom, P.E., Snieder, H.,
Spector, T.D., Thorsteinsdottir, U., Stumvoll, M., Tuomilehto, J., Uitterlinden, A.G.,
Uusitupa, M., VanDer Harst, P., Walker, M., Wallaschofski, H., Wareham, N.J.,
Watkins, H., Weir, D.R., Wichmann, H.E., Wilson, J.F., Zanen, P., Borecki, I.B.,
Deloukas, P., Fox, C.S., Heid, I.M., O'Connell, J.R., Strachan, D.P., Stefansson, K., Van
Duijn, C.M., Abecasis, G.R., Franke, L., Frayling, T.M., McCarthy, M.I., Visscher, P.M.,
Scherag, A., Willer, C.J., Boehnke, M., Mohlke, K.L., Lindgren, C.M., Beckmann, J.S.,
Barroso, I., North, K.E., Ingelsson, E., Hirschhorn, J.N., Loos, R.J.F., Speliotes, E.K.,
2015. Genetic Studies of Body Mass index Yield New Insights for Obesity Biology.
Nature 518, 197–206.

Loftus, H.L., Astell, K.J., Mathai, M.L., Su, X.Q., 2015. Coleus forskohlii extract supple-
mentation in conjunction with a hypocaloric diet reduces the risk factors of metabolic
syndrome in overweight and obese subjects: a randomized controlled trial. Nutrients
7, 9508–9522.

Lopez, R.P., Hynes, H.P., 2006. Obesity, physical activity, and the urban environment:
public health research needs. Environ. Health 5, 25.

Lubis, A.R., Widia, F., Soegondo, S., Setiawati, A., 2008. The role of SOCS-3 protein in
leptin resistance and obesity. Acta Med. Indones. 40, 89–95.

Lucan, S.C., DiNicolantonio, J.J., 2015. How calorie-focused thinking about obesity and
related diseases may mislead and harm public health. An alternative. Publ. Health
Nutr. 18, 571–581.

Luck, H., Tsai, S., Chung, J., Clemente-Casares, X., Ghazarian, M., Revelo, X.S., Lei, H.,
Luk, C.T., Shi, S.Y., Surendra, A., Copeland, J.K., Ahn, J., Prescott, D., Rasmussen,
B.A., Chng, M.H.Y., Engleman, E.G., Girardin, S.E., Lam, T.K.T., Croitoru, K., Dunn,
S., Philpott, D.J., Guttman, D.S., Woo, M., Winer, S., Winer, D.A., 2015. Regulation of
obesity-related insulin resistance with gut anti-inflammatory agents. Cell Metabol.
21, 527–542.

Lunagariya, N.A., Patel, N.K., Jagtap, S.C., Bhutani, K.K., 2014. Inhibitors of pancreatic
lipase: state of the art and clinical perspectives. EXCLI J 13, 897–921.

L.V. Vasileva et al. Food and Chemical Toxicology 121 (2018) 173–193

191

http://refhub.elsevier.com/S0278-6915(18)30627-6/sref47
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref48
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref48
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref48
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref49
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref49
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref50
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref50
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref51
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref51
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref51
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref52
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref52
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref52
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref53
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref53
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref54
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref54
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref55
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref55
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref56
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref56
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref56
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref57
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref58
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref58
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref58
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref59
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref59
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref59
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref60
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref60
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref60
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref60
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref61
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref61
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref62
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref62
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref62
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref63
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref63
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref64
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref64
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref64
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref65
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref65
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref65
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref66
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref66
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref66
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref67
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref67
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref67
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref68
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref68
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref69
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref69
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref69
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref70
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref70
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref70
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref71
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref71
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref71
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref72
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref72
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref72
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref73
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref73
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref73
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref73
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref74
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref74
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref74
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref74
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref74
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref75
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref75
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref76
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref76
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref76
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref77
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref77
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref77
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref78
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref78
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref79
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref79
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref79
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref79
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref80
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref80
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref81
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref81
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref81
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref82
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref83
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref83
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref84
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref84
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref85
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref85
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref85
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref85
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref86
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref86
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref86
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref87
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref87
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref87
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref88
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref88
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref88
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref89
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref89
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref90
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref90
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref90
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref91
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref92
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref92
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref92
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref92
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref93
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref93
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref94
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref94
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref95
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref95
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref95
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref96
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref97
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref97


Manning, S., Pucci, A., Finer, N., 2014. Pharmacotherapy for obesity: novel agents and
paradigms. Ther. Adv. Chronic Dis. 5, 135–148.

Marchev, A.S., Aneva, I.Y., Koycheva, I.K., Georgiev, M.I., 2017a. Phytochemical varia-
tions of Rhodiola rosea L. wild-grown in Bulgaria. Phytochem. Lett. 20, 386–390.

Marchev, A.S., Dimitrova, P.A., Burns, A.J., Kostov, R.V., Dinkova-Kostova, A.T.,
Georgiev, M.I., 2017b. Oxidative stress and chronic inflammation in osteoarthritis:
can NRF2 counteract these partners in crime? Ann. N. Y. Acad. Sci. 1401, 114–135.

Martel, J., Ojcius, D.M., Chang, C.J., Lin, C.S., Lu, C.C., Ko, Y.F., Tseng, S.F., Lai, H.C.,
Young, J.D., 2017. Anti-obesogenic and antidiabetic effects of plants and mushrooms.
Nat. Rev. Endocrinol. 13, 149–160.

Martinez-Gonzalez, A.I., Alvarez-Parrilla, E., Díaz-Sánchez, Á.G., de la Rosa, L.A., Núñez-
Gastélum, J.A., Vazquez-Flores, A.A., Gonzalez-Aguilar, G.A., 2017. In vitro inhibi-
tion of pancreatic lipase by polyphenols: a kinetic, Fluorescence spectroscopy and
molecular docking study. Food Technol. Biotechnol. 55, 519–530.

Mathis, D., 2013. Immunological goings-on in visceral adipose tissue. Cell Metabol. 17,
851–859.

Matzinger, M., Fischhuber, K., Heiss, E.H., 2017. Activation of Nrf2 signaling by natural
products-can it alleviate diabetes? Biotechnol. Adv. 36, 1738–1767.

Mehta, A., Marso, S.P., Neeland, I.J., 2017. Liraglutide for weight management: a critical
review of the evidence. Obes. Sci. Pract. 3, 3–14.

Morrison, C.D., 2009. Leptin signaling in brain: a link between nutrition and cognition?
Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1792, 401–408.

Morrison, C.D., Huypens, P., Stewart, L.K., Gettys, T.W., 2009. Implications of crosstalk
between leptin and insulin signaling during the development of diet-induced obesity.
Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1792, 409–416.

Motamed, N., Perumal, D., Zamani, F., Ashrafi, H., Haghjoo, M., Saeedian, F.S., Maadi,
M., Akhavan-Niaki, H., Rabiee, B., Asouri, M., 2015. Conicity index and waist-to-hip
ratio are superior obesity indices in predicting 10-year cardiovascular risk among
men and women. Clin. Cardiol. 38, 527–534.

Mueller, E., 2014. Understanding the variegation of fat: novel regulators of adipocyte
differentiation and fat tissue biology. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis.
1842, 352–357.

Nakai, M., Fukui, Y., Asami, S., Toyoda-Ono, Y., Iwashita, T., Shibata, H., Mitsunaga, T.,
Hashimoto, F., Kiso, Y., 2005. Inhibitory effects of oolong tea polyphenols on pan-
creatic lipase in vitro. J. Agric. Food Chem. 53, 4593–4598.

Nakayama, H., Yuito, N., Miyata, Y., Tamaya, K., Tanaka, T., Saito, Y., Matsui, T.,
Aramaki, S., Nagata, Y., Tamaru, S., Tanaka, K., 2015. Hypolipidemic property of a
new fermented tea made with third crop green tea (Camellia sinensis) leaves and
unripe satsuma Mandarin (Citrus unshiu) fruits. Food Sci. Technol. Res. 21, 77–86.

NCD Risk Factor Collaboration, 2017. Worldwide trends in body-mass index, under-
weight, overweight, and obesity from 1975 to 2016: a pooled analysis of 2416 po-
pulation-based measurement studies in 128·9 million children, adolescents, and
adults. Lancet 390, 2627–2642.

Neelakantan, H., Vance, V., Wetzel, M.D., Leo Wang, H.-Y., McHardy, S.F., Finnerty, C.C.,
Hommel, J.D., Watowich, S.J., 2018. Selective and membrane-permeable small mo-
lecule inhibitors of nicotinamide N-methyltransferase reverse high fat diet-induced
obesity in mice. Biochem. Pharmacol. 147, 141–152.

Nguyen, T.T.B., Jin, Y.Y., Chung, H.J., Hong, S.T., 2017. Pharmabiotics as an emerging
medication for metabolic syndrome and its related diseases. Molecules 22, e1795.

Ninomiya, K., Matsuda, H., Shimoda, H., Nishida, N., Kasajima, N., Yoshino, T.,
Morikawa, T., Yoshikawa, M., 2004. Carnosic acid, a new class of lipid absorption
inhibitor from sage. Bioorg. Med. Chem. Lett 14, 1943–1946.

Nishina, A., Itagaki, M., Suzuki, Y., Koketsu, M., Ninomiya, M., Sato, D., Suzuki, T.,
Hayakawa, S., Kuroda, M., Kimura, H., 2017. Effects of flavonoids and triterpene
analogues from leaves of Eleutherococcus sieboldianus (Makino) Koidz. “Himeukogi” in
3T3-L1 preadipocytes. Molecules 22, 1–14.

Oh, K.J., Lee, D.S., Kim, W.K., Han, B.S., Lee, S.C., Bae, K.H., 2017. Metabolic adaptation
in obesity and type ii diabetes: myokines, adipokines and hepatokines. Int. J. Mol. Sci.
18, 1–31.

Ooi, D.J., Chan, K.W., Ismail, N., Imam, M.U., Ismail, M., 2018. Polyphenol-rich ethyl
acetate fraction of Molineria latifolia rhizome restores oxidant-antioxidant balance by
possible engagement of KEAP1-NRF2 and PKC/NF-κB signalling pathways. J. Funct.
Foods 42, 111–121.

Pan, Y., Zhao, D., Yu, N., An, T., Miao, J., Mo, F., Gu, Y., Zhang, D., Gao, S., Jiang, G.,
2017. Curcumin improves glycolipid metabolism through regulating peroxisome
proliferator activated receptor γ signalling pathway in high-fat diet-induced obese
mice and 3T3-L1 adipocytes. R. Soc. open Sci. 4, 170917.

Park, S.H., Huh, T.L., Kim, S.Y., Oh, M.R., Tirupathi Pichiah, P.B., Chae, S.W., Cha, Y.S.,
2014. Antiobesity effect of Gynostemma pentaphyllum extract (actiponin): a rando-
mized, double-blind, placebo-controlled trial. Obesity 22, 63–71.

Pereira, M.N., Justino, A.B., Martins, M.M., Peixoto, L.G., Vilela, D.D., Santos, P.S.,
Teixeira, T.L., da Silva, C.V., Goulart, L.R., Pivatto, M., Espindola, F.S., 2017.
Stephalagine, an alkaloid with pancreatic lipase inhibitory activity isolated from the
fruit peel of Annona crassiflora Mart. Ind. Crop. Prod. 97, 324–329.

O'Rahilly, S., 2009. Human genetics illuminates the paths to metabolic disease. Nature
462, 307–314.

Reichmann, F., Holzer, P., 2016. Neuropeptide Y: a stressful review. Neuropeptides 55,
99–109.

Rodríguez, A., Ezquerro, S., Méndez-Giménez, L., Becerril, S., Frühbeck, G., 2015.
Revisiting the adipocyte: a model for integration of cytokine signaling in the reg-
ulation of energy metabolism. Am. J. Physiol. Endocrinol. Metab. 309, 691–714.

Samavat, H., Newman, A.R., Wang, R., Yuan, J., Wu, A.H., Kurzer, M.S., 2016. Effects of
green tea catechin extract on serum lipids in postmenopausal women : a randomized,
placebo-controlled. Am. J. Clin. Nutr. 104, 1671–1682.

Samout, N., Ettaya, A., Bouzenna, H., Ncib, S., Elfeki, A., Hfaiedh, N., 2016. Beneficial
effects of Plantago albicans on high-fat diet-induced obesity in rats. Biomed.

Pharmacother. 84, 1768–1775.
Schwartz, T.L., Nihalani, N., Virk, S., Jindal, S., Chilton, M., 2004. Psychiatric medica-

tion-induced obesity : a review. Obes. Rev. 233–238.
Semaan, D.G., Igoli, J.O., Young, L., Gray, A.I., Rowan, E.G., Marrero, E., 2018. In vitro

anti-diabetic effect of flavonoids and pheophytins from Allophylus cominia Sw. on the
glucose uptake assays by HepG2, L6, 3T3-L1 and fat accumulation in 3T3-L1 adi-
pocytes. J. Ethnopharmacol. 216, 8–17.

Seo, H.A., Lee, I.K., 2013. The role of NRF2: adipocyte differentiation, obesity, and insulin
resistance. Oxid. Med. Cell. Longev. 2013, e184598.

Seo, J.B., Choe, S.S., Jeong, H.W., Park, S.W., Shin, H.J., Choi, S.M., Park, J.Y., Choi,
E.W., Kim, J.B., Seen, D.S., Jeong, J.Y., Lee, T.G., 2011. Anti-obesity effects of
Lysimachia foenum-graecum characterized by decreased adipogenesis and regulated
lipid metabolism. Exp. Mol. Med. 43, 205–215.

Seo, J.B., Park, S.W., Choe, S.S., Jeong, H.W., Park, J.Y., Choi, E.W., Seen, D.S., Jeong,
J.Y., Lee, T.G., 2012. Foenumoside B from Lysimachia foenum-graecum inhibits adi-
pocyte differentiation and obesity induced by high-fat diet. Biochem. Biophys. Res.
Commun. 417, 800–806.

Seo, D.B., Jeong, H.W., Kim, Y.J., Kim, S., Kim, J., Lee, J.H., Joo, K., Choi, J.K., Shin, S.S.,
Lee, S.J., 2017. Fermented green tea extract exhibits hypolipidaemic effects through
the inhibition of pancreatic lipase and promotion of energy expenditure. Br. J. Nutr.
117, 177–186.

Seyedan, A., Alshawsh, M.A., Alshagga, M.A., Koosha, S., Mohamed, Z., 2015. Medicinal
plants and their inhibitory activities against pancreatic lipase: a review. Evid. Based.
Complement. Alternat. Med. 2015, e973143.

Sharma, M.K., Machhi, J., Murumkar, P., Yadav, M.R., 2018. New role of phenothiazine
derivatives as peripherally acting CB1 receptor antagonizing anti-obesity agents. Sci.
Rep. 8, 1650.

Shen, W.-J., Yao, T., Kong, X., Williams, K.W., Liu, T., 2017. Melanocortin neurons:
multiple routes to regulation of metabolism. Biochim. Biophys. Acta 1863,
2477–2485.

Silva, V., Stanton, K.R., Grande, A.J., 2013. Harmonizing the diagnosis of metabolic
syndrome-focusing on abdominal obesity. Metab. Syndrome Relat. Disord. 11,
102–108.

Skalicka-Woźniak, K., Georgiev, M.I., Orhan, I.E., 2017. Adulteration of herbal sexual
enhancers and slimmers: the wish for better sexual well-being and perfect body can
be risky. Food Chem. Toxicol. 108, 355–364.

So, B., Kim, H.-J., Kim, J., Song, W., 2014. Exercise-induced myokines in health and
metabolic diseases. Integr. Med. Res. 3, 172–179.

Sompong, W., Muangngam, N., Kongpatpharnich, A., Manacharoenlarp, C.,
Amorworasin, C., Suantawee, T., Thilavech, T., Adisakwattana, S., 2016. The in-
hibitory activity of herbal medicines on the keys enzymes and steps related to car-
bohydrate and lipid digestion. BMC Compl. Alternative Med. 16, 1–9.

Song, M.Y., Kang, S.Y., Kang, A., Hwang, J.H., Park, Y.-K., Jung, H.W., 2017a.
Cinnamomum cassia prevents high-fat diet-induced obesity in mice through the in-
crease of muscle energy. Am. J. Chin. Med. 45, 1–15.

Song, N.-J., Chang, S.-H., Li, D.Y., Villanueva, C.J., Park, K.W., 2017b. Induction of
thermogenic adipocytes: molecular targets and thermogenic small molecules. Exp.
Mol. Med. 49, e353.

Spiegelman, B.M., Flier, J.S., 2001. Obesity and the regulation of energy balance. Cell
104, 531–543.

Spínola, V., Castilho, P.C., 2017. Evaluation of Asteraceae herbal extracts in the man-
agement of diabetes and obesity. Contribution of caffeoylquinic acids on the inhibi-
tion of digestive enzymes activity and formation of advanced glycation end-products
(in vitro). Phytochemistry 143, 29–35.

Sridhar, S.N.C., Mutya, S., Paul, A.T., 2017. Bis-indole alkaloids from Tabernaemontana
divaricata as potent pancreatic lipase inhibitors: molecular modelling studies and
experimental validation. Med. Chem. Res. 26, 1268–1278.

Srivastava, G., Apovian, C.M., 2018. Current pharmacotherapy for obesity. Nat. Rev.
Endocrinol. 14, 12–24.

Stohs, S.J., Badmaev, V., 2016. A review of natural stimulant and non-stimulant ther-
mogenic agents. Phytother Res. 30, 732–740.

Thyagarajan, B., Foster, M.T., 2017. Beiging of white adipose tissue as a therapeutic
strategy for weight loss in humans. Horm. Mol. Biol. Clin. Invest. 31, e20170016.

Traversy, G., Chaput, J.-P., 2015. Alcohol consumption and obesity: an update. Curr.
Obes. Rep. 4, 122–130.

Tung, Y.C., Hsieh, P.H., Pan, M.H., Ho, C.T., 2017. Cellular models for the evaluation of
the antiobesity effect of selected phytochemicals from food and herbs. J. Food Drug
Anal. 25, 100–110.

Uchiyama, T., Okajima, F., Mogi, C., Tobo, A., Tomono, S., Sato, K., 2017. Alamandine
reduces leptin expression through the c-Src/p38 MAP kinase pathway in adipose
tissue. PLoS One 12, e0178769.

Varban, O.A., Cassidy, R.B., Bonham, A., Carlin, A.M., Ghaferi, A., Finks, J.F., Michigan
Bariatric Surgery Collaborative, 2017. Factors associated with achieving a body mass
index of less than 30 after bariatric surgery. JAMA Surg 152, 1058–1064.

Verhaegen, A.A., Van Gaal, L.F., 2017. Drug-induced obesity and its metabolic con-
sequences: a review with a focus on mechanisms and possible therapeutic options. J.
Endocrinol. Invest. 40, 1165–1174.

Voigt, J.-P., Fink, H., 2015. Serotonin controlling feeding and satiety. Behav. Brain Res.
277, 14–31.

Wang, L., Waltenberger, B., Pferschy-Wenzig, E.M., Blunder, M., Liu, X., Malainer, C.,
Blazevic, T., Schwaiger, S., Rollinger, J.M., Heiss, E.H., Schuster, D., Kopp, B., Bauer,
R., Stuppner, H., Dirsch, V.M., Atanasov, A.G., 2014a. Natural product agonists of
peroxisome proliferator-activated receptor gamma (PPARγ): a review. Biochem.
Pharmacol. 92, 73–89.

Wang, S., Moustaid-Moussa, N., Chen, L., Mo, H., Shastri, A., Su, R., Bapat, P., Kwun, I.,
Shen, C.-L., 2014b. Novel insights of dietary polyphenols and obesity. J. Nutr.

L.V. Vasileva et al. Food and Chemical Toxicology 121 (2018) 173–193

192

http://refhub.elsevier.com/S0278-6915(18)30627-6/sref98
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref98
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref99
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref99
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref100
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref100
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref100
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref101
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref101
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref101
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref102
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref102
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref102
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref102
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref103
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref103
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref104
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref104
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref105
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref105
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref106
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref106
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref107
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref107
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref107
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref108
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref108
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref108
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref108
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref109
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref109
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref109
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref110
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref110
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref110
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref111
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref111
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref111
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref111
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref112
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref112
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref112
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref112
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref113
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref113
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref113
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref113
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref114
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref114
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref115
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref115
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref115
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref116
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref116
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref116
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref116
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref117
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref117
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref117
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref118
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref118
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref118
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref118
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref119
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref119
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref119
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref119
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref120
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref120
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref120
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref121
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref121
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref121
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref121
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref122
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref122
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref123
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref123
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref124
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref124
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref124
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref125
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref125
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref125
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref126
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref126
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref126
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref127
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref127
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref128
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref128
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref128
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref128
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref129
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref129
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref130
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref130
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref130
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref130
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref131
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref131
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref131
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref131
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref132
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref132
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref132
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref132
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref133
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref133
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref133
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref134
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref134
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref134
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref135
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref135
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref135
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref136
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref136
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref136
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref137
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref137
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref137
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref138
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref138
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref139
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref139
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref139
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref139
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref140
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref140
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref140
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref141
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref141
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref141
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref142
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref142
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref143
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref143
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref143
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref143
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref144
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref144
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref144
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref145
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref145
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref146
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref146
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref147
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref147
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref148
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref148
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref149
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref149
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref149
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref150
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref150
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref150
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref151
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref151
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref151
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref152
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref152
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref152
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref153
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref153
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref154
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref154
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref154
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref154
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref154
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref155
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref155


Biochem. 25, 1–18.
Wang, C.-C., Yen, J.-H., Cheng, Y.-C., Lin, C.-Y., Hsieh, C.-T., Gau, R.-J., Chiou, S.-J.,

Chang, H.-Y., 2017a. Polygala tenuifolia extract inhibits lipid accumulation in 3T3-L1
adipocytes and high-fat diet–induced obese mouse model and affects hepatic tran-
scriptome and gut microbiota profiles. Food Nutr. Res. 61, 1379861.

Wang, Y., Zhang, M., Zhang, Z., Lu, H., Gao, X., Yue, P., 2017b. High-theabrownins in-
stant dark tea product by Aspergillus Niger via submerged fermentation: α -glucosidase
and pancreatic lipase inhibition and antioxidant activity. J. Sci. Food Agric. 97,
5100–5106.

Wells, J.C.K., Fewtrell, M.S., 2006. Measuring body composition. Arch. Dis. Child. 91,
612–617.

WHO, 2017. Obesity and overweight. http://www.who.int/mediacentre/factsheets/
fs311/en/, Accessed date: 22 January 2018.

Williams, G., Harrold, J.A., Cutler, D.J., 2000. The hypothalamus and the regulation of
energy homeostasis: lifting the lid on a black box. Proc. Nutr. Soc. CAB Int. Nutr. Soc.
Nutr. Soc. 59, 385–396.

Winer, D.A., Luck, H., Tsai, S., Winer, S., 2016. The intestinal immune system in obesity
and insulin resistance. Cell Metabol. 23, 413–426.

Woo, S., Yoon, M., Kim, J., Hong, Y., Kim, M.Y., Shin, S.S., Yoon, M., 2016. The anti-
angiogenic herbal extract from Melissa officinalis inhibits adipogenesis in 3T3-L1
adipocytes and suppresses adipocyte hypertrophy in high fat diet-induced obese
C57BL/6J mice. J. Ethnopharmacol. 178, 238–250.

Wu, T., Gao, X., Chen, M., van Dam, R.M., 2009. Long-term effectiveness of diet-plus-
exercise interventions vs. diet-only interventions for weight loss: a meta-analysis.
Obes. Rev. 10, 313–323.

Wu, J., Boström, P., Sparks, L.M., Ye, L., Choi, J.H., Giang, A.H., Khandekar, M., Virtanen,
K.A., Nuutila, P., Schaart, G., Huang, K., Tu, H., Van Marken Lichtenbelt, W.D.,
Hoeks, J., Enerbäck, S., Schrauwen, P., Spiegelman, B.M., 2012. Beige adipocytes are
a distinct type of thermogenic fat cell in mouse and human. Cell 150, 366–376.

Wyatt, S.B., Winters, K.P., Dubbert, P.M., Williams, E.P., Mesidor, M., Winters, K.P.,
Dubbert, P.M., Wyatt, S.B., Winters, K.P., Dubbert, P.M., 2015. Overweight and
obesity: prevalence, consequences, and causes of a growing public health problem.
Curr. Obes. Rep. 4, 363–370.

Yamauchi, T., Iwabu, M., Okada-Iwabu, M., Kadowaki, T., 2014. Adiponectin receptors: a

review of their structure, function and how they work. Best Pract. Res. Clin.
Endocrinol. Metabol. 28, 15–23.

Yang, Z., Tao, Y.X., 2016. Biased signaling initiated by agouti-related peptide through
human melanocortin-3 and -4 receptors. Biochim. Biophys. Acta (BBA) - Mol. Basis
Dis. 1862, 1485–1494.

Yang, X., Wang, Q., Pang, Z., Pan, M., Zhang, W., 2017. Flavonoid-enriched extract from
Hippophae rhamnoides seed reduces high fat diet induced obesity, hypertriglycer-
idemia, and hepatic triglyceride accumulation in C57BL/6 mice. Pharm. Biol. 55,
1207–1214.

Yoshikawa, M., Sugimoto, S., Kato, Y., Nakamura, S., Wang, T., Yamashita, C., Matsuda,
H., 2009. Acylated oleanane-type triterpene saponins with acceleration of gastro-
intestinal transit and inhibitory effect on pancreatic lipase from flower buds of
Chinese tea plant (Camellia sinensis). Chem. Biodivers. 6, 903–915.

Yuan, E., Duan, X., Xiang, L., Ren, J., Lai, X., Li, Q., Sun, L., Sun, S., 2018. Aged oolong tea
reduces high-fat diet-induced fat accumulation and dyslipidemia by regulating the
AMPK/ACC signaling pathway. Nutrients 10, 187.

Yulyaningsih, E., Zhang, L., Herzog, H., Sainsbury, A., 2011. NPY receptors as potential
targets for anti-obesity drug development. Br. J. Pharmacol. 163, 1170–1202.

Yun, J.W., 2010. Possible anti-obesity therapeutics from nature – a review.
Phytochemistry 71, 1625–1641.

Zaibi, M.S., Foti, D., Khedher, M.R. Ben, Hammami, M., Arch, J.R.S., Hislop, D.C., Eze, D.,
Wargent, E.T., Kępczyńska, M.A., 2018. Preventive effects of Salvia officinalis leaf
extract on insulin resistance and inflammation in a model of high fat diet- induced
obesity in mice that responds to rosiglitazone. PeerJ 6, e4166.

Zhang, B., Deng, Z., Ramdath, D.D., Tang, Y., Chen, P.X., Liu, R., Liu, Q., Tsao, R., 2015.
Phenolic profiles of 20 Canadian lentil cultivars and their contribution to antioxidant
activity and inhibitory effects on α-glucosidase and pancreatic lipase. Food Chem.
172, 862–872.

Zhang, L., Virgous, C., Si, H., 2017. Ginseng and obesity: observations and understanding
in cultured cells, animals and humans. J. Nutr. Biochem. 44, 1–10.

Zhou, J., Cai, X., Huang, X., Dai, Y., Sun, L., Zhang, B., Yang, B., Lin, H., Huang, W., Qian,
H., 2017. A novel glucagon-like peptide-1/glucagon receptor dual agonist exhibits
weight-lowering and diabetes-protective effects. Eur. J. Med. Chem. 138, 1158–1169.

L.V. Vasileva et al. Food and Chemical Toxicology 121 (2018) 173–193

193

http://refhub.elsevier.com/S0278-6915(18)30627-6/sref155
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref156
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref156
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref156
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref156
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref157
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref157
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref157
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref157
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref158
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref158
http://www.who.int/mediacentre/factsheets/fs311/en/
http://www.who.int/mediacentre/factsheets/fs311/en/
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref160
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref160
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref160
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref161
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref161
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref162
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref162
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref162
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref162
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref163
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref163
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref163
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref164
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref164
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref164
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref164
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref165
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref165
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref165
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref165
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref166
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref166
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref166
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref167
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref167
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref167
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref168
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref168
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref168
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref168
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref169
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref169
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref169
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref169
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref170
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref170
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref170
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref171
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref171
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref172
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref172
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref173
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref173
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref173
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref173
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref174
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref174
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref174
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref174
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref175
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref175
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref176
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref176
http://refhub.elsevier.com/S0278-6915(18)30627-6/sref176

	Causes and solutions to “globesity”: The new fa(s)t alarming global epidemic
	Introduction
	Regulation of energy homeostasis
	Metabolic homeostatic system
	Brain reward system

	Risk factors for obesity development
	Lack of energy balance
	Genetic factors
	Neuroendocrine factors
	Drug-induced obesity
	Behavioral, societal and environmental factors

	Assessment parameters and epidemiology
	Consequences of obesity
	Common comorbidities
	Chronic low-grade inflammation in obesity

	Current treatment options
	Lifestyle modifications
	Pharmacotherapy
	Bariatric surgery

	Emerging targets for treatment of obesity
	Neuropeptides and their receptors
	Transcription factors
	Enzymes
	Protein targets

	Traditional medicinal plants as powerful source of novel anti-obesity drugs
	In vitro studies
	In vivo studies
	Clinical studies

	Conclusions
	Acknowledgements
	Transparency document
	References




