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Abstract: The prevalence of obesity has increased substantially over the last several decades and several environmental factors have
accelerated this trend. Poly-methoxy flavones (PMFs) exist abundantly in the peels of citrus, and their biological activities have been broadly
examined in recent years. Several studies have examined the effects of PMFs on obesity and its-related diseases. This systematic review
conducted to focus on the effect of PMFs on obesity and its related conditions management. The PubMed, Google Scholar, Scopus, and
Science Direct databases were searched for relevant studies published before November 2020. Out of 1,615 records screened, 16 studies met
the study criteria. The range of dosage of PMFs was varied from 10 to 200 mg/kg (5–26 weeks) and 1–100 μmol (2h–8 days) across selected
animal and in vitro studies, respectively. The literature reviewed shows that PMFs modulate several biological processes associated with
obesity such as lipid and glucose metabolism, inflammation, energy balance, and oxidative stress by different mechanisms. All of the animal
studies showed significant positive effects of PMFs on obesity by reducing body weight (e.g. reduced weight gain by 21.04%), insulin
resistance, energy expenditure, inhibiting lipogenesis and reduced blood lipids (e.g. reduced total cholesterol by 23.10%, TG by 44.35% and
LDL by 34.41%). The results of the reviewed in vitro studies have revealed that treatment with PMFs significantly inhibits lipid accumulation in
adipocytes (e.g. reduced lipid accumulation by 55–60%) and 3T3-L1 pre-adipocyte differentiation as well by decreasing the expression of
PPARγ and C/EBPα and also reduces the number and size of fat cells and reduced TG content in adipocytes by 45.67% and 23.10% and
16.08% for nobiletin, tangeretin and hesperetin, respectively. Although current evidence supports the use of PMFs as a complementary
treatment in obesity, future research is needed to validate this promising treatment modality.
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Abbreviations

ACC, Acetyl-CoA carboxylase; AKT: Protein kinase B;
AMPK: AMP-activated protein kinase; C/EBP: CCAAT/
enhancer-binding proteins; CAT: catalase; CPT: carnitine
palmitoyltransferase; Cox2: cyclooxygenase-2; DAG:
diacylglycerol; FA-CoAs: fatty acyl-coenzyme A; FAS: fatty
acid synthase; FFA: free fatty acid; IKK/NFKB: IκB
kinase/nuclear factor NF-kappa-B; IL: interleukin; LCFA
Acyl-CoA: long chain fattyacyl-CoA; LKB1: liver kinase
B1; MAPK: mitogen-activated protein kinases; MCP-1:
monocyte chemoattractant protein-1; NOX: NADPH
oxidase; OMe: methoxy group; PEF2: prostaglandin F2;
PGE2: prostaglandin E2; PI3K: Phosphoinositide 3-kinase;
PPARγ: Peroxisome proliferator-activated receptors; ROS:
Reactive oxygen species; SIRT1: Sirtuin 1; SOD: Superoxide
dismutase; SREBP1c: Sterol regulatory element-binding
protein 1c; TAG: Triacylglycerol; TC: Total cholesterol;

TG: Triglyceride; TNFα: tumor necrosis factor α; XO:
xanthine oxidase.

Introduction

Obesity is a serious health problem worldwide and charac-
terized by excess body fat due to increased fat accumula-
tion, usually indicated by a body mass index (BMI)�30
kg/m2. Obesity is an important risk factor for several meta-
bolic conditions such as hyperlipidemia, insulin resistance,
type 2 diabetes, cardiovascular disease (CVD) and hyper-
tension [1]. The growing number of the people with obesity
through the world would be approximately more than
57.8% by 2030 [2, 3]. From an etiological point of view,
obesity is a multifactorial disease caused by the interaction
of several genetic, environmental and lifestyle factors [4,5].
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Adipose tissue stores excess energy in the form of triglyc-
eride during nutritional excess and releases fatty acids
during caloric deficiency [6]. Several investigations suggest
that the dysfunction of the adipose tissue in obesity,
contributes to the pathophysiology of obesity-associated
metabolic disorder such as insulin resistance, glucose intol-
erance, hyperlipidemia and type2 diabetes [7, 8]. Obesity is
caused not only by the hypertrophy of the adipocytes but
also by the adipocyte hyperplasia, which causes the differ-
entiation of preadipocytes into adipocytes [6]. Several
studies have revealed that the modulation of the adipocyte
function and the suppression of the adipogenesis might be
potential therapeutic strategies for the decrease of obesity
[9, 10].

Furthermore, many conventional drugs used for the
treatment of obesity have serious side effects [11]. Over
the years, researchers have studied the impact of natural
products (resveratrol, quercetin, citrus flavonoids, cate-
chin, spirulina, cumin seeds, thylakoid, rutin and curcumin)
in direct relationship to obesity management [11–16]. An
inverse relationship has been shown between higher
consumption of natural compounds named flavonoids
and numerous pathologic conditions such as CVD, insulin
resistance, and obesity [16]. Structurally, flavonoids have
two benzene rings attached by a propane unit and are
derived from flavones [17]. Citrus flavonoids have been of
particular attention because of their potential biological
action, such as anti-carcinogenic, anti-inflammatory, anti-
thrombogenic, antioxidant, and anti-atherogenic effects
[18–21]. Poly methoxy flavones (PMFs), a class of citrus fla-
vonoids withmore than twomethoxyl groups on the benzo-
gamma-pyrone rings and almost exclusively found in the
citrus genus, particularly in the peel of mandarin oranges
and sweet oranges [18, 22]. So far, there are more than
78 PMFs being isolated and identified from different citrus
plants such as nobiletin, tangeretin, sinensetin, and
sudachitin [23]. Previous studies suggested that PMFs
with more methoxyl groups have a stronger biological
action [23, 24].

Nobiletin is one of the most widely studied of all PMFs
and has been revealed to improve hyperglycemia, dyslipi-
demia, insulin resistance and adiposity by regulating lipid
and glucose metabolism in animal studies [25–27]. It has
been reported that nobiletin can reduce insulin resistance
and hyperglycemia in mice [27] and suppress the secretion
of an insulin resistance factor in 3T3-L1 adipocytes [28].
Guo et al. [29] also reported that 5-demethylated poly-
methoxyflavones (5-OH PMF) decreases hyperglycemia,
hepatic steatosis, insulin resistance and obesity when
administered orally of 0.25% and 0.5% chenpi extract in
food over 15 weeks in high fat diet (HFD)-induced
obesity/diabetes mouse. Furthermore, Li et al. [30] found
that a mixture of tangeretin, synephrine and nobiletin

regulated glucose metabolism by modulating adipokines
in fructose-induced insulin resistant hamsters. Several
studies showed that PMFs could suppress adipogenesis in
adipocytes, regulate lipid and glucose metabolism, amelio-
rate type2 diabetes, and prevent hyperlipidemia, insulin
resistance and obesity in vivo and in vitro [25, 26, 29]. How-
ever, to the best of our knowledge, there is no systematic
review that has evaluated the findings in this field and
summarized the effects of PMFs on obesity and obesity
related issues such as insulin resistance, glucose intoler-
ance and hyperlipidemia. Therefore, the current review
focuses on the potential beneficial effects of PMFs against
obesity and obesity related issues with special emphasis
on the mechanistic pathways of PMFs and suggesting the
future research windows.

Material and methods

Search strategy

The literature search was performed systematically in elec-
tronic databases Scopus, PubMed, Google scholar and
Science Direct, using the following descriptors: “poly
methoxy flavones” or “citrus fruits” or “flavonoids” or
“hydroxylated poly methoxy flavones” and “obesity” or
“overweight” or “body fat” or “adiposity” or “adipocyte”
or “food intake” or “weight loss” or “dyslipidemia” or
“insulin resistance” or “high fat diet” or “inflammation”
or “oxidative stress” in the title/abstract. All of the searches
were limited to the English language published in vitro and
animal studies until November 2020. Additionally, the
reference lists of selected articles were checked to find
other related studies. The extracted articles entered the
Endnote software, and similar articles were deleted. This
reviewwas conducted according to thePreferredReporting
for Systematic Reviews (PRISMA)Guidelines. In this study,
the PICOS (Patient/Population; Intervention; Comparator;
Outcome; Study) questions were as follows: the population
was cell cultures or animal model; the intervention was a
treatment with PMFs; the comparator was no treatment,
standard treatment or a placebo; the outcome is the effect
of PMFs on obesity and its related metabolic disorders;
the study design included animal, and in vitro.

Inclusion and exclusion criteria
Original in vitro and animal studies published in English
language that investigated the effects of PMFs supplemen-
tation on obesity and obesity-related conditions, such
as insulin resistance, dyslipidemia, inflammation, and
oxidative stress were included in this systematic review.
Therefore, determinedoutcomeandexposurewere obesity
and obesity related conditions and PMFs, respectively.
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Studies in which PMFs were combined with other supple-
ments or drugs were excluded. Also, studies with insuffi-
cient information, and review studies were excluded.
Titles and abstracts of all studies had been assessed
independently by 2 investigators (MV and MAF). Studies
that did not meet the inclusion criteria were excluded. Full
texts of potentially relevantarticleswere retrievedandwere
then examined to identify any additional relevant studies.
Any discrepancies were discussed and resolved through
consensus.

Data extraction and quality assessment
Data extraction from the included articles was done by
two authors (MV and MAF) and any disagreements
between authors were resolved by discussion. The follow-
ing characteristics were extracted from included studies:
publication year, first author’s name, country of origin,
study design, dosage, duration and route of administration
of PMFs. The quality of the animal and in vitro studies was
assessed using the Systematic Review Centre for Labora-
tory animal Experimentation (SYRCLE) risk of bias tool
[31] and OHAT risk of bias tool [32], respectively. These
tools evaluate selection, detection, performance, attrition,
and reporting biases. Each domain was given a “high risk”
score if the study comprised methodological defects that
may have affect its findings, a “low risk” score if there
was no defect for that domain and an “unclear risk” score
if the information was not sufficient to determine the
impact.

Results

Study selection

A total of 1,615 studies were retrieved through search data-
bases as shown in Figure 1. After excluding duplicates
(n=539), the 1,076 remaining studies were screened by title
andabstractwhich 1,018of themexcluded. In thenext step,
the remained 58 possible relevant studies were selected for
full-text reading. A total of 42 studies failed to meet our
inclusion criteria and were excluded. Finally, 16 studies
[25, 26, 28, 33–45] met all the inclusion criteria and were
included in this systematic review.

Study characteristics

The basic chemical skeleton of PMFs is shown in Figure 2.
PMFs, a class of flavonoids, with more than two methoxyl
groups on the benzo-gamma-pyrone rings (R1 to R3=OH
or H or OMe) and almost exclusively found in the
citrus peels [18, 22]. The most abundant PMFs in citrus
are nobiletin, tangeretin, sinensetin, sudachitin and

heptamethoxyflavone (HMF) (Table 1). Characteristics of
eligible studies have been summarized in Tables 2 and 3.
The relevant studieswere arranged into two groups: animal
and in vitro studies. The studies are presented according to
the studydesign, duration, first author’sname, region,main
results, dosage and types of PMFs.

Animal studies

Table 2 shows the main characteristics of the selected
animal studies [25,26,33–37].These studieswerepublished
between2011and2019andwere fromthe Japan [25,35,37],
Korea [36], Canada [26], China [34], and USA [33]. About
the type of Citrus PMFs, a total of five studies administered
nobiletin [25, 26, 33, 36, 37] one study performed the inter-
ventionwithHMF [34] and one performed the intervention
with sudachitin [35]. The dosage of nobiletin supplements
wide-ranging from 10 to200mg/kgbodyweight, anddura-
tion of intervention extended from 5 to 26 weeks across
selected animal studies. Tsutsumi et al. [35] examined the
effects of sudachitin on energy metabolism, lipid and
glucose in mice with HFD-induced obesity and db/db
diabetic mice. They found that the administration of
sudachitin (5 mg/kg for 12 weeks) significantly reduced

42 articles excluded for the 

following reasons:

1. Non-English language (n=2)

2. Insufficient data (7)

3. Studies involving other

interventions concomitant with

PMFs (n=8)

4. Review studies (n=5)

5. Outcomes irrelevant to the

review (n= 16)

6. Abstract only (4)

Studies included in

systematic review:

(n=16)

Full-text articles evaluated 

for eligibility (n=58)

Articles excluded on the 

base of title and abstract 

(n=1018)

Records identified through 

database searching (n=1615)

Records after duplicates 

removed (n=1076)
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Figure 1. Flow diagram of study screening and selection process.

Int J Vitam Nutr Res (2023), 93 (3), 252–267 �2021 Hogrefe

254 M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review



insulin resistance, weight gain, adipocyte size, body fat,
triglyceride (TG), and free fatty acid (FFA) concentrations,
and increased fatty acid β-oxidation in HFD treated mice.
Feng et al. [34] reported that treatment with HMF
(0.02%, 0.04% and 0.08%, w/w) for 6 weeks prevented
obesity by a significant reduction in body weight gain,
adipose tissues weight, serum levels of total cholesterol
(TC), TG, and LDL-C (p<0.05) in HFD-fed rats. One work
studied the effects of low-dose nobiletin on fat mass in
HFD-fed mice. Nobiletin administration (0.02% for
16 weeks) to HFD-fed mice led to a significant decline in
total FFA, TC, apo-B, and hepatic TG content. However,
nobiletindidnothaveany significant effects onbodyweight
and food intake in inHFD treatedmice [36]. Mulvihill et al.
[26] reported that treatment with nobiletin (0.1 or
0.3% w/w) to western HFD-fed mice increased insulin
sensitivity, glucose tolerance and reduced TG levels in the
liver and intestine and also, prevented obesity by a signifi-
cant reduction in weight gain, and adipocyte hypertrophy.
In another study, Leeet al. [25] alsohavedemonstrated that
nobiletin (10 or 100 mg/kg as oral gavage once daily for
5 weeks) decreased weight, white adipose tissue weight,
and plasma level of TG, improved adiponectin levels and
up-regulated glucose transporter (GLUT)-4 protein expres-
sion in HFD-fed male mice. Also, nobiletin administration
(50 or 100 mg/kg for 12 weeks) to ovariectomized mice
led to a significant decline in body weight gain, white
adipose tissue weight, plasma levels of TG, TC and
fasting plasma glucose [37]. Nobiletin administration
(200 mg/kg body weight for 10 weeks via oral gavage) to
HFD-fed male mice resulted in elevated energy expendi-
ture and locomotor activity, reduced body weight gain,
and plasma and liver lipid concentrations including TC
and TG [33]. All seven animal studies were evaluated for
risk of bias using SYRCLE’s tool. Qualitative assessment
showed that most studies were rated as low risk of bias for
the group similarities at baseline category, sequence gener-
ation category, and other sources of bias category. In most
of these studies randomization in animal housing,
random outcome assessment, and blinding of caregivers/
investigators and outcome assessor were not mentioned
clearly. Methods of allocation concealment were properly

described in 72%of the included studies.Riskof incomplete
outcome data and selective outcome reporting was identi-
fied in two (28.5%) studies and one (14%) of animal studies
(Figure 3).

In vitro studies

Table 3 shows the main characteristics of the selected
in vitro studies [26, 28, 35, 38–45]. Included in vitro studies
had used human hepatoma cells (HepG2) [26], 3T3-L1
preadipocytes [28, 39–45], primary myoblasts [35], and
lipopolysaccharide (LPS)-stimulatedRAW264macrophage
cells [38]. These studies were published between 2011and
2018 and were from the Japan [28, 35, 38, 40], Korea [33,
41, 42], Canada [26], Taiwan [44], USA [39], andMalaysia
[45]. Namkoong et al. [41] found that administration of
nobiletin (10 to 100 μmol for 48 hours) inhibits expression
of adipogenic transcription factors, such as CCAAT/
enhancer-binding protein-α (C/EBPα) and peroxisome
proliferator-activated receptor gamma (PPARγ), in differ-
entiated 3T3-L1 cells. In another study, the roles of suda-
chitin (30μmol/L) were studied in differentiated
myocytes, which was found to significantly increase perox-
isome proliferator-activated receptor γ coactivator 1α
(PGC-1α) and sirtuin 1 (SIRT1) mRNA, nuclear factor
erythroid 2-related factor 1 (NRF1), NRF2, and uncoupling
protein (UCP)-2 expression and in this way; it increased
energy expenditure [35]. Mulvihill et al. [26] have shown
that administration ofnobiletin reducedapoB100 secretion
(IC 50=29 μM) from HepG2 cells through activation of
mitogen-activated protein kinase extracellular signal–
related kinase (MAPKerk). Also, nobiletin promoted LDL
receptor expression and activity, decreased expression of
microsomal triglyceride transfer protein (MTP) and
diacylglycerol acyltransferase (DGAT1/2) via activation of
MAPKerk, all of which are associated with decreased
apoB100 secretion. Yuasa et al. [38] investigated the
anti-inflammatory effects of PMFs and reported that
sudachitin decreased nitric oxide (NO) production by
suppressing the expression of inducible NO synthase in
LPS-stimulatedmacrophage-derivedmouse cell line. Chen
et al. [44] have shown that nobiletin, tangeretin and
hesperetin (50 μmol for 24 hours) can decrease lipid accu-
mulation due to alterations in hepatic gene expression
related to de novo lipogenesis in 3T3-L1 adipocytes by
35.52% and 35.86% and only 1.05%, respectively and
decrease TG content in 3T3-L1 adipocytes by 45.67% and
23.10% and only 16.08% for nobiletin, tangeretin, and
hesperetin, respectively. Additionally, Kanda et al. [40]
reported that the administration of nobiletin (10 to
100 μmol) to 3T3-L1 cells for 48 hours significantly inhib-
ited differentiation of 3T3-L1 preadipocytes into adipocytes
in a dose dependent manner. In another study, the roles of

Figure 2. General chemical structures of PMFs.

�2021 Hogrefe Int J Vitam Nutr Res (2023), 93 (3), 252–267

M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review 255



tangeretin and nobiletin (0 to 64 μmol) were studied in
murine preadipocyte cell line 3T3-L1 for 8 days. They
demonstrated that both nobiletin and tangeretin decreased
furtherTGaccumulation, decreased the secretionofmono-
cyte chemoattractant protein-1 (MCP-1) and increased
adiponectin in 3T3-L1 adipocytes. In addition, nobiletin
prevented resistin secretion from mature 3T3-L1 adipo-
cytes [28]. Wang et al. [39] reported a significantly reduces
in lipidaccumulationby55–60%in3T3-L1adipocytes treat-
mentwith 5-OH-HxMF for 8 days. It was also observed that
5-OHHxMF inhibited lipid accumulation 15–20% more
than HMF. Kang et al. [43] investigated the effect of sinen-

setin, at 1 to40 μmol, on lipidmetabolism inmature 3T3-L1
adipocytes for 24 hours. They reported that sinensetin
decreased the expression of sterol regulatory element-
binding protein 1c (SREBP1c) and increased fatty acid
β-oxidation, phosphorylation of protein kinase-A and
hormone-sensitive lipase. In another study by Mohamed
et al. [45] sinensetin isolated from Orthosiphon stamineus
(2.5 mg/ml) showed inhibitory activity on α-amylase and
α-glucosidase. Additionally, Kang et al. [42] observed that
administrationof sinensetin (2, 10, and40μmol for2hours)
to 3T3-L1 preadipocytes promoted adipogenesis and
lipolysis by increasing cAMP levels in adipocytes, increased

Table 1. Chemical structure and Source of PMFs

PMFs Name Structure Source

Sudachitin 5,7,40-Trihydroxy6,8,30 trimethoxyflavone/
C18H16O8

Skin of the citrus fruit

HMF 3,5,6,7,8,30,40heptamethoxyflavone/
C22H24O9

Orange peel

Nobiletin 5,6,7,8,30,40Hexamethoxyflavone/
C21H22O8

Citrus peels

Sinensetin 5,6,7,30,40-pentamethoxyflavone/
C20H20O7

Orthosiphon stamineus

Tangeretin 5,6,7,8,40-pentamethoxyflavone/
C20H20O7

Citrus fruit rinds, mandarin orange
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Table 2. Characteristics of animal studies regarding the effect of PMFs on obesity related parameters

First author Region/Year PMFs

Dosage/Duration/
Route of
administration Model Results/Mechanistic pathways

Feng et al. [34] China/2019 Heptametho-
xyflavone

HMF (0.02%, 0.04%
and 0.08%, w/w) for
6 weeks given orally

Male rats were fed a
normal diet or an HFD
with or without HMF.

Rats treated with 0.02, 0.04, and 0.08% HMF in
showed a reduction in body weight gain at 8.05,
11.79 and 21.04%, respectively (p<0.05). HMF
(0.02, 0.04, and 0.08%, w/w) significantly
decreased TC by 17.41, 23.61, and 23.10%, TG by
27.14, 34.13, and 44.35%, and LDL-C by 25.00,
28.88, and 34.41%, (p<0.05), respectively.

Tsutsumi et al.
[35]

Japan/2014 Sudachitin Sudachitin: 5 mg/kg of
body weight and
vehicle: 0.2% dimethyl
sulfoxide (DMO) for
12 weeks given orally

A group of mice fed a HFD
(40% kcal fat) and the
other group fed a normal
diet treated with
sudachitin or vehicle

Sudachitin significantly decreased body weight
gain, body fat adipocyte size, TG and FFA
concentrations (p<0.05). Treatment with
sudachitin significantly enhanced insulin
resistance, energy expenditure, basal ATP
content (1.3-fold) and β-oxidation (p<0.05).
Treatment with sudachitin increased expression
of PPAR-γ in white adipose tissue (1.5-fold)
(p>0.05).

Kim et al. [36] Korea/2017 Nobiletin Nobiletin: (0.02%,
w/w) for 16 weeks
given orally

mice were fed a HFD,
(45% kcal fat) with or
without nobiletin

Nobiletin significantly decreased glucose
tolerance, hepatic TG, FFA, TC, apoliporotein B
concentrations, aminotransferase and
inflammation (p<0.05). Also, Liver weight was
decreased by 19% in Nobiletin-supplemented
mice compared to that in the control group
(p=0.068). Treatment with nobiletin significantly
reduced expression of TNF-α, TLR-2 and TLR-4
(p<0.05). Food consumption and body weight did
not alter following treatment with nobiletin.

Mulvihill et al.
[26]

Canada/2011 Nobiletin Nobiletin: 0.1 or 0.3%
(weight/weight) for
8 or 26 weeks given
orally

C57BL/6 mice were fed a
chow diet, a western HFD
or a western HFD with
nobiletin

Nobiletin significantly decreased both plasma
lipids by 35% (p<0.05). 0.1 and 0.3% nobiletin
dose-dependently decreased hepatic TG by 44%
and 87%, and hepatic cholesteryl ester by 61 and
71%, respectively (p<0.05). SREBP1c was dose-
dependently reduced by 0.1% (�35%) and 0.3%
nobiletin (�80%). Fasting plasma glucose and
insulin were significantly decreased by 0.3%
nobiletin (6.2 mmol/L and 0.4 ng/mL),
respectively (p<0.05).

Lee et al. [25] Japan/2013 Nobiletin Nobiletin: 10 or
100 mg/kg of body
weight as oral gavage
once daily for
5 weeks

Male mice were fed a HFD
without nobiletin or HFD
+10 mg/kg of body weight
nobiletin or HFD
+100 mg/kg of body
weight nobiletin

Nobiletin significantly decreased body weight,
WAT weight, plasma level of TG
(0.96±0.05 mmol/L), and FPG
(3.10±0.42 mmol/L) (p<0.05). Treatment with
nobiletin significantly enhanced glucose
tolerance and adiponectin (5.34±0.97 μg/ml)
levels (p<0.05). Nobiletin significantly increased
expression of PPAR-γ, PPAR-α (p<0.01),
SREBP1c (p<0.05), FAS (p<0.005), SCD1
(p<0.005), CPT1 (p<0.05), UCP-2 (p<0.05) and
GLUT-4 protein expression (p<0.05).

Lee et al. [37] Japan/2014 Nobiletin Nobiletin: 50 or 100
mg/kg of body weight.
Vehicle: 0.3% carboxyl
methyl cellulose/0.5%
(DMS) by oral gavage
once daily for
12 weeks

Female ovariectomized
C57BL/6J mice were fed
with 50mg/kg of body
weight or 100 mg/kg of
body weight nobiletin or
vehicle.

Nobiletin significantly decreased body weight
gain and WAT weight and plasma levels of TG
(p<0.05) and tended to decrease plasma glucose
and TC levels. Moreover, nobiletin prevented the
reduction in bone mineral density of the
trabecular region of the femur in ovariectomized
mice.

He et al. [33] USA/2016 Nobiletin Nobiletin: 200 mg/kg
of body weight body
weight by oral gavage
every other day,
Vehicle: DMSO
10 weeks period of
treatment

For diet-induced obesity,
male mice were fed with
HFD until the end of the
experimental protocol.
The mice were treated
with either vehicle or
nobiletin

Nobiletin enhanced clock protein levels and
elicited pronounced gene expression remodeling
(p<0.01). Nobiletin significantly increased energy
expenditure (p<0.05). Treatment with nobiletin
significantly prevented obesity and weight gain
(p<0.05).

ACC: acetyl-CoA carboxylase; CPT1: carnitine palmitoyltransferase-1; DMS: dimethyl sulfoxide; FAS: fatty acid synthase; FFA: free fatty acid; FPG: fasting
blood glucose; GLUT: glucose transporter; HFD: high fat diet; HO: Heme-oxygenase-1; IL: interleukin; LPS: lipopolysaccharide; MCP: Monocyte chemoat-
tractant protein; NO: nitric oxide synthase; NRF: Nuclear respiratory factor; PPAR: peroxisome proliferator-activated receptor; SCD1: Stearoyl-CoA desat-
urase-1; SREBP1c: sterol regulatory element-binding protein 1c; TC: total cholesterol; TG: triglyceride; TLR: toll-like receptor; TNF: tumor necrosis factor;
UCP: uncoupling protein; WAT: white adipose tissue.
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Table 3. Characteristics of in vitro studies regarding the effect of PMFs on obesity related parameters

First author Region/Year PMFs

Dosage/Duration/
Route of
administration Model Results/Mechanistic pathways

Namkoong
et al. [41]

Korea/2017 Nobiletin Nobiletin: 10 to 100
μmol for 48 hours

A coculture of 3T3-L1
adipocytes and RAW 264.7
macrophages were
treated with nobiletin

Treatment with nobiletin significantly decreased
PPARγ and C/EBP-α gene expression in adipocyte
cell line and inducible NO synthase in macrophage
cell line (p<0.05).

Tsutsumi et al.
[35]

Japan/2014 Sudachitin Sudachitin: 30 μmol/L
or vehicle: 0.2% DMO
for 48 hours

Primary myoblasts
isolated from the calf
region, thigh, and pelvic
girdle of 8-week-old mice
were treated with
sudachitin or vehicle

Treatment with sudachitin significantly increased
Sirt-1 and PGC-1α expression, NRF1, 2 (1.5- to 2.5-
fold), and UCP2 and 3 (p<0.05).

Mulvihill et al.
[26]

Canada/2011 Nobiletin Nobiletin: 10 μmol
Insulin: 100 nmol

Human hepatoma cells
(HepG2) were treated with
either nobiletin or insulin

Treatment with nobiletin significantly decreased
lipogenesis and apoliporotein B100 secretion by
50% in HepG2 cells (p<0.05).

Yuasa et al.
[38]

Japan/2012 Sudachitin vs
nobiletin

Sudachitin: Two
dosages of 10 and
30 μmol Nobiletin:
two dosages of
10 and 30 μmol
for 12 hours

A macrophage-derived
mouse cell line, RAW264,
activated via
lipopolysaccharide (LPS)
was treated with either
nobiletin or sudachitin

Treatment with sudachitin and nobiletin
significantly decreased LPS-stimulated iNOS
expression (more than 50% by sudachitin) (p<0.05).
LPS-induced TNF-expression was significantly
decreased by treatment with sudachitin (p<0.05),
but not nobiletin.

Chen et al.
[44]

Taiwan/2018 Tangeretin vs
nobiletin

Nobiletin: 50 μmol for
24 hours, Tangeretin:
50 μmol for 24 hours
Hesperetin: 50 μmol
for 24

3T3-L1 preadipocytes
(BCRC 60159) was treated
with either nobiletin or
tangeretin or hesperetin

Treatment with nobiletin, tangeretin and
hesperetin significantly reduced lipid
accumulation in adipocytes by 35.52% and 35.86%
and only 1.05%, respectively (p<0.05) and
significantly reduced TG content in adipocytes by
45.67% and 23.10% and 16.08% for nobiletin,
tangeretin and hesperetin, respectively. Treatment
with nobiletin significantly reduced expression of
PPARγ in 3T3-L1 preadipocytes (p<0.05).

Kanda et al.
[40]

Japan/2012 Nobiletin Nobiletin: 10 to
100 μmol for
48 hours

3T3-L1 preadipocytes
were treated with
nobiletin under several
differentiation conditions

Treatment with nobiletin significantly suppressed
the adipogenesis and lipid accumulation in 3T3-L1
preadipocytes (p<0.05). Nobiletin did not affect the
expression of PPARγ1, but significantly reduced
the PPARγ2, C/EBPβ expression (p<0.05).

Miyata et al.
[28]

Japan/2011 Nobiletin vs
Tangeretin

Nobiletin: 16 to
64 μmol for 8 days,
Tangeretin: 16 to
64 μmol for 8 days

3T3-L1 preadipocytes
were treated with
tangeretin, nobiletin, co-
calture of both or a
vehicle.

Treatment with nobiletin and tangeretin
significantly decreased TG accumulation (p<0.05),
MCP-1 (nobiletin, p<0.01; tangeretin, p<0.001) and
increased adiponectin (p<0.05) in 3T3-L1
adipocytes. Also, nobiletin induced caspase-3
cleavage in 3T3-L1 adipocyte.

Wang et al.
[39]

USA/2016 5-OH-HxMF
and HpMF

1, 5, 10, 20 μmol
for 8 days

Mouse 3T3-L1
preadipocytes were
treated with 5-OH-HxMF

Treatment with 5-OH-HxMF significantly
decreased lipid accumulation by 55–60% (p<0.05).
At a dose of 20 μmol, 5-OH-HxMF decreased the
lipid accumulation by nearly 60%. 5-OH-HxMF
administration to 3T3-L1 preadipocytes
significantly decreased PPARc, C/EBPs, FAS and
ACC levels and activated AMPK signaling and
SIRT1 compared to control (p<0.05).

Kang et al.
[43]

Korea/2013 Sinensetin 1 to 40 μmol for
24 hours

The 3T3-L1 preadipocyte
cells were treated with
sinensetin or vehicle
(DMSO)

Treatment with sinensetin significantly reduced
the expression of SREBP1c (p<0.05) and also
increased the phosphorylation of PKA, HSL and
enhanced fatty acid β-oxidation.

Mohamed
et al. [45]

Malaysia/2012 Sinestein 2.5 mg/ml sinensetin
solution

Sinensetin was isolated
from 50% ethanolic
extract of Orthosiphon
stamineus

Treatment with sinensetin significantly inhibited α-
amylase and α-glucosidase activities with the IC
50s values of 0.66±0.02 mg/ml and 1.13±0.02 mg/
ml, respectively (p<0.05).

Kang et al.
[42]

Korea/2015 Sinestein 2, 10, and 40 μmol
for 2 hours

3T3-L1 preadipocytes Treatment with sinensetin increased intracellular
cAMP levels, enhanced activation of PKA,
promoted lipolysis in mature adipocytes and
induces adipogenesis in preadipocytes (p<0.05).

ACC: acetyl-CoA carboxylase; AMPK: adenosine monophosphate–activated protein kinase; C/EBP-α: CCAAT/enhancer-binding protein-α; DMS: dimethyl
sulfoxide; FAS: fatty acid synthase; FFA: free fatty acid; FPG: fasting blood glucose; 5-OH-HxMF: 5-hydroxy-3,6,7,8,30,40-hexamethoxyflavone; HFD: high fat
diet; HO: heme-oxygenase-1; HSL: hormone-sensitive lipase; GLUT: glucose transporter; IL: interleukin; LPS: lipopolysaccharide; MCP: monocyte
chemoattractant protein; NO: nitric oxide synthase; NRF: nuclear respiratory factor; PPAR: PGC-1α: peroxisome proliferator-activated receptor; PPARγ:
peroxisome proliferator-activated receptor γ coactivator 1α; PKA: protein kinase A; SIRT1: Sirtuin 1; SREBP1c: sterol regulatory element-binding protein 1c;
TC: total cholesterol; TG: triglyceride; TLR: toll-like receptor; TNF: tumor necrosis factor; UCP: uncoupling protein; WAT: white adipose tissue.
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expression of the adipogenic transcription factors PPARγ,
C/EBPα, and SREBP1c in 3T3-L1 preadipocytes. In addi-
tion, sinensetin significantly increased the phosphoryla-
tions of cAMP-responsive element-binding protein (CREB)
and extracellular signal-regulated kinase (ERK) in 3T3-L1
preadipocytes. The OHAT risk of bias tool was used to
evaluate the In vitro studies. Qualitative assessment
showed that most studies were rated as low risk of bias for
the similarity of experimental conditions, incomplete
analysis, confidence in the exposure characterization,
adequate administration of dose or exposure level, and
other sources of bias category. In most of these studies
blinding of investigators and outcome assessor were not
mentioned clearly. Methods of allocation of groups were
properly described in 73% of the included studies. A risk
of incomplete outcome data was identified in three (27%)
studies (Figure 4).

Discussion

In this systematic review, we evaluated 16 studies with a
view to investigating the potential effects of PMFs on
obesity and its related conditions. To our knowledge, this

is the first systematic reviewassessing the beneficial effects
of PMFs against obesity and its related conditions manage-
ment. In vitro studies have shown evidence of the anti-
inflammatory and anti-obesity benefits of PMFs in 3T3-L1
adipocytes [28, 39–44], in primary myoblasts [35] and in
HepG2 cells [26]. In most animal studies the anti-obesity
properties of PMFs, such as the effect of PMFs on reducing
weight gain, adipocyte size, insulin resistance, increasing
energy expenditure, and fatty acid β-oxidation, have been
demonstrated [25, 33–35, 37]. Graphic summaries of the
proposedmechanisms for thebeneficial effects of thePMFs
are shown in Figure 5.

Beneficial anti-obesity effects of PMFs

Effect of PMFs on body weight and energy
expenditure
Increased body weight is generally associated with
adipocytedysfunctionanda risk factor for several patholog-
ical conditions such as hypertension, insulin resistance,
arteriosclerosis, and dyslipidemia. Several studies have
suggested that adipocytes and adipogenesis regulation
may act as potential targets for anti-obesity strategies

Sequence generation (Selection bias)

Baseline characteristics (Selection bias)

Allocation concealment (Selection bias)

Random housing (Performance bias)

Blinding (Performance bias)

Random outcome assessment (Detection bias)

Blinding (Detection bias)

Incomplete outcome data (Attrition bias)

Selective outcome reporting (Reporting bias)

Other sources of bias

0% 20% 40% 60% 80% 100%

Low risk of bias Unclear risk of bias High risk of bias

Figure 3. Results of risk of bias assessment for animal studies included in the current systematic review.
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Adequate administration of dose or exposure level

Adequate allocation of groups

Similarity of experimental conditions across groups

Completeness of outcome data without attrition or exclusion 

from analysis

Confidence in the exposure characterization

Blindness of assessors

Complete report of outcome

Other potential threats to internal validity

0% 20% 40% 60% 80% 100%

Low risk of bias Unclear risk of bias High risk of bias

Figure 4. Results of risk of bias assessment for in vitro studies included in the current systematic review.

Figure 5. Graphic summaries of the proposed mechanisms for the beneficial effects of the PMFs. Abbreviations: ", Increased; ;, Decreased;
AMPK, AMP-activated protein kinase; ACC, Acetyl-CoA carboxylase; AKT, Protein kinase B; CAT, catalase; CPT, carnitine palmitoyltransferase;
Cox2, cyclooxygenase-2; DAG, diacylglycerol; FFA, free fatty acid; PPARγ, peroxisome proliferator-activated receptors; MAPK, mitogen-activated
protein kinases; IKK/NFKB, IκB kinase/nuclear factor NF-kappa-B; LCFA Acyl-CoA, long chain fattyacyl-CoA; FAS, fatty acid synthase; TAG,
triacylglycerol; IL-1β, interleukin 1 beta; IL-6, interleukin 6; TNFα, tumor necrosis factor α; SOD, superoxide dismutase; SIRT1, sirtuin 1; PEF2,
prostaglandin F2; FA-CoAs, fatty acyl-coenzyme A; ROS, Reactive oxygen species; LKB1, liver kinase B1.
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[39, 42]. Citrus PMFs, a class of flavonoids, have been
shown to have potent anti-obesity effects and to improve
several pathological features of obesity-related diseases.
Several PMFs including sudachitin, nobiletin, tangeretin,
and HMF are examined to prevent obesity induced by diet
[38, 40, 41, 44].

Kangetal. [46] reported that theeffectsofadministration
of PMFs significantly decreased body weight gain, adipose
tissue weight, serum TC and TG in mice with obesity
induced by a HFD. It also improved adipose tissue lipolysis
by phosphorylation of hormone sensitive lipase (HSL) and
protein kinase A. Sudachitin administration prevented
HFD-induced body-weight gain, and improved lipid
profiles without affecting food consumption. Sudachitin
significantly increased energy expenditure by increasing
PGC-1α and SIRT1 expression inmyocytes. It proposes that
sudachitin could improve energy expenditure, and it was
also demonstrated by enhanced mitochondrial function
and biogenesis in myocytes cultured with sudachitin [35].
In the study byLi et al. [30] supplementation of citrus PMFs
to hamsters, essentially containing nobiletin and tangeretin
reduced the weight gain and TG levels in heart and liver
compared with the control group. In contrast, Kim et al.
[36] identified that long-term low-dose nobiletin supple-
mentation had no effect on food consumption, weight and
fat tissue in mice with obesity induced by a HFD. Lee
et al. [25] reported that nobiletin significantly reduced
weight gain, white adipose tissue weight, and inhibited
adipocyte differentiation of 3T3-L1 preadipocytes by
down-regulating the PPARγ-C/EBPα pathway inmicewith
obesity. It was also observed that nobiletin increased
phosphorylation of signal transducer and activator of tran-
scription (STAT5) [40]. STAT5 is activated by the growth
hormone receptor binding and has been revealed to
contribute in the adipogenesis by regulating the PPARγ
activity [47] and excessive activation of STAT5 inhibits
the differentiation of 3T3-L1 cells by suppress the PPAR-γ
gene expression [48].

In vitro studies are useful to further understand the
mechanism of the anti-obesity effects of PMFs.

The results from an in vitro study by Wang et al. [39]
showed that 5-hydroxy-3, 6, 7, 8, 30, 40-hexamethoxyfla-
vone (5-OH-HxMF) administration reduced C/EBPβ,
C/EBPα and PPARγ expression in 3T3-L1 preadipocytes.
5-OH-HxMF exhibits anti-obesity effects through up-
regulation of AMPK and inhibition of lipid accumulation.
Sinensetin inhibited the expression of lipogenic enzymes
such as fatty acid synthase (FAS) and acetyl-CoA carboxy-
lase (ACC)-1 by down-regulation of SREBP1c, and
stimulated fatty acid β-oxidation by increasing the phos-
phorylation of AMP-activated protein kinase (AMPK) in
mature 3T3-L1 adipocytes [43]. PMFs protected against
obesity by inhibition of de novo lipogenesis and promotion

of FA oxidation in both adipose and liver tissues by down-
regulated mRNA levels of SREBP1c and FAS in the liver
and FAS in adipose tissue [49]. A HFD has been shown to
increase the expression of SREBP1c, which in turn activates
FAS transcription, thus increasing fatty acid synthesis, and
lastly causes to massive accumulation of fats and fatty liver
formation. So, suppression of the expression of SREBP1c
and its target genes such as FASmight have positive effects
on the improvement of hyperlipidemia and obesity [50].
Another possible mechanism of anti-obesity activity of
these compounds is the apoptosis of adipocytes, because
it was detected that the administration of PMFs caused an
increase in intracellular calcium, which induced the
increase expression of calpains and several caspases that
mediated apoptosis. Therefore, the reduction in the
number of adipose cells through apoptosis could contribute
to maintaining weight reduction [18]. Miyata et al. [28]
reported that nobiletin induced apoptosis in mature
3T3-L1 adipocytes, while tangeretin suppressed further TG
accumulation inmature 3T3-L1 adipocyteswithout inducing
apoptosis. This difference in apoptosis inducing action
against adipocytes may be due to variation of the methoxy
groups in tangeretin and nobiletin structure. Based on these
previous studies, it is likely that increased energy expendi-
ture and lipolysis may be one of the main reasons for the
reduced body weight gain and white adipose tissue weight
in PMFs-treated animals. Further studies are necessary to
explore the effects of PMFs on the expression of lipid meta-
bolism and energy expenditure-associated genes.

Improving effect of PMFs on the lipid metabolism
The dysregulation of lipidmetabolism is a common feature
of obesity, and it is strongly associated with metabolic
disorders. Mulvihill et al. [26] reported that, in HepG2 cells
incubated with nobiletin (10 μmol up to 30min), SREBP1c
was dose-dependently reduced by 0.1% (–35%) and 0.3%
(–80%)nobiletin, LDLreceptorwasup-regulated (2.5-fold),
MTP (–30%) and DGAT1/2 expression were down-
regulated, and apoB-100 secretion was inhibited via
activation of MAPKerk signaling. In addition, nobiletin sig-
nificantly increased carnitine palmitoyltransferase-1 alpha
(Cpt-1α) and PGC-1α mRNA expression, resulting in
increased cellular FA oxidation. In the study by Kang
et al. [42] administration of sinensetin to 3T3-L1 preadipo-
cytes significantly increased adipogenic transcription
factors such as PPARγ, C/EBPα, C/EBPβ, and SREBP1c.
Sinensetin enhanced activation of PKAand increased intra-
cellular cAMP levels in 3T3-L1 preadipocytes. Collectively,
these findings propose that sinensetin promotes lipolysis in
mature adipocytes and induces adipogenesis in preadipo-
cytes by increasing the intracellular cAMP levels. In a study
by Tsutsumi et al. [35] treatment with 5 mg/kg sudachitin
for 12weeks significantly reducedTGandFFA levels aswell
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as the mRNA transcripts of FAS, and ACC in HFD-fed
mouse. Kurowska et al. [51] reported that the levels of
serum LDL-C, and TG were significantly reduced by 1%
tangeretin or 1%PMFs mixtures (nobiletin and tangeretin)
administration to hamster with hypercholesterolemia for
35days.There is substantial evidence thatmetabolic distur-
bances caused by circadian misalignment, and improved
circadian could combat metabolic disease. In study by
He et al. [33] nobiletin significantly increased clock protein
levels and elicited pronounced gene expression remodeling
by directly activating the retinoid acid receptor-related
orphan receptors. In an animal study by Green et al. [52]
in rats with hypercholesterolemia treatment with 1.5%
PMFs for seven weeks, the hepatic activity of 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
hepatic TC, serum levels of TC, LDL-C, and TG were
significantly decreased, however fecal TC and serum
HDL-C levels were significantly increased, proposing that
PMFsmayexert hypolipidemic effect by decreasing choles-
terol synthesis and increasing fecal TC output. In another
study byGreen et al. [53] administration of 1.5%PMFs lead
to a significant decrease in absorption of cholesterol from
thedigestive tractswith adecreasedvilli lengthandnumber
of goblet cells in ratswith hypercholesterolemia.Hence,we
inferred that treatment with PMFs may regulate the gut
microbiota and improve lipid absorption, resulting in signif-
icant alteration in gut morphology. Taken together, both
in vitro and animal studies indicate that the PMFs may be
a potentially useful therapeutic agent for obesity-related
conditions such as dyslipidemia.

Improving effect of PMFs on the glucose homeostasis
and insulin sensitivity
Abnormal lipid and glucose metabolism, commonly
observed in insulin-resistant states, can be ameliorated by
insulin-sensitizing agents [54]. Several studies highlight
PMFs capacity to improve whole-body insulin sensitivity
by reducing hepatic-glucose production, ectopic TG accu-
mulation in insulin-sensitive tissues and by enhancing
insulin-stimulated glucose uptake by peripheral tissues
[25,26,36].Moreover, pyruvate tolerance tests showed that
nobiletin could decrease hepatic gluconeogenesis in diet-
induced insulin resistance rats [26]. PMFs have been
revealed experimentally to enhance glucose uptake in
skeletal muscles and to increase insulin sensitivity by
improving tyrosine phosphorylation, demonstrating its
ability to decrease insulin resistance [35]. A previous
in vitro study [45] reported that treatment with sinensetin
significantly inhibited α-glucosidase and α-amylase activi-
ties with the IC 50s values of 0.66±0.02mg/ml and 1.13
±0.02 mg/ml, respectively. Inhibitors of α-glucosidase
and α-amylase enzymes delay the breaking down of carbo-
hydrate and prolong the overall carbohydrate digestion

time in the small intestine and consequently blunting the
post prandial excursion of plasma glucose. Additionally,
Miyata et al. [28] in another in vitro study observed that
the administration of nobiletin to 3T3-L1 preadipocytes
significantly inhibited TG accumulation, increased the
secretion of an insulin-sensitizing factor, adiponectin, and
decreased the secretion of insulin resistance factors such
as resistin and MCP-1, in 3T3-L1 preadipocytes. Tsutsumi
et al. [35] demonstrated that administration of sudachitin
to differentiated myocytes led to an increase in the
PGC-1α and SIRT1 mRNA expression. Also, the genes
involved in the mitochondrial biogenesis such as NRF1/2,
and mitochondrial transcription factor-A (mtTFA) were
increased by sudachitin. Moreover, sudachitin enhanced
insulin sensitivity through the activation of Nrf2 signaling
pathway [35]. It has been revealed that nobiletin signifi-
cantly stimulates glucose uptake and GLUT4 translocation
in 3T3-F442A adipocytes in a dose dependent manner via
the activation of PKA/CREB and PI3K/Akt1/2 signaling
pathways [55]. Tangeretin was shown to stimulate glucose
uptake in muscle through an AMPK-dependent pathway
in both mouse models and cell culture. Kim et al. [56]
suggested that tangeretin activates AMPK and increases
protein kinase B (Akt) phosphorylation, leading to
increased glucose uptake, GLUT4 translocation as well as
ameliorated obesity-induced glucose intolerance. The
activation of AMPK pathways is commonly considered as
a mechanism to increase glucose uptake by PMFs, but its
upstream mechanism has not been investigated deeply.
Sundaram et al. [57] investigated the anti-hyperglycemic
potential of tangeretin on blood glucose levels in rats with
diabetes. Daily treatment of tangeretin significantly
increased insulin and hemoglobin however the levels of
plasma glucose and glycosylated hemoglobin were
decreased. Also, in another study by Lee et al. [27] nobiletin
improved glucose tolerance, insulin resistance and hyper-
glycemia in mice with diabetes by regulation of GLUT1,
GLUT4 and adipokines expression in muscle and white
adipose tissue. It has been stated that nobiletin improve
dyslipidemia and insulin resistance by activating the
MAPK, and ERK signaling [26]. This mechanism is insu-
lin-independent, therefore nobiletin has the ability to regu-
late lipoprotein metabolism in the context of insulin
resistance. Taken together, the above-mentioned results
show that the administration PMFs may have beneficial
effects on insulin sensitivity and glucose homeostasis.

Protective effects of PMFs in non-alcoholic fatty liver
disease and its related complications
Non-alcoholic fatty liver disease (NAFLD) has been recog-
nized as the hepaticmanifestation and is closely associated
with the presence of obesity, dyslipidemia, insulin resis-
tance, and diabetes, which are the major characteristics of
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metabolic syndrome [58]. There are only limited studies
investigating the effects of PMFs onNAFLDand the associ-
ated risk factors. In a recent study conducted by Lee et al.
treatment with citrus peel extract for eight weeks reduced
hepatocyte steatosis, fat accumulation and protected dete-
rioration of liver steatosis by restoring the AMPK activity,
mammalian target of rapamycin complex-1 (mTORC1)/
endoplasmic reticulum stress response and promoting
autophagy in HFD-fed rats [59].

Several studies have proposed that the activation of the
Nrf2 pathway plays an important role in the mechanism of
hepatocytes resistance to oxidative stress in NAFLD
[60–62]. Additionally, Ke et al. [63] observed that the
administration of PMFs enriched extract of Daoxianyeju
(EDX) (0.2% and 0.5% (w/w) for ten weeks) to HFD-
induced obesity C57BL/6 mice significantly improved
insulin resistance, glucose tolerance and lipid profiles,
and also suppressed hepatic steatosis, and inflammation
by suppressing the expression of MCP-1, tumor necrosis
factor-α (TNF-α), interleukin (IL)-6, and IL-1β and
oxidative stress via Nrf2 activation. It also induces the
expression of genes involved in fatty acid oxidation and
cholesterol metabolism, such as CPT-1α, cholesterol
7alpha-hydroxylase (CYP7A1), LDLreceptor, andSREBP-2.
In addition, EDX significantly increased Glutathione
S-Transferase 1/2 (GSTA1/2), and NADPH quinone
oxidoreductase (NQO1) in the EDX (0.2 and 0.5%) supple-
mented mice groups. Collectively, these findings showed
that EDXmay inhibit the development of NAFLD partially
thoughNrf2 signaling and reduce inflammatory. Choi et al.
[62] have reported that citrus aurantium extract, which
contains nobiletin and tangeretin, shows antioxidant
activity and ameliorates ethanol-induced liver injury by
up-regulating phosphorylationofAMPKandNrf2 in a binge
drinkingmousemodel. In another study done by Feng et al.
[34] HMF significantly alleviated hepatic steatosis through
down-regulatedadipogenesis and inflammatory responses-
related gene, enhanced fatty acid oxidation and increased
energy expenditure.

Among controlling mechanisms against NAFLD, AMPK
playan important role inpreventinghepatic lipid accumula-
tion in excess nutrient-treated HepG2 and HFD-fed
mice [64, 65]. Citrus peel extracts contribute to the down-
regulation of liver X receptor (LXR) and activation of
AMPK, which increases fatty acid oxidation and prohibits
lipogenesis. It is well-established that a high level of FFAs
increases mTORC1 signaling, a pathway associated with
the development of diseases such as obesity and NAFLD
[66, 67]. Studies have demonstrated that the activation of
AMPK inhibits the mTORC1 pathway by phosphorylating
and activating the tumor suppressor TSC2 (tuberous
sclerosis), is a possiblemechanism to explain the inhibition
of mTOR/endoplasmic reticulum stress axis in NAFLD

[68, 69]. The endoplasmic reticulum stress response is
one of the main features of pathological conditions related
to NAFLD, and obesity. Li et al. revealed that alteration of
AMPK/mTOR pathway activity is involved in the modula-
tion of lipid metabolism, steatosis, and insulin resistance
in HFD-induced mice by up-regulation of autophagy [70].
The MAPK signaling pathway may also be a potential ther-
apeutic target for anti-inflammatory treatment of NAFLD.
The anti-inflammatory agent applies protective effects
against liver injury by down-regulating the ERK signaling
and decreasing its downstream effectors of inflamma-
tory responses, including cytokine production and micro-
scopic changes [71]. The main cytokines involved in the
pathogenesis of NAFLD are TNF-α, and IL-6. TNF-α and
IL-6 inhibit lipoprotein lipase, and TNF-α also down-
regulates insulin-stimulated glucose uptake and insulin
receptor signaling. TNF-α contributes to the activation of
NF-κB signaling in the liver, which is a well-known impor-
tant regulator of cellular gene expression in response to a
wide range of inflammatory stimuli [72]. It is activated in
response to the inflammation and controls functions of
hepatocytes, hepatic stellate cells and (HSCs) and Kupffer
cells by inducing the expression of inflammation-related
genes, essentially contributing to liver inflammation in
NAFLD development [73].

Previous studies have revealed the role of NF-κB as a
central link between hepatic injury, inflammation, fibrosis
andhepatocellular carcinoma, sincemore than80%ofhep-
atocellular carcinoma is found in patients with hepatic cir-
rhosis, proposing it as therapeutic target for the treatment
from liver fibrosis to hepatocellular carcinoma during
NAFLD development [72, 74]. In the study performed by
Jiang J et al. oral administration of the total flavonoids of
Qu Zhi Ke (TFCH) (25, 50 and 100mg/kg for eight weeks)
to rats increased anti-inflammatory and hepatoprotective
effects by preventing NF-κB and MAPKs activation and
the subsequent production of IL-6, IFN-γ, IL-12, IL-1β,
and TNF-α. Also, in their study liverMAPK subfamily, such
as ERK and p38 were activated by phosphorylation in
NAFLD rats compared to control group. Activation of p38
may lead to liver injurybyexpressionofapoptotic hallmarks
including DNA fragmentation and caspase activation. The
phosphorylated activations of NF-κB, ERK, and p38 were
also reversed via TFCH treatment in the liver of NAFLD
rats, indicating an anti-NAFLD effect of TFCH mediated
by MAPK and NF-κB signaling [75]. Accordingly, the
above-mentioned findings are suggestive of hepatoprotec-
tive roles of PMFs through the activation of AMPK, and
the inactivation of NF-κB and MAPKs pathways involved
in the pathogenesis and progression of NAFLD. It should
be noted that, due to the limited number of studies, the
effect of PMFs on NAFLD needs to be confirmed in future
studies.
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Anti-inflammatory properties
It is well known that obesity is a chronic low-grade
inflammation in which there are elevated circulating pro-
inflammatory cytokines [38, 76]. Adipose tissue produces
and releases a variety of adipokines and cytokines, such
as leptin, tumor necrosis factor-α (TNF-α), and IL-6, that
are involved in the development of obesity and other
metabolic diseases [77]. Previously, it has been estab-
lished that PMFs have strong anti-inflammatory activity
[36, 38, 41]. Namkoong et al. [41] explored the plausible
anti-inflammatory effect of nobiletin (50 and 100 μmol),
and proposed that the raised secretion of nitric oxide
(NO) and TNF-α, along with the expression of inducible
nitric oxide synthase (iNOS) induced by interaction
between adipocytes and macrophages are all weakened
by nobiletin treatment. In study conducted by Whitman
et al. [21] the administration of nobiletin could inhibit the
production of PGE2 induced by LPS and pro-inflammatory
cytokines such as IL-6, IL-1β, IL-1α, and TNF-α, in murine
J774A.1 macrophages. It also down-regulate cyclooxyge-
nase-2 (COX-2) gene expression instead of COX-1.
Additionally, in another study, Xiong et al. [78] reported
that nobiletin may exert anti-inflammatory effects on 2, 4,
6-trinitrobenzenesulfonic acid-triggered colitis by decreas-
ing the expression of iNOS and COX-2 proteins. In another
animal study [36], it was reported that nobiletin signifi-
cantly reduced mRNA expression of Toll-like receptor
genes and NF-κB in white fat tissue and pro-inflammatory
cytokine (TNF-α, IL-6, and IL-1β) levels in plasma. The
levels of circulating inflammatory cytokineswere increased
in animals with obesity [79], and obesity-related chronic
systemic inflammation isproposed toplayan important role
in thepathogenesis ofHFD-induced insulin resistance [80].
StudybyHotamisligil et al. [81] showed thatTNF-α is highly
increased in the adipose tissue of animals with obesity and
that it is involved in the inductionof insulin resistance in the
body. Furthermore, fatty acids, the levels of which are
raised in obesity, can stimulate inflammatory pathways
through the activation of Toll-likereceptor-2 and-4 in adi-
pose tissue, causes the development of insulin resistance
[82]. Mice lacking Toll-like receptor-2 and-4 also show
reduced inflammatory cytokine expression in adipose tis-
sue and insulin resistance, proposing a role for Toll-like
receptors in obesity-related morbidities [83, 84]. Yuasa
et al. [38] in an in vitro study investigated the effects of
the nobiletin and sudachitin on LPS-induced inflammatory
responses in mouse macrophage cells. Both nobiletin and
sudachitin inhibited the production of nitric oxide (NO)
and the expression of TNF-α in LPS-stimulated mouse
macrophage RAW264 cells, nevertheless the inhibitory
effect of nobiletin was less than that of sudachitin. More-
over, Shin et al. [85] revealed that sinensetin inhibited the
expression of genes related to inflammation, such as

COX-2, IL-1, TNF-α, IL-6, and iNOS by regulating the inhi-
bitor κB (IκB)-protein level in LPS-activated macrophages;
therefore, these PMFs may be helpful for the treatment
of inflammation-associated diseases such as obesity.
Collectively, the findings suggest that PMFs may exert anti-
inflammatory effects through the inhibition ofNF-κBactivity
and iNOS, and pro-inflammatory cytokines expression.

Future directions

All data eligible for inclusion in the study were based on
in vitro and animal studies; there were no human studies
available. More strong well-designed human studies are
needed to assess the effects of PMFs on several aspects of
obesity, including adipokines, oxidative stress, body com-
position, and inflammatory status. Also, more randomized
control trials are suggested to comparewhich typesofPMFs
have a better effect on obesity. Studies with molecular
aspects are proposed to evaluate the effect of the addition
of PMFs alongwith the diet on the severalmetabolic factors
indifferent patientswith chronicmetabolicdiseases suchas
hyperlipidemia, diabetes, etc. Given that promising effects
have been proposed by in vitro and animal studies, it is
recommended to conduct clinical trials on the effects of
PMFson the expression of the genes involved in lipogenesis
in human adipose tissue.

Conclusion

In this study, we reviewed and summarized current knowl-
edge on the effect of PMFs intake on the various studied
parameters related to obesity and suggested mechanisms
of action. A variety of PMFs have been used in such studies,
which limits direct comparison of study results, but some
general trends can be noted. This systematic review sug-
gested beneficial effects of PMFs on obesity, principally
through reducing body weight, lipogenesis, improving lipid
profile, glycemic index, and also β-oxidation. Treatment
with PMFs significantly inhibits lipid accumulation in adi-
pocytes and 3T3-L1 pre-adipocyte differentiation as well
by decreasing the expression of PPARγ and C/EBPα and
also reduces the number and size of fat cells. Although
current evidence indicated a positive link between PMFs
as a potential treatment in obesity, further interventional
and longitudinal studies are required to validate these
findings.

References

1. Kahn BB, Flier JS. Obesity and insulin resistance. J Clin Invest.
2000;106(4):473–81.

Int J Vitam Nutr Res (2023), 93 (3), 252–267 �2021 Hogrefe

264 M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review



2. Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan L,
Sherry B, et al. Obesity and severe obesity forecasts through
2030. Am J Prev Med. 2012;42(6):563–70.

3. Kelly T, Yang W, Chen CS, Reynolds K, He J. Global burden of
obesity in 2005 and projections to 2030. Int J Obes (Lond).
2008;32(9):1431–7.

4. Fruhbeck G, Toplak H, Woodward E, Yumuk V, Maislos M,
Oppert JM. Obesity: the gateway to ill health – an EASO
position statement on a rising public health, clinical and
scientific challenge in Europe. Obes Facts. 2013;6(2):117–20.

5. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C,
et al. Global, regional, and national prevalence of overweight
and obesity in children and adults during 1980–2013: a
systematic analysis for the Global Burden of Disease Study
2013. Lancet. 2014;384(994):766–81.

6. Caro JF, Dohm LG, Pories WJ, Sinha MK. Cellular alterations in
liver, skeletal muscle, and adipose tissue responsible for
insulin resistance in obesity and type II diabetes. Diabetes
Metab Rev. 1989;5(8):665–89.

7. Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte
dysfunctions linking obesity to insulin resistance and type 2
diabetes. Nat Rev Mol Cell Biol. 2008;9(5):367–77.

8. Henry SL, Bensley JG, Wood-Bradley RJ, Cullen-McEwen LA,
Bertram JF, Armitage JA. White adipocytes: more than just fat
depots. Int J Biochem Cell Biol. 2012;44(3):435–40.

9. Ntambi JM, Young-Cheul K. Adipocyte differentiation and
gene expression. J Nutr. 2000;130(12):3122S–6S.

10. Rayalam S, Della-Fera MA, Baile CA. Phytochemicals and
regulation of the adipocyte life cycle. J Nutr Biochem. 2008;
19(11):717–26.

11. Li MF, Cheung BM. Rise and fall of anti-obesity drugs. World J
Diabetes. 2011;2(2):19–23.

12. Trung TN, Phuong TT, Yim N, Chen QC, Bae K. The selected
flavonol glycoside derived from Sophorae Flos improves
glucose uptake and inhibits adipocyte differentiation via
activation AMPK in 3T3-L1 cells. Bioorg Med Chem Lett.
2010;20(20):6076–81.

13. Pourteymour Fard Tabrizi F, Farhangi MA. A systematic review
of the potential effects of thylakoids in the management of
obesity and its related issues. Food Rev Int. 2020;4:1–22.

14. Farhangi MA, Dehghan P, Tajmiri S. Powdered black cumin
seeds strongly improves serum lipids, atherogenic index of
plasma and modulates anthropometric features in patients
with Hashimoto’s thyroiditis. Lipids Health Dis. 2018;17(1):59.

15. Zeinalian R, Farhangi MA, Shariat A, Saghafi-Asl M. The
effects of Spirulina Platensis on anthropometric indices,
appetite, lipid profile and serum vascular endothelial growth
factor (VEGF) in obese individuals: a randomized double
blinded placebo controlled trial. BMC Complement Altern
Med. 2017;17(1):225.

16. Mulvihill EE, Huff MW. Antiatherogenic properties of flavo-
noids: implications for cardiovascular health. Can J Cardiol.
2010;26(Suppl A):17A–21A.

17. Woo HH, Jeong BR, Hawes MC. Flavonoids: from cell cycle
regulation to biotechnology. Biotechnology letters. 2005;27(6):
365–74.

18. Sergeev IN, Li S, Ho CT, Rawson NE, Dushenkov S. Poly-
methoxyflavones activate Ca2+-dependent apoptotic targets
in adipocytes. J Agr Food Chem. 2009;57(13):5771–6.

19. Kawser Hossain M, Abdal Dayem A, Han J, Yin Y, Kim K, Kumar
Saha S. Molecular mechanisms of the anti-obesity and anti-
diabetic properties of flavonoids. Int J Mol Sci. 2016;17(4):569.

20. Nakajima VM, Macedo GA, Macedo JA. Citrus bioactive
phenolics: Role in the obesity treatment. LWT-Food Sci
Technol. 2014;59(2):1205–12.

21. Whitman SC, Kurowska EM, Manthey JA, Daugherty A.
Nobiletin, a citrus flavonoid isolated from tangerines,
selectively inhibits class A scavenger receptor-mediated
metabolism of acetylated LDL by mouse macrophages.
Atherosclerosis. 2005;178(1):25–32.

22. Liu L, Xu X, Cheng D, Yao X, Pan S. Structure-activity
relationship of citrus polymethoxylated flavones and their
inhibitory effects on Aspergillus niger. J Agric Food Chem.
2012;60(17):4336–41.

23. Gao Z, Gao W, Zeng SL, Li P, Liu EH. Chemical structures,
bioactivities and molecular mechanisms of citrus poly-
methoxyflavones. J Funct Foods. 2018;40:498–509.

24. Walle T. Methoxylated flavones, a superior cancer chemopre-
ventive flavonoid subclass? Semin Cancer Biol 2007;17(5):
354–62

25. Lee YS, Cha BY, Choi SS, Choi BK, Yonezawa T, Teruya T, et al.
Nobiletin improves obesity and insulin resistance in high-fat
diet-induced obese mice. J Nutr Biochem. 2013;24(1):156–62.

26. Mulvihill EE, Assini JM, Lee JK, Allister EM, Sutherland BG,
Koppes JB, et al. Nobiletin attenuates VLDL overproduction,
dyslipidemia, and atherosclerosis in mice with diet-induced
insulin resistance. Diabetes. 2011;60(5):1446–57.

27. Lee YS, Cha BY, Saito K, Yamakawa H, Choi SS, Yamaguchi K.
Nobiletin improves hyperglycemia and insulin resistance in
obese diabetic ob/ob mice. Biochem Pharmacol. 2010;79(11):
1674–83.

28. Miyata Y, Tanaka H, Shimada A, Sato T, Ito A, Yamanouchi T.
Regulation of adipocytokine secretion and adipocyte hyper-
trophy by polymethoxyflavonoids, nobiletin and tangeretin.
Life Sci. 2011;88(13–14):613–8.

29. Guo J, Cao Y, Ho CT, Jin S, Huang Q. Aged citrus peel (chenpi)
extract reduces lipogenesis in differentiating 3T3-L1 adipo-
cytes. J Funct Foods. 2017;34:297–303.

30. Li RW, Theriault AG, Au K, Douglas TD, Casaschi A, Kurowska
EM. Citrus polymethoxylated flavones improve lipid and
glucose homeostasis and modulate adipocytokines in
fructose-induced insulin resistant hamsters. Life Sci. 2006;
79(4):365–73.

31. Hooijmans CR, Rovers MM, De Vries RB, Leenaars M, Ritskes-
Hoitinga M, Langendam MW. SYRCLE’s risk of bias tool for
animal studies. BMC Med Res Methodol. 2014;14(1):43.

32. Rooney A. Extending a risk-of-bias approach to address
in vitro studies. National Toxicology Program Office of Health
Assessment and Translation; 2015.

33. He B, Nohara K, Park N, Park YS, Guillory B, Zhao Z, et al. The
small molecule nobiletin targets the molecular oscillator to
enhance circadian rhythms and protect against metabolic
syndrome. Cell Metab. 2016;23(4):610–21.

34. Feng K, Zhu X, Chen T, Peng B, Lu M, Zheng H, et al.
Prevention of obesity and hyperlipidemia by hep-
tamethoxyflavone in high-fat diet-induced rats. J Agric Food
Chem. 2019;67(9):2476–89.

35. Tsutsumi R, Yoshida T, Nii Y, Okahisa N, Iwata S,
Tsukayama M, et al. Sudachitin, a polymethoxylated flavone,
improves glucose and lipid metabolism by increasing mito-
chondrial biogenesis in skeletal muscle. Nutr Metab (Lond).
2014;11(1):32.

36. Kim YJ, Choi MS, Woo JT, Jeong MJ, Kim SR, Jung UJ.
Long-term dietary supplementation with low-dose nobiletin
ameliorates hepatic steatosis, insulin resistance, and inflam-
mation without altering fat mass in diet-induced obesity. Mol
Nutr Food Res. 2017;61(8):1600889.

37. Lee YS, Asai M, Choi SS, Yonezawa T, Teruya T, Nagai K, et al.
Nobiletin prevents body weight gain and bone loss in ovariec-
tomized C57BL/6J mice. Pharm and Pharmacol. 2014;5(10):959.

�2021 Hogrefe Int J Vitam Nutr Res (2023), 93 (3), 252–267

M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review 265



38. Yuasa K, Tada K, Harita G, Fujimoto T, Tsukayama M, Tsuji A.
Sudachitin, a polymethoxyflavone from Citrus sudachi, sup-
presses lipopolysaccharide-induced inflammatory responses
in mouse macrophage-like RAW264 cells. Biosci Biotechnol
Biochem. 2012;76(3):598–600.

39. Wang Y, Lee PS, Chen YF, Ho CT, Pan MH. Suppression of
adipogenesis by 5-hydroxy-3,6,7,8,3’,4’-hexamethoxyflavone
from orange peel in 3T3-L1 cells. J Med Food. 2016;19(9):
830–5.

40. Kanda K, Nishi K, Kadota A, Nishimoto S, Liu MC, Sugahara T.
Nobiletin suppresses adipocyte differentiation of 3T3-L1 cells
by an insulin and IBMX mixture induction. Biochim Biophys
Acta. 2012;1820(4):461–8.

41. Namkoong S, Sung J, Yang J, Choi Y, Jeong HS, Lee J. Nobiletin
attenuates the inflammatory response through heme oxyge-
nase-1 Induction in the crosstalk between adipocytes and
macrophages. J Med Food. 2017;20(9):873–81.

42. Kang SI, Shin HS, Kim SJ. Sinensetin enhances adipogenesis
and lipolysis by increasing cyclic adenosine monophosphate
levels in 3T3-L1 adipocytes. Biol Pharm Bull. 2015;38(4):552–8.

43. Kang SI, Shin HS, Ko HC, Kim SJ. Effects of sinensetin on lipid
metabolism in mature 3T3-L1 adipocytes. Phytother Res.
2013;27(1):131–4.

44. Chen JY, Chu CC, Chen SY, Duh PD. Inhibitory effect on lipid
accumulation: comparison between two polymethoxylflavones,
tangeretin and nobiletin, and one flavonoid, hesperetin, in
3T3-L1 adipocytes. Biomed J Sci Tech Res. 2018;3(1):1–5.

45. Mohamed EA, Siddiqui MJ, Ang LF, Sadikun A, Chan SH, Tan
SC. Potent alpha-glucosidase and alpha-amylase inhibitory
activities of standardized 50% ethanolic extracts and sinen-
setin from Orthosiphon stamineus Benth as anti-diabetic
mechanism. BMC Complement Altern Med. 2012;12(1):176.

46. Kang SI, Shin HS, Kim HM, Hong YS, Yoon SA, Kang SW, et al.
Immature Citrus sunki peel extract exhibits antiobesity
effects by β-oxidation and lipolysis in high-fat diet-induced
obese mice. Biol Pharm Bull. 2012;35(2):223–30.

47. Floyd ZE, Stephens JM. STAT5A promotes adipogenesis in
nonprecursor cells and associates with the glucocorticoid
receptor during adipocyte differentiation. Diabetes. 2003;
52(2):308–14.

48. Miyaoka Y, Tanaka M, Naiki T, Miyajima A. Oncostatin M
inhibits adipogenesis through the RAS/ERK and STAT5
signaling pathways. J Biol Chem. 2006;281(49):37913–20.

49. Lei L, Li YM, Wang X, Liu Y, Ma KY, Wang L, et al. Plasma
triacylglycerol-lowering activity of citrus polymethoxylated
flavones is mediated by modulating the genes involved in lipid
metabolism in hamsters. Eur J Lipid Sci Tech. 2016;118(2):
147–56.

50. Guichard C, Dugail I, Le Liepvre X, Lavau M. Genetic regulation
of fatty acid synthetase expression in adipose tissue: over-
transcription of the gene in genetically obese rats. J Lipid Res.
1992;33(5):679–87.

51. Kurowska EM, Manthey JA. Hypolipidemic effects and
absorption of citrus polymethoxylated flavones in hamsters
with diet-induced hypercholesterolemia. J Agric Food Chem.
2004;52(10):2879–86.

52. Green CO, Wheatley AO, Mcgrowder DA, Dilworth LL, Asemota
HN. Hypolipidemic effects of ortanique peel polymethoxylated
flavones in rats with diet-induced hypercholesterolemia.
J Food Biochem. 2011;35(5):1555–60.

53. Green CO, Wheatley AO, Hanchard B, Gibson TN, McGrowder
DA, Dilworth LL, et al. Histopathological alterations in organ
structures of hypercholesterolemic rats fed Ortanique peel
polymethoxylated flavones. Basic Appl Pathol. 2011;4(3):71–7.

54. Despres JP, Lemieux I, Bergeron J, Pibarot P, Mathieu P,
Larose E, et al. Abdominal obesity and the metabolic

syndrome: contribution to global cardiometabolic risk. Arte-
rioscler Thromb Vasc Biol. 2008;28(6):1039–49.

55. Onda K, Horike N, Suzuki TI, Hirano T. Polymethoxyflavonoids
tangeretin and nobiletin increase glucose uptake in murine
adipocytes. Phytother Res. 2013;27(2):312–6.

56. Kim MS, Hur HJ, Kwon DY, Hwang JT. Tangeretin stimulates
glucose uptake via regulation of AMPK signaling pathways in
C2C12 myotubes and improves glucose tolerance in high-fat
diet-induced obese mice. Mol Cell Endocrinol. 2012;358(1):
127–34.

57. Sundaram R, Shanthi P, Sachdanandam P. Effect of
tangeretin, a polymethoxylated flavone on glucose metabo-
lism in streptozotocin-induced diabetic rats. Phytomedicine.
2014;21(6):793–9.

58. Hui E, Xu A, Bo YH, Lam KS. Obesity as the common soil of
non-alcoholic fatty liver disease and diabetes: Role of
adipokines. J Diabetes Investig. 2013;4(5):413–425.

59. Lee GH, Peng C, Park SA, Lee HY, Kim J, Kang SI, et al. Citrus
peel extract ameliorates high-fat diet-induced NAFLD via
activation of AMPK signaling. Nutrients. 2020;12(3):673.

60. Lee LY, Kohler UA, Zhang L, Roenneburg D, Werner S,
Johnson JA, et al. Activation of the Nrf2-ARE pathway in
hepatocytes protects against steatosis in nutritionally induced
non-alcoholic steatohepatitis in mice. Toxicol Sci. 2014;142(2):
361–74.

61. Gupte AA, Lyon CJ, Hsueh WA. Nuclear factor (erythroid-derived
2)-like- 2 factor (Nrf2), a key regulator of the antioxidant
response to protect against atherosclerosis and nonalcoholic
steatohepatitis. Curr Diab Rep. 2013;13(3):362–71.

62. Choi BK, Kim TW, Lee DR, Jung WH, Lim JH, Jung JY, et al. A
polymethoxy flavonoids-rich Citrus aurantium extract ame-
liorates ethanol-induced liver injury through modulation of
AMPK and Nrf2-related signals in a binge drinking mouse
model. Phytother Res. 2015;29(10):1577–84.

63. Ke Z, Zhao Z, Zhao Y, Xu X, Li Y, Tan S, Huang C, Zhou Z.
PMFs-rich Citrus extract prevents the development of non-
alcoholic fatty liver disease in C57BL/6J mice induced by a
high-fat diet. J Funct Foods. 2018;47:28–39.

64. Li H, Min Q, Ouyang C, Lee J, He C, Zou MH, et al. AMPK
activation prevents excess nutrient-induced hepatic lipid
accumulation by inhibiting mTORC1 signaling and endoplas-
mic reticulum stress response. Biochim Biophys Acta.
2014;1842(9):1844–54.

65. Wang Y, Zhao H, Li X, Li N, Wang Q, Liu Y, et al. Tangshen
Formula alleviates hepatic steatosis by inducing autophagy
through the AMPK/SIRT1 pathway. Front Physiol. 2019;10:494.

66. Fujikawa T, Hirata T, Hosoo S, Nakajima K, Wada A, Yurugi Y,
et al. Asperuloside stimulates metabolic function in rats
across several organs under high-fat diet conditions, acting
like the major ingredient of Eucommia leaves with anti-
obesity activity. J Nutr Sci. 2012;1:1–11.

67. Saxton RA, Sabatini DM. mTOR signaling in growth, metabo-
lism, and disease. Cell. 2017;168(6):960–76.

68. Lee GH, Lee HY, Park SA, Shin TS, Chae HJ. Eucommia
ulmoides leaf extract ameliorates steatosis induced by high-
fat diet in rats by increasing lysosomal function. Nutrients.
2019;11(2):426.

69. Lee HY, Lee GH, Yoon Y, Chae HJR. verniciflua and E. ulmoides
Extract (ILF-RE) Protects against chronic CCl(4)-induced liver
damage by enhancing antioxidation. Nutrients. 2019;11(2): 382.

70. Li X, Gong H, Yang S, Yang L, Fan Y, Zhou Y. Pectic bee pollen
polysaccharide from Rosa rugosa alleviates diet-induced
hepatic steatosis and insulin resistance via induction of AMPK/
mTOR-mediated autophagy. Molecules. 2017;22(5): 699.

71. Liao CC, Day YJ, Lee HC, Liou JT, Chou AH, Liu FC. ERK
signaling pathway plays a key role in baicalin protection

Int J Vitam Nutr Res (2023), 93 (3), 252–267 �2021 Hogrefe

266 M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review



against acetaminophen-induced liver injury. Am J Chin Med.
2017;45(01):105–21.

72. Muriel P. NF-κB in liver diseases: a target for drug therapy.
J Appl Toxicol. 2009;29(2):91–100.

73. Tilg H, Diehl AM. Cytokines in alcoholic and nonalcoholic
steatohepatitis. New Engl J Med. 2000;343(20):1467–76.

74. Luedde T, Schwabe RF. NF-kappaB in the liver–linking injury,
fibrosis and hepatocellular carcinoma. Nat Rev Gastroenterol
Hepatol. 2011;8:108–18.

75. Jiang J, Yan L, Shi Z, Wang L, Shan L, Efferth T. Hepatopro-
tective and anti-inflammatory effects of total flavonoids of Qu
Zhi Ke (peel of Citrus changshan-huyou) on non-alcoholic
fatty liver disease in rats via modulation of NF-κB and MAPKs.
Phytomedicine. 2019;64.

76. Ellulu MS, Patimah I, Khaza’ai H, Rahmat A, Abed Y. Obesity
and inflammation: the linking mechanism and the complica-
tions. Arch Med Sci. 2017;13(4):851.

77. Fantuzzi G. Adipose tissue, adipokines, and inflammation.
J Allergy Clin Immunol. 2005;115(5):911–9.

78. Xiong Y, Chen D, Yu C, Lv B, Peng J, Wang J, et al. Citrus
nobiletin ameliorates experimental colitis by reducing inflam-
mation and restoring impaired intestinal barrier function. Mol
Nutr Food Res. 2015;59(5):829–42.

79. Nehete P, Magden ER, Nehete B, Hanley PW, Abee CR.
Obesity related alterations in plasma cytokines and metabolic
hormones in chimpanzees. Int J Inflam. 2014;2014.

80. Hotamisligil GS. Inflammation and metabolic disorders.
Nature. 2006;444(7121):860–7.

81. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expres-
sion of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance. Science. 1993;259(5091):87–91.

82. Fessler MB, Rudel LL, Brown M. Toll-like receptor signaling
links dietary fatty acids to the metabolic syndrome. Curr Opin
Lipidol. 2009;20(5):379–85.

83. Poggi M, Bastelica D, Gual P, Iglesias MA, Gremeaux T, Knauf C,
et al. C3H/HeJ mice carrying a Toll-like receptor 4 mutation are

protected against the development of insulin resistance in
white adipose tissue in response to a high-fat diet. Diabetolo-
gia. 2007;50(6):1267–76.

84. Davis JE, Braucher DR, Walker-Daniels J, Spurlock ME. Absence
of Tlr2 protects against high-fat diet-induced inflammation and
results in greater insulin-stimulated glucose transport in
cultured adipocytes. J Nutr Biochem. 2011;22(2):136–41.

85. Shin HS, Kang SI, Yoon SA, Ko HC, Kim SJ. Sinensetin
attenuates LPS-induced inflammation by regulating the
protein level of IκB-α. Biosci Biotechnol Biochem. 2012;76(4):
847–9.

History
Received November 3, 2020
Accepted April 19, 2021
Published online May 27, 2021

Conflict of interest
The authors declare that there are no conflicts of interest.

Data availability statement
The authors declare that the data of the current manuscript is
available with reasonable request from the corresponding author.

Funding
The current work has been financially supported by a grant from
Research Undersecretary of Tabriz University of Medical Sciences
(Identifier: IR.TBZMED.VCR.REC.1398.008).

Dr. Mahdieh Abbasalizad Farhangi
Research Center for Evidence Based Medicine
Tabriz University of Medical Sciences
Tabriz, Iran
abbasalizadfarhangim@gmail.com

�2021 Hogrefe Int J Vitam Nutr Res (2023), 93 (3), 252–267

M. Vajdi & M. A. Farhangi, PMFs, obesity, systematic review 267



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2540 2540]
  /PageSize [612.000 792.000]
>> setpagedevice


