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A Comprehensive Systematic Review of the Effects
of Naringenin, a Citrus-Derived Flavonoid, on Risk
Factors for Nonalcoholic Fatty Liver Disease
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Nonalcoholic fatty liver disease (NAFLD) has become the most common cause of liver dysfunction worldwide. Recently, some natural compounds
have attracted growing interest in the treatment of NAFLD. In this context, most attention has been paid to natural products derived from fruits,
vegetables, and medicinal herbs. Naringenin, a natural flavanone, has been revealed to have pharmacological effects in the treatment of obesity
and associated metabolic disorders such as NAFLD. The aim of this study was to examine the therapeutic effects of naringenin and its possible
mechanisms of action in the management of NAFLD and related risk factors. The current systematic review was performed according to the
guidelines of the 2015 PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) statements. We searched PubMed/Medline,
Science Direct, Scopus, ProQuest, and Google Scholar databases up until February 2020. Of 1217 full-text articles assessed, 36 studies met the
inclusion criteria. The evidence reviewed in the present study indicates that naringenin modulates several biological processes related to NAFLD
including energy balance, lipid and glucose metabolism, inflammation, and oxidative stress by different mechanisms. Overall, the favorable effects
of naringenin along with its more potency and efficacy, compared with other antioxidants, indicate that naringenin may be a promising therapeutic
approach for the management of NAFLD and associated complications. However, due to the lack of clinical trials, future robust human randomized
clinical trials that address the effects of naringenin on NAFLD and other liver-related diseases are crucial. Further careful human pharmacokinetic
studies are also needed to establish dosage ranges, as well as addressing preliminary safety and tolerability of naringenin, before proceeding to
larger-scale endpoint trials. Adv Nutr 2021;12:413-428.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the
most common cause of liver dysfunction worldwide and
is defined by the accumulation of triglyceride (TG) within
hepatocytes that exceeds 5% of liver weight (1). NAFLD is
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initiated by simple steatosis that can progress to nonalcoholic
steatohepatitis (NASH), necroinflammation, and fibrosis.
The disease can also progress to cirrhosis and finally
hepatocellular carcinoma (2, 3). According to a recent meta-
analysis with a total number of 8,515,431 patients, the global
prevalence of NAFLD is reported to be 25.24%, with the
highest prevalence in the Middle East and South America
and the lowest in Africa (4). However, the prevalence of
NAFLD is significantly higher (43-92%) in patients with
obesity and metabolic syndrome (5). In 1998, for the first
time, Day and James (6) proposed that NAFLD could be
considered as a disease with a “two-hit” process. In the
first hit, high-fat diet (HFD), sedentary lifestyle, obesity, and
insulin resistance (IR) result in enhanced lipid accumulation
in the liver cells (7). In addition, factors that are primarily
linked to an increase in oxidative stress (OS) play pivotal
roles in NAFLD progression in the second hit (8). The
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FIGURE 1 Structure of naringenin.

“two-hit” model has been subsequently revised in a “mul-
tiple parallel-hit” model (proposed in 2010) in which,
in the presence of fat accumulation in the liver and
IR, multiple simultaneous alterations result in an im-
balance between anti-lipotoxic protection systems in the
liver and production of free radicals, leading to de-
creased mitochondrial content, impaired mitochondrial
B-oxidation, endoplasmic stress, OS, and hepatocyte cell
death (9). Moreover, disrupted B-oxidation and OS trigger
inflammatory signalling pathways, stimulating IR and liver
damage (10). There is no approved therapy for NAFLD.
However, the Drug Controller General of India has recently
approved saroglitazar for the treatment of noncirrhotic
NASH (11). The current treatment strategies are focused
on protecting the liver from OS, decreasing obesity, and
improving diabetes mellitus, dyslipidemia, and hepatic in-
flammation (12). Although lifestyle interventions including
diet-induced weight loss and increased physical activity
remain the cornerstone of treatment for NAFLD (13), some
natural compounds have recently attracted growing interest
in the treatment of NAFLD (14-16). In this context, most
attention was paid to natural products derived from fruits,
vegetables, and medicinal herbs (17). Increasing evidence
indicates that many plant-derived natural products such as
anthocyanin, phenolic compounds, glycyrrhizin, wogonin,
and those present in coffee, green tea, bitter melon, garlic,
fenugreek, and soybean are capable of ameliorating NAFLD
(18-20). Among the different classes of natural agents,
polyphenols such as quercetin, curcumin, resveratrol, rutin,
epicatechins, silymarin, troxerutin, as well as naringenin are
considered as bioactive components, which can be effective
in the management of NAFLD (20).

Naringenin, 4',5,7-trihydroxyflavanone, is a natural fla-
vanone that extensively exists in citrus fruits such as grape-
fruit and orange. Figure 1 shows the biochemical structure
of naringenin. Several biological activities of naringenin, in-
cluding antioxidant, anti-inflammatory, antitumor, antiadi-
pogenic, and cardioprotective effects, have been reported
in previous studies (21, 22). Moreover, evidence demon-
strates that naringenin can exhibit protective effects on liver
damage and improve many metabolic disturbances related
to IR including hepatic VLDL overproduction, obesity, and
hepatic steatosis (22, 23). Naringenin can also normalize
hepatic TG and gene expression of peroxisome proliferator-
activated receptor gamma coactivator lae (PGCle), carnitine
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palmitoyltransferase lo (CPT-1a), and sterol regulatory
element-binding transcription factor-lc (SREBFI1c). Fur-
thermore, naringenin remarkably increases the expression of
peroxisome proliferator-activated receptor (PPAR) oo (PPAR-
«) and PPARy in the liver (24). In addition, prevention of
OS, transforming growth factor 8 (TGF-g), one of the main
profibrogenic signaling molecules, and the inhibition of the
trans-differentiation of hepatic stellate cells, contributing to
reduced collagen synthesis, are the main hepatoprotective
effects of naringenin (15). The accumulation of total collagen
and type I collagen (Col I) associated with liver fibrosis
was also inhibited by naringenin treatment (100 mg/kg for
8 wk), which explains its antifibrotic activity (25). Addition-
ally, oral administration of naringenin (50 and 100 mg/kg for
20 d) showed protective effects against necrosis, cholestasis,
and membrane permeation in hepatocytes (26). Hermenean
et al. (27) demonstrated that treatment with 50 mg/kg
of naringenin for 7 d inhibited sinusoidal dilatation and
mild fibrosis and also retained the normal bile canaliculi
configuration filled with microvilli. Moreover, naringenin
treatment (50 mg/kg for 8 wk) improved histopathological
abnormalities, including necrosis, hydropic degeneration,
and hepatic cord disorganization in the liver of rats (28).
A liver sample from a cirrhotic rat, where large collagen
deposits are around regeneration nodules, improved via
resorption of collagen fibers in the vessel lumen after
naringenin administration (100 mg/kg for 4 wk) using
an intragastric tube (29). Naringenin could help to lower
hepatic marker enzymes (28, 30). In this regard, naringenin-
loaded nanoparticles (100 mg/kg for 3 consecutive days by
gavage) resulted in decreased concentrations of aspartate
transaminase (AST) and alanine transaminase (ALT) (2-fold
and 1.5-fold, respectively) in rats with acute liver failure
(31). Furthermore, oral administration of naringenin (50
and 100 mg/kg for 20 d) could significantly reduce AST,
ALT, alkaline phosphatase (ALP), and lactate dehydrogenase
(LDH) concentrations in rats (26).

All the effects mentioned above indicate that naringenin
may have preventive effects against NAFLD and its related
complications (32). Accordingly, the aim of this systematic
review was to assess the therapeutic effects of naringenin
and its possible mechanisms of action in the management of
NAFLD and its associated risk factors.

Methods

Search strategy

The current systematic review was performed according to
the guidelines of the 2015 PRISMA (Preferred Reporting
Items for Systematic Review and Meta-Analysis) statements.
We searched PubMed/Medline, Science Direct, Scopus,
ProQuest, and Google Scholar as well as Google databases
using the following keywords: “naringenin,” “naringenin7-
sulfate,” and “non-alcoholic fatty liver disease,” “non-
alcoholic steatohepatitis,” “hepatic steatosis,” “fatty liver,”
“NAFLD,” “NASH,” “liver fibrosis,” “hepatocellular
carcinoma,” “insulin resistance,” “HOMA-IR,” “glucose
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FIGURE 2 Flowchart of study selection.

intolerance,” “diabetes,” “T2DM,” “lipid and glucose
metabolism,” “dyslipidemia,” “obesity,” “fat mass,” “BMIL,”
inflammation,” and “oxidative stress.

Eligibility criteria

Relevant studies published in the English language up until
February 2020 were eligible in this study. This systematic
review included all articles that assessed the effects of
naringenin on NAFLD and related disorders. Articles with
inadequate information, including letters and comments,
were not included in this review. We also excluded all studies
that did not directly assess the effects of naringenin on
NAFLD and its related risk factors (e.g., studies using a
mixture of flavonoids). Additionally, studies that investigated
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the effects of naringenin on diseases other than NAFLD-
associated conditions were ineligible.

Data extraction and quality assessment

Two reviewers first independently retrieved studies by
title/abstract for choosing eligible articles; studies were
excluded if they could not meet the eligibility criteria. Then,
the full texts of the screened articles were critically analyzed
for eligibility and extraction of data. In cases of controversy,
the articles of debate were discussed by authors, and a final
decision was made accordingly.

Results
As shown in Figure 2, our search method initially identified
1217 studies, of which 513 were considered after removal
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of duplicate articles. Of these, 465 articles were excluded
because they did not meet our inclusion criteria. Finally,
48 studies were obtained based on the research topic.
After critical analysis, 36 articles were included in the
present review. Table 1 shows the main characteristics of
the selected studies (23, 24, 33-63). As NAFLD is strongly
associated with obesity, information in this table is classi-
fied into obesity-associated and liver-associated outcomes,
and in each section, the studies are ordered by their
design.

Naringenin, a Multifunctional Flavanone
Derived from Citrus Fruits

The antioxidant activity of naringenin

OS is one of the beginning points of many degenerative
disease conditions due to an overproduction of free radicals
(64). The liver is also one of the main organs attacked
by reactive oxygen species (ROS) mostly produced in
mitochondria during the respiratory chain activity leading to
hepatic steatosis. In addition, the lower activity of antioxidant
enzymes is the cause of higher ROS activity (65). In a
comparative study, naringenin has been found to exhibit
beneficial effects on scavenging ROS and preventing DNA
damage via different in vitro assays. Naringenin has also
been shown to significantly increase the concentrations of
antioxidant enzymes (66). Classically, the antioxidant activity
of naringenin is attributed to its hydroxyl substituents (OH),
which have high reactivity against ROS and reactive nitrogen
species (67). In an experimental study, naringenin adminis-
tration (50 mg/kg for 90 d) to rats fed a high-cholesterol diet
could significantly decrease the concentrations of thiobarbi-
turic acid reactive substances (TBARS), conjugated dienes,
and lipid hydroperoxides (LOOH) (P < 0.001), and led to
protection against key pathologies of NAFLD, such as NASH
and cirrhosis (52). In addition, an in vivo study showed
that the activity of antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), and glutathione reductase (GR) was significantly
upregulated (P < 0.05) by naringenin treatment (50 mg/kg)
for 30 d (68). All of these enzymes and molecules play
a pivotal role in defence against ROS (61). For example,
SOD scavenges superoxide anions, and the decrease in
its activity results in an increase in the concentration of
ROS in cellular compartments, which leads to enhanced
lipid peroxidation (67). Moreover, CAT activity was found
to be reduced with increasing lipid peroxidation. Lipid
peroxidation damages the cell membranes and generates
several reactive substances such as TBARS and LOOH (69).
It has been shown that naringenin prevents the production
of these reactive substances through its antioxidant activity
(70).

Pharmacokinetic properties of naringenin
Naringenin indicates merely 15% oral bioavailability after
oral administration. Both passive diffusion and an active

416 Naeinietal.

transport mechanism contribute to naringenin absorption
(71). Kanaze et al. (72) studied pharmacokinetic parameters
after oral administration of 135 mg naringenin in human
subjects. They observed that bioavailability of oral narin-
genin was merely 5.81% and its elimination half-life was
2.31 h (72). Naringenin binds to albumin in the blood
and swiftly flows to highly perfused organs such as the
liver, kidney, and heart. Naringenin undergoes an impor-
tant metabolic step of glucuronidation after absorption,
and naringenin-O-B-D-glucuronide, as the most abundant
metabolite, is found in plasma. Finally, metabolites of
naringenin can be excreted through biliary and urinary
pathways (73).

Dietary sources of naringenin

Naringenin is the most plentiful citrus flavanone, with a
wide range of biological activities (74). Naringenin and its
glycoside are one of the most important flavonoids that are
derived from a variety of herbs and fruits such as citrus
species (grapefruit, bergamot, lemon, and sour oranges), tart
cherries, grapes, cocoa, and vegetables, including tomatoes
(75). Compared with healthy subjects, NAFLD patients
consume less amounts of fruits and vegetables as sources of
dietary fiber, vitamin C, vitamin K, folate, and different kinds
of flavonoids such as naringenin (5). After single ingestions
of grapefruit juice and orange juice (8 mL/kg) in healthy
volunteers, the mean peak plasma concentration (Cmax) of
naringenin was 0.7-14.8 uM and 0.1-1.2 uM, respectively
(75). Also, after a single, oral supplementation of 135 mg
naringenin in healthy subjects, the Cmax value was 4.6—
10.2 uM (72). Therefore, due to the relatively acceptable
concentrations of naringenin in plasma after the ingestion
of the citrus fruits, main health effects can ensue in subjects
who consume them regularly (75). It should also be noted
that the concentration of flavonoids in a range of 1-10 uM
represents physiologically relevant concentrations, whereas
concentrations >100 M are considered supraphysiological
(76).

Protective Effects of Naringenin in NAFLD and
Its Related Complications

The main mechanisms of action of naringenin in the man-
agement of NAFLD and its related disorders are discussed
in 3 parts, and consist of obesity, metabolic factors, OS,
and inflammatory parameters, as explained in the following
sections.

Weight-lowering effects of naringenin

The prevalence of NAFLD is elevated as BMI increases
(77, 78). Because of the close relation between NAFLD and
obesity, medical or dietary supplements that are effective
in the treatment of obesity are commonly used for the
prevention of NAFLD (79, 80). It is well documented
that slow weight loss leads to ameliorated liver enzymes,
decreased lipid accumulation in hepatocytes, and reduced
liver inflammation and fibrosis (81). Numerous studies have
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demonstrated that naringenin contributes to the regula-
tion of energy homeostasis and inhibition of adipogenesis
(Table 1) (23, 24, 33-45).

Rebello et al. (40) examined the effects of naringenin on
energy expenditure in human white adipose tissue. They
found that administration of naringenin (8-10 uM for 7-
14 d) to a human white adipocyte culture and subcutaneous
abdominal adipose tissue significantly resulted in increased
energy expenditure, enhanced expression of the key enzymes
involved in thermogenesis and insulin sensitivity, and pro-
moted conversion of human white adipose tissue to the
brown/beige phenotype. Administration of naringenin (22,
91,and 183 uM) to 3T3-L1 preadipocytes cultured in DMEM
inhibited adipogenesis and impaired mature fat cell function
(41).

Orally administered naringenin for 14 d contributed to
the inhibition of macrophage infiltration into adipose tissue
in HFD (60% of calories from fat)-induced obese mice
through attenuation of monocyte chemoattractant protein
(MCP) 1 (MCP-1) expression in the progression phase
to HFD-induced obesity and suppression of HFD-induced
expression of several chemokines, including MCP-1 and
MCP-3 in adipose tissue (33). Additionally, in another study,
Yoshida et al. (43) observed that the administration of narin-
genin to 3T3-L1 cells for 30 min significantly inhibited Toll-
like receptor (TLR) 2 (TLR2) expression during adipocyte
differentiation via PPAR-y activation, prevented TNF-o—
induced TLR2 expression by suppressing the activation
of NF-«B and Jun N-terminal kinase (JNK) pathways,
downregulated inflammatory mediators including TNF-o
and MCP-1, and inhibited TNF-o—stimulated free fatty acid
(FFA) secretion from mouse adipocytes. In addition, narin-
genin prevented TNF-« from downregulating the transcrip-
tion of 2 antilipolytic genes, perilipin, and phosphodiesterase
3B (PDE3B). These effects were mediated through the
prevention of the extracellular signal-regulated kinase (ERK)
pathway. Naringenin also significantly (P < 0.01) suppressed
the transcription of IL-6 inducing FFA secretion in an au-
tocrine manner, and attenuated macrophage infiltration into
adipose tissue. These findings may be useful for improving
FFA-induced hepatic steatosis (43). RAW 264 macrophage
and preadipocytes treated with naringenin (0, 25, 50, 100,
and 200 uM for 3 h) exhibited anti-inflammatory effects
by attenuating the production of proinflammatory cytokines
in the interaction between adipocytes and macrophages
(42).

In mice fed a high-fat and high-cholesterol (HFHC) diet
including 42% of calories from fat and 0.2% cholesterol for
12 wk, supplementation with 3% naringenin or 0.3% no-
biletin for the subsequent 12 wk significantly decreased
(~13%) body-weight gain and adiposity through increased
energy expenditure and enhanced hepatic fatty acid oxi-
dation. Furthermore, the mice were fed the HFHC diet
12 wk before the intervention started (35). Compared with
HFD-fed mice, body weight, adipose mass, adipocyte size,
a-smooth muscle actin (¢-SMA) expression in mammary
adipose tissue, and mRNA expression levels of MCP-1 in
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both mammary and perigonadal adipose tissues significantly
decreased in ovariectomized mice fed a semi-purified HFD
(45% calories from fat for 6 wk) treated with naringenin (1%
wt/wt and 3% wt/wt of the diet) for 2 wk. In this study, when
cumulative caloric intake was measured prior to starting diets
containing naringenin, mice fed an HFD supplemented with
naringenin had an 8% reduction in cumulative caloric intake,
but this was not significant when compared with mice fed an
HED (36).

In obese mouse models of metabolic dysfunction, an
important role of naringenin is the prevention of weight
gain, which, in itself, can cause metabolic protection. Thus,
Burke et al. (34) examined the effects of naringenin in
lean, non-purified diet-fed Ldir (-/-) mice with isocaloric
food consumption. In this study, mice fed 3% naringenin
for 8 wk showed lower adiposity-related indices compared
with non-purified diet-fed controls. Additionally, naringenin
improved circulating lipids and increased insulin sensitivity
compared with littermate controls. The results of this study
indicated that naringenin can exert beneficial metabolic
effects in the absence of obesity or an HFD (34). In another
study, ovariectomized mice fed 3% naringenin for 11 wk
showed a 50% decrease in intra-abdominal and subcutaneous
adiposity compared with a control group (38). Assini et
al. (23) reported that treatment with naringenin (3% wt/wt
of the diet) for 16 wk prevented obesity by a significant
reduction in adipocyte diameter (—104%) in mice fed either
an HFD [42% kcal fat, 43% kcal carbohydrate, 0.05% (wt/wt)
cholesterol] or a low-fat semisynthetic diet. Administration
of naringenin (0, 0.003, 0.006, and 0.012% of diet) to male
Long-Evans hooded rats fed a commercial nonpurified diet
resulted in a significant decrease in adiposity (26.4%, 14.9%,
and 41.1%, respectively) and TG contents in parametrial
adipose tissue (24).

Collectively, the above-mentioned findings indicate that
naringenin supplementation may have beneficial effects
on adiposity and obesity indices. On the whole, it ap-
pears that treatment with naringenin ameliorates obesity,
which remains an important risk factor for the onset of
NAFLD.

Naringenin and metabolic risk factors associated with
NAFLD

Lipid profile.

The evidence suggests that naringenin participates in many
aspects of lipid metabolism through inhibition of 3-hydroxy-
3 methylglutaryl-coenzyme A (HMG)-CoA reductase, the
key regulatory enzyme for cholesterol synthesis; the reduc-
tion in the expression of genes involved in lipid metabolism;
and the upregulation of PPAR« and PPARy, which modulate
lipid catabolism via activation of cytochrome P450 family
4 subfamily A member 11 (CYPA11), peroxisomal acyl-
coenzyme A oxidase (ACOX), CPT-1, uncoupling protein
1 (UCP1), and apoA-1 (APOA1). Naringenin also leads to
the downregulation of liver X receptor (LXR) and activation
of AMP-activated protein kinase (AMPK), which stimulates
fatty acid oxidation and prohibits lipogenesis (82). There



are numerous experimental studies that have reported the
favorable effects of naringenin on lipid profile (Table 1)
(24, 34, 35, 37, 38, 47, 63).

Naringenin administration (3% wt/wt of the diet for 8 wk)
to mice fed a nonpurified diet also resulted in reduced body
weight, adiposity, and plasma lipid concentrations including
TG and total cholesterol, elevated energy expenditure, and
increased expression of fatty acid metabolism-related genes
in the liver (34). Burke et al. (35) found that naringenin
or nobiletin, when supplemented to mice fed an HFHC
diet (42% of calories from fat and 0.2% cholesterol) for
12 wk, resulted in improvement in hyperlipidemia and
hepatic steatosis. In HFD (60% calories from fat)-fed
mice treated with naringenin (1-3% wt/wt of the diet for
11 wk), the mRNA expression of genes involved in de
novo lipogenesis significantly decreased (by 70%) (37).
Furthermore, naringenin treatment (81 mg/kg for 5 wk)
led to attenuated hepatic TG concentrations in a mouse
model (47). Ovariectomized mice supplemented with
naringenin (3% wt/wt of the diet for 11 wk) showed reduced
hepatic lipid accumulation due to changes in hepatic gene
expression associated with de novo lipogenesis, fatty acid
oxidation, and gluconeogenesis (38). Also, naringenin
administration (0.003%, 0.006%, and 0.012% of the diet for
6 wk) to rats led to a significant decline in total TG (6%,
42%, and 55%, respectively) and cholesterol in plasma and
liver (24). Allister et al. (63) reported that, in HepG2 cells
incubated with naringenin (100 uM up to 60 min), LDL
receptor was upregulated, microsomal TG transfer protein
expression was downregulated, and apoB-100 secretion was
inhibited via activation of both phosphoinositide-3-kinase
(PI3-K) and mitogen-activated protein kinase/extracellular-
regulated kinase (MAPKerk) signaling. Overall, these
reports demonstrate an improvement in lipid metabolism,

and thereby in lipid profile following naringenin
supplementation.
Glycemic parameters.

Naringenin has been demonstrated experimentally to en-
hance glucose uptake in skeletal muscles and to increase
insulin sensitivity by boosting tyrosine phosphorylation,
indicating its ability to decrease IR (83). Additionally, narin-
genin may stimulate insulin secretion both in vivo and in
vitro by decreasing OS in the pancreatic 8 cells (84). AMPK
is an energy sensor that modulates cellular metabolism, and
recent evidence indicates that pharmacological activation of
AMPK can lead to the improvement in blood glucose home-
ostasis (85). Naringenin exhibits antidiabetic effects through
upregulation of AMPK and inhibition of gluconeogenesis
(86).

Richard et al. (41) demonstrated that administration of
naringenin to preadipocytes led to a decrease in the ability
of insulin to stimulate insulin receptor substrate-1 (IRS-1)
tyrosine phosphorylation and significantly attenuated
insulin-induced glucose uptake in a dose-dependent manner.
Likewise, naringenin incubation (6 uM for 3 d) in 3T3-L1
preadipocytes reduced insulin-stimulated glucose uptake

by ~20% and also exacerbated IR in susceptible individuals
via impairing glucose uptake in adipose tissue (45), while
Burke et al. (34) reported that treatment with naringenin
(3% wt/wt naringenin for 8 wk) in Ldlr (-/-) mice decreased
fasting plasma glucose, the area under the blood glucose
curves, and fasting plasma insulin by 37%, 25%, and 59%,
respectively, compared with nonpurified diet-fed controls.
Immunoblot analysis demonstrated that insulin stimulated
maximal phosphorylation of IR and IR substrate-1 after
10 min in HepG2 cells, while naringenin administration
(25 uM or 100 uM for up to 60 min) did not affect either
at any time point up to 60 min (63). It should be mentioned
that, due to discrepancies between results of previous studies,
the effect of naringenin on glycemic variables needs to be
confirmed in future studies.

OS and inflammation related to NAFLD: protective
effect of naringenin

According to the available data, treatments aimed at inhibi-
tion of inflammatory signalling pathways are substantial for
the management of NAFLD. Previous studies have reported
that NAFLD severity was associated with high serum
concentrations of inflammatory markers and low serum con-
centrations of mediators with anti-inflammatory activities
(87). Proinflammatory cytokines have been implicated in
inducing IR, which is considered to be a major contributor
to NAFLD (88). It is well known that inflammation leads
to disrupted insulin signalling, which is linked to various
metabolic disorders (89). Elevated serum concentrations
of TNF-a, one of the major proinflammatory cytokines,
are positively related to the intensity of NAFLD (90).
TNF-« contributes to the activation of transcription factor
NF-«B signalling, which induces the expression of various
proinflammatory genes and consists of the JNK, known as
the stress-activated protein pathway, leading to the down-
regulation of the expression of hepatic PPAR« target genes
(91). Through upregulation of AMPK, naringenin improves
proinflammatory responses mediated by TNF-«, IL-6, TLR-
4, inducible NO synthase (iNOS), cyclooxygenase-2 (Cox-2),
and NADPH oxidase-2 (Nox-2), leading to the prevention of
metabolic dysregulations including NAFLD (92). OS appears
to be the outcome of an imbalance between pro-oxidant and
antioxidant processes in the liver (93). Naringenin, as an
antioxidant, could potentially protect hepatocyte structures
against ROS (15). Hernandez-Aquino et al. (25) demon-
strated that administration of 100 mg/kg naringenin for 8 wk
to rats significantly decreased JNK activation and mothers
against decapentaplegic homolog (Smad3) phosphorylation
in the linker region, reduced «-SMA and Smad3 protein and
mRNA levels, and prevented hepatic inflammation, necrosis,
fibrosis, and OS markers. On the other hand, naringenin
administration (20 mg/kg) by oral gavage for 4 wk increased
antinecrotic and antifibrotic effects via preventing NF-«B
activation and the subsequent production of IL-1 and IL-10.
In male Wistar rats, treatment with naringenin significantly
reduced TNF-« levels (—36.46%), downregulated the ele-
vated hepatic proapoptotic mediators including protein 53

Naringenin and risk factors for NAFLD 423



NF-kB
signaling cascade

Pro-inflammatory
biomarkers

-

%%t?

@CAT,SOD,GPX,GSH,GR]

[ Oxidative stress J

J
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(p53), Bax, and caspase-3, and upregulated the suppressed
antiapoptotic protein B-cell lymphoma 2 (Bcl-2). The authors
concluded that naringenin may exert its hepatoprotective
effects through enhancement of the antioxidant defense
system and attenuation of inflammation and apoptosis
(46).

Oral administration of naringenin (100 mg/kg twice per
day for 3 wk) to rats significantly decreased macrophage
infiltration, hepatic proinflammatory mediators, and the
expression of relevant genes including TNF-«, IL-6, IL-15,
iNOS, and matrix metalloproteinase (MMP) 2 and MMP-
9 (29). Jayaraman et al. (68) observed that administration
of naringenin (50 mg/kg for 30 d) to rats significantly
decreased the concentrations/activities/expressions of serum
AST, ALT, iron, ferritin, TNF-«, IL-6, NF-xB, COX-2,
macrophage inflammatory protein-2 (MIP-2), conjugated
dienes 14 (CD14), and iNOS protein in the liver. Naringenin
treatment (50 mg/kg for 30 d) significantly reduced TBARS,
S-nitrosothiol, and LOOH concentrations, decreased liver
lipid peroxidation, but increased liver glutathione (GSH)
content and some hepatic enzyme activities such as SOD,
GST, GPx, alcohol dehydrogenase (ADH), and CAT in rats
(57). Rashmi et al. (61) found that oral administration of 50
and 100 mg/kg naringenin for 45 d to animals neutralized hy-
droxyl radicals, superoxide, hydrogen peroxide, NO radicals,
diphenyl picrylhydrazyl (DPPH), and lipid peroxidation and
increased antioxidant concentrations in mice. Ultimately,
according to these findings, naringenin supplementation
can improve OS and inflammation status in body organs
(Figure 3).

424 Naeinietal.

Future Research Directions and Conclusions

It should be noted that the importance of animal models in
NAFLD research has long been appreciated in the prevention
and control of the disease in human subjects. Mice and rats
are the main experimental models that have been used in
understanding NAFLD biology. Although mice and rats fed
an HFD (45-75% calories from fat) can replicate the major
histopathology and pathogenesis seen in human NAFLD,
their relevance to what happens clinically needs to be proved
rather than assumed. Overall, because of the beneficial effects
of naringenin on OS and inflammatory cascade in the in
vitro and in vivo experiments mentioned above, and due to
the lack of clinical trials, future robust human randomized
clinical trials that address the effects of naringenin on
NAFLD, NASH, cirrhosis, and other liver-related diseases are
crucial.

Although the doses of naringenin, the aglycone form of
the flavonoid naringin, used in many previous in vivo studies
were 1% or 3% wt:wt of the diet, there is a significant lack of
information regarding clinical studies with pure naringenin.
One clinical study demonstrated that the administration
of naringin (400 mg/capsule/d) with regular meals for a
period of 8 wk lowered plasma total cholesterol by 14% and
LDL cholesterol by 17% in hypercholesterolemic subjects.
In addition, naringin significantly increased erythrocyte
SOD and CAT activities in the hypercholesterolemic group
(94). Further careful human pharmacokinetic studies are
needed to establish dosage ranges, as well as addressing
preliminary safety and tolerability of naringenin, before
proceeding to larger-scale endpoint trials. Furthermore,
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research is needed to confirm the potential therapeutic effects
of naringenin by conducting clinical trials. Figure 4 shows
the potential mechanisms of action of naringenin in NAFLD
and associated metabolic complications.

In conclusion, our findings indicate that naringenin may
contribute to the prevention of NAFLD and its related risk
factors by increasing the expression of PPAR«a and PPARy
and other PPAR target genes, regulating energy homeostasis,
improving fatty acid oxidation, modulating lipid metabolism,
reducing hepatic TG accumulation in hepatocytes, and
attenuating OS and inflammation by affecting the expression
of proinflammatory and profibrotic signalling pathways.
On the whole, the favorable effects of naringenin along
with its more potency and efficacy, compared with other
antioxidants, indicate that naringenin may be a promising
therapeutic approach for the management of NAFLD and its
associated complications. However, the beneficial effects of
naringenin need to be independently confirmed in clinical
trials.
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