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Hepatic dysfunction is primarily caused by nonalcoholic fatty liver disease (NAFLD). Recently, berberine (BBR) has attracted
researchers’ interest with its hepatic protective property. A systematic review was conducted to evaluate the effects of BBR and its
mechanisms of action in the management of NAFLD and its complications. The guidelines of the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) statements were applied to perform the study. Embase, Web of Science, Google
Scholar, Science Direct, PubMed, ProQuest, and Scopus databases were searched up until March 2023. According to the inclusion
criteria, finally, 65 studies were entered into the study. The evidence provided in the study revealed that BBR could regulate the
development of NAFLD via several mechanisms of action namely lowering body weight, modulating lipid and glucose meta-
bolism, and reducing inflammation and oxidative stress (OS). The current systematic review demonstrated the beneficial effects of
BBR on NAFLD and its associated metabolic disorders including dyslipidemia, obesity, and insulin resistance through regulating
lipid metabolism, facilitating f8-oxidation of fatty acids, and mitigating the accumulation of triglycerides in hepatocytes. These
beneficial effects make BBR a potential therapeutic approach and an efficient agent in the management of NAFLD and its related
risk factors. There is an insufficient number of clinical trials addressing the effects of BBR in humans, so conducting more human
research in the future is recommended.

known to be associated with metabolic comorbidities

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), one of the most
common health problems globally, is responsible for chronic
liver diseases in both developing and developed countries
[1, 2]. It is characterized by the abnormal accumulation of
triglyceride (TG) and free fatty acids (FFAs) in hepatocytes
(more than 5% of liver weight). In addition, NAFLD is

namely impaired glucose metabolism, obesity, hyperlipid-
emia, and insulin resistance (IR) [3]. The wide spectrum of
NAFLD varies from simple steatosis to nonalcoholic stea-
tohepatitis (NASH), necroinflammation, cirrhosis, and even
hepatocellular carcinoma [3]. In accordance with an esti-
mation, the prevalence of NAFLD is about 25.2% (nearly one
billion adult individuals) worldwide [1]. It has been
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demonstrated that Western dietary patterns, low physical
activity, and genetic predisposition play an impressive role
in the enlargement of NAFLD [4]. Regarding the hypothesis
of the “two-hit,” TG accumulation occurs in the first hit due
to some factors namely IR, obesity, diets with higher fats,
and absence of physical activity [5]. In the second hit, ox-
idative stress is caused by excessive fat accumulation,
resulting in mitochondrial dysfunction, hepatic cell damage,
and further liver cell injury [5].

Although numerous metabolic pathways have been
suggested to initiate the development of NAFLD, the exact
mechanism remains to be investigated [6]. It has been
elucidated that NAFLD emerges from either elevated de
novo lipogenesis of FFAs or lipolysis from adipose tissues
and hepatic TG disposal. This lipolysis is through the oxi-
dation or secretion of very-low-density lipoprotein (VLDL)
particles [7]. Furthermore, insulin resistance and severe
inflammation are both implicated in the development of
NAFLD through enhancing the expression of lipogenic
enzymes namely fatty acid synthetase (FAS) and acetyl-CoA
carboxylase 1 (ACC-1) and inhibiting the expression of fatty
acid oxidation enzymes including carnitine palmitoyl
transferase la (CPTla) [8, 9]. In addition, f-oxidation in-
sufficiency and inflammatory signaling pathways, which
stimulate oxidative stress (OS), could induce both IR and
liver damage [10]. Several studies have demonstrated that
natural compounds such as berberine, rutin, naringin,
curcumin, quercetin, epicatechin, and resveratrol, along
with healthy lifestyle modifications such as regular physical
activity and a healthy diet, can ameliorate NAFLD [11].

Berberine (BBR), a quaternary ammonium salt is
quinoline alkaloid with the chemical formula of
Cy0HsNO,", is a natural composite derived from several
plants, especially Berberis vulgaris L, which is from the
Berberidaceae family [12]. Previous studies have elucidated
numerous pharmacology functions of BBR including anti-
tumor, anticancer, antidiabetic, antioxidative, anti-
inflammatory, cardioprotective, antiplatelet aggregation,
enhancing immunological functions, decreasing blood lipid
levels, Cerebro-protective, antimalaria, and antimicrobial
[12]. It has been demonstrated that the hepatic tissues are the
major target of BBR since the liver has the highest con-
centration of BBR metabolites (approximately 70 times as
large as its concentration in serum) [13]. Recently, BBR has
shown protective effects on hepatic damage, and it has been
considered an effective treatment for NAFLD [13]. It has
been well-documented that there is a close association be-
tween stress oxidative and fatty liver diseases. BBR could
prevent reactive oxygen species (ROS) production by sup-
pressing the expression of NADPH oxidase-2 (Nox-2),
which is responsible for the cytoplasmic production of ROS
[14]. Furthermore, BBR reduces the glucose levels of serum
by upregulating the expression of glucose transporter 4
(GLUT4). In a study conducted on a high-fat diet (HFD)-
induced NAFLD rat models, BBR ameliorated NAFLD
through the regulation of inflammatory responses, which in
turn prevented the release of proinflammatory cytokines
such as TNF-« and IL-6 [15]. Given the findings of several
studies, BBR could exert protective effects on NAFLD and its
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related complications and could prevent liver damage
[12, 15]. Nowadays, there are several drugs and commercial
products containing BBR such as coptis chinesis, so it is
crucial to assess the potential effects of BBR [16]. Moreover,
to our knowledge, no systematic review has ever summa-
rized results on this topic. Therefore, the present study was
designed as a comprehensive systematic review of published
studies to evaluate the therapeutic effects of this natural
compound on NAFLD and its consequent risk factors by
elaborating upon the possible mechanisms of BBR’s
function.

2. Methods

2.1. Search Approach. The current systematic review was
performed concerning the guidelines of the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) statements (Table 1, Electronic Supplementary
Material). The study was registered in the PROSPERO
(CRD42021277602). A comprehensive search was con-
ducted in Embase, Web of Science, Science Direct, Google
Scholar, PubMed, ProQuest, and Scopus, to identify relevant
studies up to March 2023. The merger of MeSH and non-
MeSH terms were as follows: “berberine” [Mesh], “fatty
liver” [Title/Abstract], “nonalcoholic fatty liver disease”
[Mesh], “NAFLD” [Mesh], “liver fibrosis” [Title/Abstract],
“NASH” [Mesh], “hepatic steatosis” [Title/Abstract],
“nonalcoholic steatohepatitis” [Title/Abstract], “insulin re-
sistance” [Title/Abstract], “lipid and glucose metabolism”
[Title/Abstract], “diabetes” [Title/Abstract], “T2DM” [Title/
Abstract], “oxidative stress” [Mesh], “inflammation”
[Mesh], “obesity” [Mesh], “BMI” [Title/Abstract], “fat mass”
[Title/Abstract], “dyslipidemia” [Mesh], and “free fatty acids
[Title/Abstract].” The search methods in the databases have
been supplementary files. The selected studies were limited
to English-language articles and those which were published
up until March 2023. Moreover, we manually checked all
reference lists of eligible studies in order to avoid missing
any relevant studies. Finally, all recorded studies found by
manual or electronic searches were entered into EndNote
software (EndNote X8, Thomson Reuters, New York) for
screening.

2.2. Inclusion Criteria. The inclusion criteria of the current
study involved the following: (a) available in English-
language studies, which were relevant to the current sys-
tematic review topic, (b) all clinical trials, animal, and
in vitro studies that explored the impacts of BBR supple-
mentation on NAFLD and its consequent disorders, and (c)
no extra supplementation must be administered with BBR.

2.3. Exclusion Criteria. The exclusion criteria were based on
the following: (a) non-English Language articles, (b) studies
with inadequate data, (c) studies that assessed the effects of
BBR on diseases other than NAFLD, and studies that ex-
amined the effects of a mixture of natural compounds on
NAFLD, and (d) review studies, comments, presentation,
report, editorial, or books chapters.
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2.4. Data Extraction and Quality Assessment. Eligible arti-
cles were retrieved using title/abstract by two independent
authors, which consequently were assessed based on in-
clusion criteria. After the exclusion of irrelevant studies,
the full text of remained articles was analyzed meticulously
for eligibility and extraction of data. The extracted data
from each study contained the first author, study location,
study design, the subject of the study, duration and follow-
up, year of publication, a dose of BBR, and the main
conclusion. In cases of disagreement between reviewers,
the controversial articles were discussed by researchers
and resolved accordingly.

2.5. Risk of Bias Assessment. Two independent researchers
(M.V. and P.A.) assessed the risk of bias for selected
studies. Furthermore, the Cochrane risk of bias (ROB) was
used to evaluate the overall degree of bias for randomized
controlled trials. Regarding animal studies, the SYRCLE
risk of bias tool was carried out to assess the overall risk of
bias. The SYRCLE risk [59] of the bias tool comprises seven
domains namely attrition bias, performance bias, detection
bias, random sequence generation, reporting bias, alloca-
tion concealment, and other bias sources. The quality of the
in vitro studies was assessed using the OHAT risk of bias
tool [60]. These tools assessed attrition, detection, selection,
reporting biases, and performance. It was given a “high
risk” score for studies that contained methodological issues
liable to affect their results, a “low risk” score for those
without methodological issues, and an “unclear risk” score
for those with inadequate data.

3. Results and Discussion

3.1. Literature Search. In order to find relevant English
studies up to the end of March 2023, two authors in-
dependently searched databases. We identified 819 articles
from databases (35 from Cochrane, 204 from Scopus, 134
from Embase, 78 from PubMed, 147 from Science Direct,
and 221 from the Web of Sciences). The title and abstract of
321 articles remained after eliminating duplicate studies. The
topic of the study led to the consideration of 125 studies.) An
evaluation of 65 articles found 19 in vitro studies, 41 animal
studies, and 5 human studies suitable for inclusion in the
present study was conducted. The stages of the study are
shown in Figure 1.

3.2. Risk of Bias. 'The OHAT risk of bias tool was applied to
assess the In vitro studies. According to the qualitative
assessment, most studies were rated as low risk of bias for
the incomplete analysis, similarity of experimental con-
ditions, confidence in the adequate administration of dose
or exposure level, exposure characterization, and other bias
sources. Almost all of these studies blinding of outcome
evaluator were not noted clearly. Methods of allocation of
groups were properly described in 65% of the included
studies (Figure 2). All 41 animal studies were assessed for
risk of bias using SYRCLE’s tool. The qualitative assessment
indicated that most studies were rated as low risk of bias for
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the group similarities at sequence generation category,
other sources of bias category, and baseline category, and in
most of these studies, blinding of outcome assessor, ran-
dom outcome assessment, randomization in animal
housing, and investigators/caregivers were not reported
clearly. Methods of allocation concealment were properly
reported in 75% of the included studies. The risk of bios-
selective outcome reporting and incomplete outcome data
was identified in six (15%) studies and five (12%) studies,
respectively (Figure 3). All five studies were randomized,
and all of them reported the method of randomization.
Methods of allocation concealment were properly de-
scribed in four of the five included studies. One study was
judged to be at high risk of bias which was prone to de-
tection bias. The risk of bias was unclear for the remaining
four studies (Figure 4).

This review paper properly addressed the effects of BBR
on inflammation, lipid profile, glycemic parameters, obesity,
and OS in both human and animal studies. The findings of
the current systematic review demonstrated that BBR could
attenuate NAFLD and its linked metabolic conditions
namely obesity, hyperlipidemia, and insulin resistance. Both
animal and human studies have confirmed that BBR can
mitigate the inflammatory pathways namely NOD, LRR-
and pyrin domain-containing protein 3 (NLRP3) inflam-
masome and Toll-like receptor 4 (TLR4)/nuclear factor
kappa-light-chain (NF-«xB) signaling pathways, and stress
oxidative by inhibiting the overproduction of ROS [46, 61].
Additionally, nearly all of the studies have shown the po-
tential role of BBR in reducing serum lipids such as TC,
LDL-C, TG, and increasing HDL levels [56]. Although, in
some studies, berberine did not affect the serum levels of
HDL, LDL, TG, TC, and hepatic enzymes, the majority of
experiments indicated the beneficial effects of berberine on
lipid profile [39, 62]. Of note, berberine can improve glucose
metabolism by reducing insulin resistance, fasting blood
glucose, and stimulating the uptake of glucose by peripheral
tissues. The impact of BBR on body weight, as important
comorbidity, was noticeable [51, 63]. In this regard, most
studies confirmed the weight-lowering property of
berberine [64].

3.3. Beneficial Effects of BBR on NAFLD and Its Related
Complications and Mechanisms of Its Action. The mecha-
nisms regarding the BBR function in the management of
NAFLD and its related disorders are discussed in three
sections obesity, metabolic risk factors, inflammatory pa-
rameters, and oxidative stress. The proposed multiple
pathways for berberine action are presented in Figures 5
and 6.

3.3.1. Antiobesity Effects of Berberine. There is a positive
association between the prevalence of NAFLD and body
mass index (BMI) [65]. Therefore, dietary supplements and
medications, which are prescribed for weight-lowering
purposes, could be administered for the management of
NAFLD patients [39, 56]. It is becoming evident that the
treatment of obesity, at least slow weight loss, could result in
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the improvement of liver fibrosis and inflammation, in-
hibition of fat accumulation, and mitigation of hepatic
enzymes [66]. In vitro, In vivo, and human studies have
shown that BBR could ameliorate obesity by different
mechanisms, for instance, by preventing the expression of
genes, which induce the differentiation and propagation of
adipocytes, gut microbiota regulation, liver gluconeogenesis,
and intestinal permeability [27, 39, 66]. BBR could enhance
BAT mass and function, which in turn leads to the ame-
lioration of obesity. Furthermore, in mice models, BBR
increased the thermogenesis of BAT and total energy ex-
penditure through BAT proliferation and expression of
brown adipogenic genes [32]. BBR could induce the ex-
pression of liver X receptors (LXRs) and peroxisome
proliferator-activated receptors (PPARs) [18]. PPARs act as
molecular sensors of fatty acids and control the metabolism
of energy. It also has been indicated that BBR could increase
the transcription of AMP-activated protein kinase (AMPK)-
P PR domain-containing 16 (RDM16), a regularization of
brown/beige adipogenesis, through modulating the active
DNA demethylation of PRDM16 the promoter [18, 19, 32].
This might be due to the upregulation of AMPK, and
downstream tricarboxylic acid cycle intermediates
a-ketoglutarate. Furthermore, BBR could elevate the ex-
pression levels of uncoupling protein 1 (UCP1), PRDM16,

PPAR-y in BAT-SVF cells, which decrease FFA [18, 19, 32].
BBR significantly inhibited the expression of activating
transcription factor 4 (ATF4), cytochrome P450 2E1
(CYP2E1), and C/EBP homologous protein (CHOP), which
are involved in the process of oxidative stress and fatty acid
B-oxidation, fatty acid uptake in the live and adipose tissue.
Convincing evidence exerted that dysbiosis of the gut
microbiota might induce metabolic inflammation via trig-
gering metabolic endotoxemia [47]. It has been shown that
BBR could improve obesity and insulin resistance by
modulating gut microbiota [47]. In this regard, BBR induces
the expression of insulin receptor substrate-1 (IRS-1) and
insulin receptor (IRc), which consequently improves insulin
resistance and obesity [42]. Another possible mechanism
regarding the antiobesity property of BBR is through
modulating gene expression, and it has been suggested that
BBR suppresses the differentiation of adipocytes via con-
trolling adipogenesis-mediated genes namely PPAR-y,
cAMP-response element-binding (CREB) protein, GATA-2,
and GATA-3 [67, 68]. On the other hand, BBR could
stimulate thermogenic genes in both BAT and weight adi-
pose tissue (WAT), and UCP1 [32]. Previous studies re-
ported that BBR could exhibit weight-lowering effects by
inhibiting the fibrosis of adipose tissue [23]. BBR inhibits
polarization and macrophage infiltration in the adipose
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tissue. In addition, in WAT, BBR could activate AMP-  3.3.2. Effects of Berberine on Metabolic Risk Factors regarding
activated protein kinase (AMPK) and suppress the trans- ~ NAFLD

forming growth factor (TGF)-$ (TGF-f1)/Smad3 signaling

pathway, which consequently alleviates adipose tissue fi- (1) Lipid Metabolism. Compelling evidence has shown that
brosis. Therefore, based on the aforementioned findings, it ~ BBR could play a vital role in numerous aspects of lipid
can be concluded that treatment with BBR attenuates  hemostasis through different mechanisms. BBR ameliorates
obesity, as a vital risk factor for the pathogenesis of NAFLD,  cholesterol levels by stimulating the expression of LDL re-
and its associated complications. ceptors in hepatocytes, which is mediated through the
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FiGure 6: The cellular and molecular mechanisms of the potential roles of berberine on NAFLD. Berberine reduces the expression of
inflammatory factors by preventing the expression of NF-«B and TLR-4 pathways. Berberine activates transcription factor Nrf-2 expression
and increases nuclear translocation and subsequent antioxidant-responsive element (ARE) binding; therefore, protecting cells against
oxidative stress damage by increasing the expression of antioxidant enzymes.

extracellular-signal-regulated  kinase (ERK) pathway
[25, 41]. Moreover, it has been documented that BBR in-
duces the expression of LDL receptors through both sup-
pressing the proprotein convertase subtilisin/kexin type 9
(PCSK9) LDL receptor pathway and downregulation of
hepatocyte nuclear factor la (HNF-1a) protein, as a medi-
ator for PCSK9 gene transcription [12, 69, 70]. PCSK9 in-
creases the degradation of LDL receptors by diverting these
receptors toward lysosomes [12]. Thus, the cholesterol-
lowering effects of BBR might be due to suppressing the
PCSK9 pathway [69, 70]. Another possible mechanism of
BBR is through triggering the excretion of cholesterol from
the liver into the bile, which ultimately leads to a reduction
in cholesterol levels [36, 37]. Of note, BBR attenuates dietary
cholesterol uptake through the alteration of intestinal ab-
sorption in Caco-2 cells by suppressing the expression of
acyl-coenzyme A cholesterol acyltransferase (ACAT)-2 and
inhibiting micellization of cholesterol in the intestinal lumen
[71, 72]. Furthermore, in in vitro studies, BBR reduces in-
testinal permeability via Caco-2 tight junction monolayer. It
is becoming evident that BBR promotes bile acid synthesis

from cholesterol by stimulating the expression of mito-
chondrial sterol 27-hydroxylase and activation of cholesterol
7 alpha-hydroxylase [73, 74]. BBR also could promote fatty
acid oxidation and inhibit lipogenesis via AMPK. The 3-
hydroxy-3 methyl glutaryl-coenzyme A (HMG)-CoA re-
ductase, a regulatory enzyme in the process of hepatic
cholesterol synthesis, could be suppressed by BBR, which in
turn reduces the cholesterol levels [8, 17]. The activation of
AMPK by BBR inhibits SREBP-1¢, which in turn attenuates
NAFLD development. Xu et al. [37] reported that supple-
mentation with 300 mg/day resveratrol for 4 weeks resulted
in a significant decrease in serum levels of high-density li-
poprotein cholesterol (HDL-C), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), and triglyceride
(TG). Also, they showed that BBR leads to suppression of the
expression of lipogenesis genes including SCD1, FAS, FAO,
sterol regulatory element-binding protein 1 (SREBP-1¢),
increase in the transcriptional expression of PPARa and
CPT-1a in NAFLD rats. In other study, Zhao et al. [8] re-
ported that BBR intake at a dose of 250 mg/kg body weight
resulted in a reduction in serum TG and TC levels in NAFLD



Journal of Food Biochemistry

rats, and they also suggested that BBR might reduce lipid
profile by decreasing the expression of protein SREBP-1c
and FAS.

(2) Glycemic Parameters. A growing body of evidence
demonstrated the glucose-lowering effects of BBR in both
clinical trials and animal studies. BBR has been shown to
enhance p-IRS levels and ameliorate plasma insulin levels
and glucose homeostasis via downregulation of c-Jun N-
terminal kinase (JNK) signaling activity, P38 A mitogen-
activated protein kinase (MAPK), and upregulation of
AMPK [23, 75, 76]. BBR could improve the uptake of glucose
by muscle cells via activating glucose transporter type 4
(GLUT-4) translocation, which is consistent with the
upregulation of AMPK, an energy sensor that participates in
the cellular metabolism by its regulatory activity [23, 75].
Also, the activation of the AMPK can modulate glucose
metabolism in liver cells by inhibiting genes responsible for
carbohydrate transport solute carrier family 2 member 1
(Slc2al) and Slc2a4 and glucose metabolisms such as
fructose-bisphosphate 1 (FBP1), glucose-6-phosphatase
catalytic subunit (G6PC), glucose-6-phosphate de-
hydrogenase, glycerol-3-phosphate  dehydrogenase 1
(GPD1), phosphoenolpyruvate carboxykinase 2, and mito-
chondrial PCK2, and glycogen synthase kinase 3 beta
(GSK3B) [77, 78]. Of interesting, berberine induces Ser/Thr
phosphorylation of IRS-1 and increases the phosphorylation
of Akt via enhancing the expression of PI3K, which leads to
the improvement of hepatic insulin resistance [42]. On the
other hand, BBR improves IR by the PPAR-y pathway
[45, 55]. BBR inhibits PTP1B expression by increasing the
activity of PKB, PI3K, and GLUT4 and decreasing the ex-
pression of GSK-3f and glucose 6-phosphate (G6P).
Therefore, it increases the glycogen storage of the liver and
reduced insulin resistance [79].

The PPAR and different isoforms of PPARs, particularly
PPAR-y, affect insulin metabolism and decrease the serum
cholesterol, which acts as a vital ligand-dependent mediator
in the homeostasis enzymes’ expression [80]. BBR could also
prohibit the aberrant phosphorylation of IRS-1 and upre-
gulate the downstream protein expression and phosphor-
ylation (p-Akt/Akt, PI3K, and GSK-3f/p-GSK-3), which in
turn leads to the improvement of hepatic insulin signal
transduction [42]. In addition, berberine exerted protective
effects against hepatic steatosis through the modulation of
gut microbe, elevating the serum glucagon-like peptide-1
and neuropeptide Y, and attenuating orexin-A levels, which
in turn regulates energy metabolism and reduces the ani-
mals’ capacity to uptaking energy from food [36]. BBR has
been shown to improve insulin resistance by stimulating the
expression of insulin receptor substrate-2 (IRS-2) mRNA,
a vital agent in the insulin signaling pathway, in hepatocytes
[51]. Of note, BBR decreased the expression of metabolism-
related genes like CPT-1a (regulates the oxidation of fatty
acids), MTTP (regulates VLDL and LDL levels), and GCK
responsible for the modulation of glucose metabolism rate
[22]. Teodoro et al. [52] reported that different doses of BBR
intake at a dose of 100 mg/kg b.w. improve hepatic insulin
signal transduction with the administration of BBR. Orally

17

supplementation of BBR for 4 weeks contributed to the
decrease in serum levels of insulin, HbA1c. In another study,
187.5 mg/kg/day BBR for four weeks improved insulin re-
sistance via upregulating mRNA and protein levels of IRS-2
[51]. Thus, it could be concluded that BBR might be a po-
tential therapeutic agent in the treatment of NAFLD due to
its beneficial effects on glucose metabolism [56].

(3) Hepatoprotective Effect of Berberine. Several studies in-
dicated that BBR could reduce the serum level of liver en-
zymes namely ALT and AST, which in turn attenuates liver
injury and steatosis [8, 41]. Serum levels of transaminases are
the markers of liver steatosis and tissue impairment [81].
Therefore, one of the hepatoprotective effects of BBR might
be through the modulation of liver enzymes [41]. For in-
stance, in a study conducted on HFD rat models, 48 hours of
BBR supplementation significantly reduced the serum levels
of AST and ALT [56]. In other study, Chen et al. [12] in-
vestigated the effects of BBR on liver function in experi-
mental NAFLD rats. Rats were orally administered with BBR
at a dosage of 100 and 300 mg/kg/day/for 8 weeks. BBR
treatment considerably reduced alanine transaminase (ALT)
and aspartate transaminase (AST) levels in the liver. In one
of the studies, the dose of BBR used varied from 50 to
150 mg/kg/b.w for 4 weeks, resulting in a considerable im-
provement in the levels of ALT, AST in NAFLD rats [19].
Moreover, 4 weeks of BBR administration at the dosage of
200 mg/kg/day in methionine- and choline-deficient (MCD)
mice decreased the plasma levels of hepatic enzymes [22].
BBR could reduce liver damage by decreasing the regulation
of NADPH oxidase-2 (NOX2).

3.3.3. Protective Effects of BBR on Inflammation and Stress
Oxidative in NAFLD. It has been demonstrated that oxi-
dative stress, mitochondria impairment, and inflammatory
signaling pathways could also contribute to the pathogenesis
of NAFLD [10]. According to the existing evidence, the
serum levels of inflammatory markers are higher in NAFLD
patients, while anti-inflammatory mediators have low
concentrations. In this regard, BBR could alleviate the
NAFLD progression by inhibiting Toll-like receptor 4
(TLR4)/nuclear factor-kappab (NF-«xB) signaling pathway
[82]. The activated NF-xB, as a result of TLR 4-induced
cascade of downstream signals, could lead to the activation
of proinflammatory cytokines including IL-6 and TNF-« [8].
Proinflammatory cytokines, including TNF-a, play a vital
role in the development of NAFLD by disrupting the insulin
signaling pathway resulting in insulin resistance (IR) [82]. In
addition, the upregulatory impacts of BBR on AMPK reduce
the proinflammatory responses. Yan et al. [45] investigated
the effects of oral supplementation of 300 mg of BBR for
6 weeks in HFD-induced NAFLD rats. The findings dem-
onstrated that BBR could prohibit the expression of SREAP-
1c, FAS, TLR-4, TRL-9, NLRP3, and ASC in the liver and
reduce the expression of IL-18, TNF-a, IL-8, and IL-6 in the
liver; however, it did not affect the expression of PPAR-a.
Regarding oxidative stress, BBR supplementation (100 mg/
kg) for 4 weeks in 5 mice has been shown to suppress the
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production of ROS, the expression of TNF-a, and the
phosphorylation of NF-«B p65 [18]. Mai et al. [18] evaluated
the effects of BBR on inflammation-related pathways in
QSG-7701 cells. The results showed that BBR supplemen-
tation (10 or 20mM) to QSG-7701 cells resulted in a re-
duction in the expression of TNF-« and an increase in the
expression of PPAR-a and ACOXI. In other study, Wang
et al. [33] investigated the effects of BBR (0-10 uM) in RAW
264.7 cells for 24hours. They observed that BBR sub-
stantially reduced the expression of proinflammatory cy-
tokines, namely, IL-6, MCP-1, TNF-«, and IL-1p.
Furthermore, BBR could inhibit the expression of ER stress
genes, including ATF4, CHOP, and XBP-1.

C-C motif ligand 19 (CCL19), known as macrophage
inflammatory protein-33 (MIP-3f) as well, is expressed by
dendritic cells and macrophages and contributes to chronic
inflammation [8, 29, 54]. Studies have indicated that BBR
promotes the expression of phosphorylated-AMPK (p-
AMPK) by suppressing CCL19, which in turn inhibits
SREBP-1c [8, 23, 29, 48, 54]. Another possible anti-
inflammatory effect of BBR in NAFLD is by inhibiting
the NLRP3 inflammasome signaling pathway [28].
Inflammasomes, as a group of multimeric protein com-
plexes, promote the expression of proinflammatory cyto-
kines namely Il-18 and IL-18 by activating caspase-1 during
infection, metabolic imbalance, and tissue damage [83].
Several studies have confirmed the effects of NLRP3, as an
important inflammasome, on liver injury and hepatic fi-
brosis. It has been demonstrated that BBR administration
could suppress the activation of inflammasomes by affecting
the purinergic (P2X7) receptor [28]. It has been demon-
strated that BBR may ameliorate nonalcoholic steatohepa-
titis and hepatoprotective effects by restoring the Treg/Th17
ratio, reducing lipid accumulation, and regulating the
chemerin/CMKLRI signaling pathway to attenuate hepatic
inflammation. Oxidative stress is resulting from an imbal-
ance between the cell’s redox environment and antioxidant
defenses in human tissues [1, 84]. In NAFLD, the elevated
levels of free FFA in the liver promote the production of
ROS, mitochondrial dysfunction, and ATP depletion, which
leads to oxidative stress [14, 52]. Several possible mecha-
nisms have been proposed for the antioxidant effect of BBR.
Antioxidant effects of BBR could be through Sirt 3 activation
[36]. Sirt 3 contributes to energy metabolism by regulating
the acetylation of mitochondrial enzymes [37]. BBR im-
proves mitochondrial function, particularly at least, through
Sirt 3 activation, which consequently reduces the ROS
generation [36, 37]. Furthermore, it has been demonstrated
that BBR inhibits the over-production of ROS by sup-
pressing the expression of Nox-2 [85]. The NADPH oxidase-
2 (Nox-2), one of the NADPH oxidase family members,
contributes to the generation of cytoplasmic ROS by gen-
erating superoxide in NAFLD patients, which result in
hepatic steatosis [85]. In a study by Sun et al. [14], 10 uM of
BBR in Huh7 and HepG2 could substantially mitigate the
expression of Nox2, Nrf-2, HO-1, and SOD. Of note, the
findings of another study by Rafiei et al. [30] demonstrated
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that BBR (10 uM) had no impact on the expression of iNOS
in HepG2.

Of note, BBR inhibits the mitochondrial ROS generation
by downregulation of complex I and II in the electron chain.
On the other hand, BBR upregulates complex V expression,
which indicates that it does not attenuate ATP
generation [14].

3.4. Strengths, Limitations, Future Directions, and Knowledge
Gaps. The present study has both limitations and strengths.
To the best of our knowledge, this is the first systematic
review investigating the effects of BBR supplementation and
mechanism of action on patients with NAFLD. BBR and
metformin have similar effects in controlling hemoglobin
alc levels. They also have similar effects on fasting blood
glucose levels and postprandial blood glucose levels [86].
Glucosyl is a BBR supplement. When glucosyl and met-
formin are taken together, it has an additive effect [87]. This
means that hemoglobin alc, fasting blood glucose, and
postprandial glucose levels decrease further. Metformin
lowers hemoglobin alc, but it also lowers body weight.
When it comes to BBR and metformin for weight loss,
metformin appears to be superior to BBR, also helping to
reduce the risk of death from cardiovascular disease [88].
Both metformin and BBR support healthy blood sugar levels.
They are similar in terms of their mechanism of action and
their effect on the body at the cellular level. Metformin and
BBR both increase AMPK enzyme activity [87]. The study
reviewed both animal and human studies with sufficient
sample sizes. Moreover, the duration of interventions was
between 1hour and 16 weeks, and different doses of BBR
supplementation were administered. In spite of its strengths,
the main limitation of the study was the heterogeneity of
selected studies, which could be due to the variation in doses,
study durations, etc. Another notable limitation was en-
tering English publications only. Although several in vitro, in
vivo, and animal studies, particularly rat and mouse models,
have shown the beneficial effects of BBR on NAFLD, more
clinical trials and animal experiments are required, before
conducting large-scale endpoint studies. Of note, HFD-
induced NAFLD animal models can simulate the mecha-
nisms and pathogenesis of NAFLD in humans, yet there
might be different histopathology, which should be con-
firmed. Due to the administration of various dosages of BBR
in experimental studies, the lack of information regarding
the required dosage ranges is considerable, which is needed
to be elucidated. Moreover, there is a substantial lack of
information on the possible side effects of BBR supple-
mentation in both animal and human tissues. For example,
Sun 2017, et al. demonstrated that BBR supplementation
(200 mg/kg/d in rats and 300 mg/kg/d in mice for 8 weeks)
could suppress the activation of nuclear factor erythroid 2-
related factor 2 (Nrf2) in hepatic cells. The Nrf-2 is a tran-
scription factor, which is activated in the presence of ROS
and promotes the expression of antioxidant enzymes in-
cluding HO-1 by translocation to the nucleus. As a result, in



Journal of Food Biochemistry

a bid to identify probable side effects of BBR, further ex-
perimental studies are essential. It should be mentioned that
due to the heterogeneity of the studies and particularly few
available human studies, the current review could not be
a meta-analysis study.

3.5. Side Effects. Despite the beneficial effects of BBR against
various diseases, in particular NAFLD, some studies have
reported the incidence of side effects regarding the ad-
ministration of BBR at higher doses [38]. It seems that BBR
at low doses is safe for both the animal and human body.
Also, taking high doses of BBR may cause digestive disorders
such as diarrhea, constipation, abdominal pain, and bloating
[89, 90]. Evidence has suggested that BBR is well tolerated at
the dosage of 0.3 g/daily in combination therapy [91].

4. Conclusion

The present systematic review exerted the beneficial effects of
BBR on NAFLD and its associated metabolic disorders
including dyslipidemia, obesity, and insulin resistance. The
results of the study have demonstrated the noteworthy
antihyperlipidemic effects of BBR, which are attributed to its
ability to regulate lipid metabolism, facilitate the $-oxidation
of fatty acids, and mitigate the accumulation of triglycerides
in hepatocytes. In addition, it has been observed that BBR
has a positive impact on NAFLD through the regulation of
inflammatory signaling pathways, inhibition of oxidative
stress, and reduction in the excessive production of cyto-
plasmic and mitochondrial ROS. The therapeutic properties
of BBR in NAFLD and its associated complications have
been observed in various studies, indicating its potential as
a potent medication for NAFLD management.
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