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The gastrointestinal microbiota is a multi-faceted system that is unraveling novel
contributors to the development and progression of several diseases. Berberine has
been used to treat obesity, diabetes mellitus, atherosclerosis, and metabolic diseases in
China. There are also clinical trials regarding berberine use in cardiovascular,
gastrointestinal, and endocrine diseases. Berberine elicits clinical benefits at standard
doses and has low toxicity. The mechanism underlying the role of berberine in lipid‐
lowering and insulin resistance is incompletely understood, but one of the possible
mechanisms is related to its effect on the gastrointestinal microbiota. An extensive
search in electronic databases (PubMed, Scopus, Embase, Web of Sciences, Science
Direct) was used to identify the role of the gastrointestinal microbiota in the berberine
treatment. The aim of this review was to summarize the pharmacologic effects of berberine
on animals and humans by regulation of the gastrointestinal microbiota.
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INTRODUCTION

Berberine is a quaternary ammonium salt from the protoberberine group of isoquinoline alkaloids
(Caliceti et al., 2016). The latter are present in the roots, bark, and other structures of plants found
typically in traditional Chinese/East Asian medicines. Such plants include Coptis chinensis, Berberis
aristata, B. petiolaris, B. vulgaris, B. aquifolium, and B. thunbergii (Cicero and Baggioni, 2016).
Unusually high berberine content has been reported in Phellodendron amurense and C. chinensis
(Habtemariam, 2016).

Many people in China use traditional herbal formulations to treat diseases, as recorded in the
Pharmacopoeia of China (2015). Such formulations have excellent efficacy, including clearing away
heat, resolving dampness, purging fire, and detoxification (Wang et al., 2017a). These formulations
have been used to treat pharyngolaryngitis, typhoid, gastroenteritis, diabetes mellitus (DM), and
secretory diarrhea for more than 1,000 years in China (Yang et al., 2010).

Berberine and its derivatives display several pharmacologic effects through various mechanisms (Jin
et al., 2016). Berberine may be therapeutic against various types of chronic diseases, such as obesity, DM,
inflammatory bowel disease (IBD), atherosclerosis, Alzheimer’s disease, rheumatoid arthritis, and
cardiovascular diseases, due to its multiple-target effects (Jin et al., 2016). Also, the binding of berberine
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with histone–DNA complexes can cause interferences in vital
cellular processes, such as cell division and cause the death of
cancer cells by activating the apoptosis in living cells (Chen et al.,
2016; Hasanein et al., 2017; Roudini et al., 2019). In vitro, berberine
has important anti-inflammatory and antioxidant activities.

In animal models, berberine has neuro-protective and
cardiovascular-protective effects. Tan et al. showed that
berberine was distributed rapidly (in a descending order of its
amount) in the brain, lungs, heart, liver, kidneys, muscle,
pancreas, and fat in rats (Tan et al., 2013). The mechanism of
action of berberine is associated with its regulatory effect on
cellular targets, such as the low-density lipoprotein receptor
(LDLR), insulin receptor (IR), adenosine monophosphate-
activated protein kinase(AMPK), proprotein convertase
subtilisin kexin-9, protein tyrosine phosphatase-1B(PTP-1B),
mitochondrial adenosine triphosphate (ATP) production, and
brown fat tissue (Kong et al., 2004).
THE GASTROINTESTINAL
MICROBIOTA (GM)

The GM (also referred to as the “gut flora” or “gut microbiota”)
are the microorganisms that live in the digestive tracts of
mammals, including bacteria, archaea, viruses, fungi, and some
parasites. Most of the GM reside in the distal large intestine.
Dysbiosis refers to an alteration in the quality and/or quantity of
the GM; such changes can influence the physiology of the host
and lead to the onset of various diseases (Kuno et al., 2016).

Research carried out over the last few years indicates that the
GM represents an important factor for the regulation of body
health and may be closely related to the pathogenesis of obesity
(Walker and Parkhill, 2013), diabetes mellitus (DM), inflammation
(Kamada et al., 2013), cardiovascular diseases and cancer (Louis
et al., 2014), and other diseases (Round and Mazmanian, 2009).
The GM is composed of several phyla, including Bacteroidetes,
Firmicutes, Proteobacteria, Verrucomicrobia, Actinobacteria,
Fusobacteria, and Cyanobacteria et al (Sekirov et al., 2010).
Bacteroidetes and Firmicutes are known to represent the main
components of the GM. An imbalance in the ratio of Firmicutes
and Bacteroidetes (F:B) in the GM has been associated with several
diseases (Gao et al., 2017). Recent evidence also suggests that the
GM plays a role in homeostasis andmay exert positive influence on
immune responses and prevent the development of inflammatory
diseases. Berberine has been shown to affect the bacteria that
produce short-chain fatty acids (SCFAs) in the GM (Wang et al.,
2017b). Research has also shown that SCFA-producing bacteria
benefit the host by protecting the mucosa from damage induced by
pathogens, by providing colonocyte nutrients, and by mitigating
inflammation (Maslowski et al., 2009).
THE EFFECTS OF BERBERINE ON THE GM

The GM is also known to affect drug metabolism, both directly
and indirectly, and particularly with regards to drugs that are
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
administered orally. Berberine reduces the levels of lipids and
glucose in the blood via multi-target mechanisms, including
modulation of the GM composition (Zhang et al., 2012).
Berberine is also known to reduce the diversity of the GM and
interfere with the relative abundance of Desulfovibrio,
Eubacterium, and Bacteroides (Cui et al., 2018b). In addition,
Bacteroides were shown to be enriched in the colon and terminal
ileum of mice (C57BL/6) treated with berberine, but berberine
treatment reduced the populations of Ruminococcus gnavu
(Genus of Mediterraneibacter), Ruminococcus schinkii (Genus
of Blautia), Lactobacillus acidophilus (Genus of Lactobacillus),
Lactobacillus murinus (Genus of Ligilactobacillus), and
Lactococcus lactis (Genus of Lactococcus) (Guo et al., 2016).
Recent studies have shown that berberine has beneficial effects on
the immune cells of the intestinal immune system and affects the
expression of several intestinal immune factors. Berberine has
also been shown to inhibit the mRNA expression of interleukin
(IL)-1b, IL-4, IL-10, macrophage migration inhibitory factor
(MIF), and tumor necrosis factor (TNF)-a, while also reducing
low-grade inflammation (Gong et al., 2017). Short-term
exposure to berberine alters the populations of intestinal
bacteria by reducing the activity of Clostridium cluster XIVa
and IV, and their bile salt hydrolase (BSH), thus leading to the
accumulation of taurocholic acid (TCA). TCA can activate
intestinal farnesoid X receptor (FXR) which can then mediate
the metabolism of bile acids, lipids, and glucose (Tian et al.,
2019). Butyrate is a short-chain fatty acid (SCFA) produced
during fermentation of fibers and other substrates by an
anaerobic bacteria resident in the gastrointestinal tract
(Roediger et al., 1982). Berberine has also been shown to
enrich the population of butyrate-producing bacteria in the
GM, thus promoting the synthesis of butyrate via the acetyl
CoA-butyryl CoA-butyrate pathway. Subsequently, the butyrate
enters the blood and reduces the levels of lipids and glucose
(Wang et al., 2017b).

The GM is known to play a key role in the development
of metabolic disorders. One factor underlying the application of
berberine treatment is that berberine can increase the rates of
cellular glucose uptake and metabolism (Cok et al., 2011). Other
research studies are investigating the effects of berberine against
cancer. In this article, we review the role of the GM on non-
transmissible diseases following berberine treatment.
THE EFFECTS OF BERBERINE
ON OBESITY

The global obesity epidemic is prompting significant efforts to
identify host and environmental factors that affect energy
balance in the human body. For example, Turnbaugh et al.
reported that host obesity is related to an increase in the
intestinal F:B ratio (Turnbaugh et al., 2006). Berberine has
been shown to revert the structural changes in the GM
induced by a high-fat diet and regulate diversity in the GM.
Berberine has also been shown to change 134 operational
taxonomic units (OTUs) that were identified by nearest
February 2021 | Volume 10 | Article 588517
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shrunken centroids analysis in obese rats induced by a high-fat
diet, and was also associated with changes in obesity phenotypes.
Sixty of the 134 OTUs were significantly increased with
berberine treatment, particularly those belonging to putative
SCFA-producing bacteria, including Allobaculum, Bacteroides,
Blautia, Butyricicoccus, and Phascolarctobacterium.

A previous study showed that there is a reduced abundance
of A. muciniphila in obese humans (Everard et al., 2013).
Interestingly, others discovered that A. muciniphila was less
abundant in the intestinal microbiota of both genetic and diet-
induced obese and diabetic mice (Schneeberger et al., 2015; Leal-
Diaz et al., 2016). Akkermansia spp. abundance was markedly
increased in HFD-fed mice treated with berberine (Zhu et al., 2018).
A. muciniphila treatment was shown to reverse metabolic disorders
induced by high-fat diets, including fat-mass gain, metabolic
endotoxemia, adipose tissue inflammation, and insulin resistance
(IR). The administration of A. muciniphila was also shown to
increase the intestinal levels of endocannabinoids that control
inflammation, the gut barrier, and the secretion of peptides in the
gut (Everard et al., 2013). Increased levels of colonization by A.
muciniphila were also shown to induce the expression of low-
density lipoprotein receptors and apolipoprotein E in the
hepatocytes of CREBH-null mice (C57BL/6J). This facilitated the
uptake of intermediate-density lipoprotein via the mediation of
apolipoprotein B100 and apolipoprotein E, thus leading to the
increased clearance of triglyceride-rich lipoprotein remnants,
chylomicron remnants, and intermediate-density lipoproteins,
from general circulation. The oral administration of A.
muciniphila also improved hepatic endoplasmic reticulum stress
andmetabolic inflammation in CREBH-null mice (Shen et al., 2016).

In a previous study, Sun et al. reported that berberine
improved metabolic disorders caused by a high-fat diet and
did so by regulating the GM–gut–brain axis. Berberine also
increased the ratio of B:F and the proportion of SCFA-
producing bacteria, thus promoting the increased expression of
glucagon-like peptide (GLP)-1 in intestinal L cells, a type of
endocrine cell in the intestine that secretes GLP-1 (Sun et al.,
2016). Other research reported a positive correlation between the
abundance of bacteria belonging to the Akkermansia genus and
the number of L-cells in the colon; the administration of A.
muciniphila significantly increased GLP-1 release from colonic
L-cells (Everard et al., 2013).

Zhang et al. also reported that berberine modulated the GM,
enriched the population of SCFA-producing bacteria, and
regulated microbial diversity, thus enhancing intestinal
integrity (Zhang et al., 2015). These authors also revealed that
Phascolarctobacterium, Anaerotruncus, and Oscillibacter, may be
solely responsible for the beneficial effects of berberine on
intestinal permeability. Berberine increased the expression of
ZO-1 mRNA by inhibiting the abundance of Oscillibacter, thus
antagonizing obesity.

Berberine can enrich the population of butyrate-producing
bacteria in the GM (Wang et al., 2017b). Butyrate-induced
upregulation of GLP-1 and PYY may be important in preventing
or treating obesity and insulin resistance (Vidrine et al., 2014).
Treatments with butyrate or increasing butyrate productions have
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
been shown to prevent or attenuate obesity and insulin resistance
(Li M. et al., 2016; Li X. et al., 2016; Goldsmith et al., 2017; Zhang
et al., 2017). Butyrate has also been shown to increase B-adrenergic
receptor profiles in adipocytes, which occurs via HDACi activity, a
similar mechanism for upregulating fatty acid oxidation may occur
in white adipose tissue (McNabney and Henagan, 2017). The
HDACi activity of butyrate has also been associated with its
ability to prevent adipose tissue inflammation, a contributing
factor to insulin resistance during obesity (Ding et al., 2000;
Wang et al., 2015). N-(1-carbamoyl-2-phenyl-ethyl) butyramide
(FBA), a synthetic more palatable derivative of butyrate, in mice fed
the HFD reduces hepatic fat accumulation and decreases metabolic/
mitochondrial efficiency, counteracting obesity, IR, and
inflammation (Mollica et al., 2017). Elevation of SCFA availability
by increasing dietary fiber intake or diet supplementation with
butyrate may prevent the development of metabolic
disarrangements and the insulin resistance associated with obesity
(Galisteo et al., 2008; Nilsson et al., 2010).
THE EFFECTS OF BERBERINE
ON HYPERLIPIDEMIA

Hyperlipidemia is a major component of the metabolic
syndrome, and gives rise to increased levels of triglyceride
(TG), total cholesterol (TC), and low-density lipoprotein
cholesterol (LDL-C), while reducing the serum levels of high-
density lipoprotein cholesterol (HDL-C) (Chen et al., 2014).
Berberine has been shown to exert a therapeutic effect on
patients with hyperlipidemia (Kong et al., 2004).

The “one-drug-multiple-target” concept is characteristic of
the treatment applied for hyperlipidemia. The main targets of
berberine on the metabolism of lipids and glucose are IR and the
LDLR. Interestingly, berberine has been shown to reduce the
serum levels of lipids in humans, hamsters, rats, and mice (Kong
et al., 2004; Chang et al., 2010; Wang et al., 2010). A clinical trial
showed that berberine treatment reduced the levels of total
cholesterol, triglycerides, and LDL cholesterol, while increasing
the levels of HDL cholesterol after 3 months of treatment when
compared with a placebo (Derosa et al., 2013).

In another study, the oral administration of berberine in 32
hypercholesterolemic patients for 3 months was shown to reduce
serum levels of cholesterol by 29%, triglycerides by 35% and
LDL-cholesterol by 25% (Kong et al., 2004). Furthermore, the
treatment of hyperlipidemic hamsters with berberine reduced
serum levels of cholesterol by 40% and LDL-cholesterol by 42%,
with a 3.5-fold increase in hepatic LDLRmRNA expression and a
2.6-fold increase in hepatic LDLR protein levels (Kong et al.,
2004; Yao et al., 2015). Berberine has also been shown to increase
the abundance of Bacteroides, Parabacteroides, and Blautia
genera, and eliminate or reduce the populations of Prevotella,
Escherichia, Clostridium, and Sutterella genera in patients with
hyperlipidemia (Li et al., 2016).

Berberine can change the abundance of intestinal mucus
produced by A. muciniphila bacteria in an animal model for
February 2021 | Volume 10 | Article 588517
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high-fat diets (Zhu et al., 2018). These results indicated that
berberine can improve hyperlipidemia by affecting the
composition of the intestinal flora. Wang et al. further
reported that fecal nitrate reductase (NR) activity in patients
with hyperlipidemia was higher than that in healthy individuals.
The NR activity of intestinal bacteria plays a key role in
promoting the intestinal absorption of berberine. In humans,
individuals with high NR activity have been shown to exhibit
higher levels of berberine in their blood compared with those
with normal fecal NR activity, thereby suggesting a variation in
the oral bioavailability of berberine (Wang et al., 2017c).

Other studies have shown that berberine can suppress the
production of ATP and NADH levels by bacteria and also the
levels of nicotinamide adenine dinucleotide. The ob/ob mice
(C57BL/6J) were treated orally with berberine (100 mg/kg/day)
for 10 days and their feces sample was taken for the bacterial
composition analysis. Of the 50 genera, the abundance of 9
genera increased after berberine treatment. Seven of the nine
genera were able to produce butyrate, including Enterobacter,
Escherichia − Shigella, Incertae sedis, Lachnospiraceae FCS020
group, Akkermansia, Clostridium sensu stricto 1, and Bacteroides,
with the biggest increase seen in Enterobacter and Escherichia
−Shigella (Wang et al., 2017b). These actions resulted in
increased levels of butyryl-CoA, thus promoting the GM to
produce butyrate. Once released, butyrate enters the blood and
is able to reduce the levels of lipids and glucose. However, the
intraperitoneal administration of berberine was unable to
increase the levels of butyrate but did reduce the levels of
lipids and glucose in the blood. Therefore, berberine appears to
act via two different models in order to reduce hyperlipidemia:
firstly by exerting a direct effect via the circulation and secondly,
by exerting an indirect effect via butyrate produced by GM
(Wang et al., 2017b).
THE EFFECTS OF BERBERINE
ON LIVER DISEASE

Previous research has shown that the liver is exposed to gut-derived
bacterial metabolites and products (Eissa et al., 2018). A previous
study showed that the concentrations and bioactive metabolites of
berberine in the organs were higher than those in the blood during
the progression of alcoholic liver disease (ALD) from steatohepatitis
to fibrosis, cirrhosis, and then to end-stage liver disease. In addition,
berberine was shown to be distributed rapidly in a range of tissues,
but predominantly in the liver (Tan et al., 2013).

Berberine has also been shown to significantly reduce
inflammation, fibrosis, and the levels of lipid peroxides in the
liver (Zhang et al., 2016). The lipid-lowering effect of berberine
occurs via a series of continuous events, including bile salt
hydrolase (BSH) inhibition, significant increases in the levels of
tauro-conjugated bile acids (especially TCA), and the activation
of the FXR signaling pathway. These events reduce the
expression levels of CD36 in the liver which then leads to a
reduction in the hepatic uptake of long-chain fatty acids and the
modulation of lipid metabolism in the liver (Sun et al., 2017).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Berberine activated a population with immune suppressive
function, defined as granulocytic‐ myeloid‐derived suppressor
cell (G‐MDSC)‐like population, in the liver of mice with
alleviating ALD. Berberine remarkably enhanced the increase
of G‐MDSC‐like cells in blood and liver and decreased cytotoxic
T cells correspondingly. Moreover, berberine changed the overall
gut microbial community, primarily increased the abundance of
A. muciniphila. Of note, depletion of gut microbiota abolished
the inducing effect of berberine on G‐MDSC‐like population,
and attenuated its hepatoprotective effect against alcohol in mice,
suggesting intestinal flora might be involved in mediating the
expansion of this protective population (Li S. et al., 2020).
Patients with ALD have been shown to possess an increased
abundance of endotoxin-producing Enterobacteriaceae, and a
reduced abundance of SCFAs-producing bacteria, such as
Lachnospiraceae and Ruminococcaceae. In a previous study,
Grander et al. (2018) showed that A. muciniphila, a
commensal type of bacteria, was associated with intestinal
mucous layer in alcoholic hepatitis. These authors showed that
clinical stool samples from patients with alcoholic hepatitis had
the lowest relative abundance of A.muciniphila. Further
experiments, using a mouse(C57BL/6J) model of ALD,
reported improvements in alcohol-associated hepatic disease
and intestinal barrier function following the administration of
A. muciniphila (Grander et al., 2018). Other studies have shown
that berberine can regulate SCFA-producing bacteria (Wang
et al., 2017). Human and animal experiments in ALD and
cirrhosis have further demonstrated that probiotics, including
Lactobacillaceae spp. can improve the outcomes of these diseases
(Han et al., 2015).

Primary biliary cholangitis (PBC) and primary sclerosing
cholangitis (PSC) are both cholestatic liver disorders. Patients
with PBC are known to possess reduced populations of beneficial
bacteria such as Acidobacteria, Lachnobacterium, Bacteroides,
and Ruminococcus, and increased populations of pathogens, such
as proteobacteria, enterobacteriaceae, Veillonella, Streptococcus,
and Klebsiella (Lv et al., 2016). Berberine is known to exhibit
antibacterial activity against Streptococcus and Klebsiella (Zhou
et al., 2016; Du et al., 2020).

The administration of berberine has been shown to restore the
relative levels of bifidobacteria, along with the B:F ratio, in mice
(BALB/c) that were fed a high-fat diet. These changes
subsequently led to an improvement in serum transaminase
activity and non-alcoholic fatty liver disease activity scale score
(Cao et al., 2016). Furthermore, the expression levels of CD14, IL-
1, IL-6, and TNF-a, were significantly downregulated in mice fed
on a high-fat diet following berberine treatment (Cao et al., 2016).
Berberine can also ameliorate intestinal dysbacteriosis and
therefore reduce the liver toxicity caused by pathological/
pharmacological intervention. Berberine treatment was also
shown to reduce the level of dextran sulfate sodium (DSS)-
induced intestinal dysbacteriosis and thus reduce acute liver
toxicity (Qin et al., 2018). Therefore, the transplantation of fecal
microbiota might represent a useful method to directly explore
homeostatic alterations in the GM. Demethyleneberberine (DMB)
is an essential in vivo metabolite of berberine. DMB has been
February 2021 | Volume 10 | Article 588517
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shown to suppress the activation of hepatic stellate cells (HSCs)
and induce apoptosis by regulating the nuclear factor-kappa B
(NF-kB) cascade. DMB also has inhibitory effects on collagen
synthesis and is able to increase the degradatino of collagen by
blocking the transforming growth factor b 1 (TGF-b1)-Smad
signaling pathway. In addtion, DMB can reduce the expression
of matrix metalloproteinases (MMPs) (Wang et al., 2016).

THE EFFECTS OF BERBERINE
ON DIABETES MELLITUS (DM)

DM is a metabolic disease that is associated with high levels of
morbidity and mortality. Alterations and in the GM, along with
chronic systemic inflammation, have been shown to lead to DM
(Sepp et al., 2014; Cui et al., 2018a). There is increasing evidence
to show that changes in the GM are associated with IR and DM.
In a previous study, Gao et al. proposed that the “bacteria–
mucosal immunity–inflammation–diabetes” axis can be utilized
in the prevention and treatment of DM (Gao et al., 2017).
Berberine may be efficacious against DM, and has been shown
to exert its actions by modulating the GM (Zhang et al., 2015). In
a previous study, Cui showed that the relative abundance of
Bacteroidetes in the rat model of type II diabetes mellitus
(T2DM) was lower than in normal rats; this difference was
largely abolished following berberine treatment.

Research has shown that berberine fumarate (BF) may play a
hypoglycemic role in rats with DM by regulating GM and
metabolism. The administration of BF has been shown to
significantly ameliorate metabolic disorders, and increase the
populations of Bacteroidetes, Clostridia, Lactobacillales,
Prevotellaceae, and Alloprevotella. In addition, the relative
abundance of Clostridia in the rat intestine was negatively
correlated with the host’s blood glucose; BF treatment was shown
to reduce the populations of Bacteroidales, Desulfovibrio,
Lachnospiraceae, and Rikenellaceae in the rat model of T2DM.
Moreover, BF has been shown to reduce inflammation, inhibit the
overexpression of toll-like receptor (TLR) and phosphorylated c-Jun
N-terminal kinase, and increase the expression of phosphoinositide
3-kinase, glucose transporter-2, and other proteins related to
oxidative stress, thus promoting the glucose metabolism (Cui
et al., 2018a).

Bacteria in the gut can decompose and metabolize berberine
into dihydroberberine, thus preventing the absorption of
disaccharides in the intestinal tract (Feng et al., 2015), and
increasing the secretion of GLP-1 and GLP-2 to protect
pancreatic islet cells and reduce the levels of glucose in the
blood (Wei et al., 2014). Furthermore, berberine is able to
regulate the expression of a range of related molecules in rats
with DM, including the TLR4/MyD88/NF-kB signaling pathway
(Gong et al., 2017). In the rat model of T2DM, the bioavailability
of berberine is higher than that in normal rats. Furthermore,
compared with berberine hydrochloride, berberine organic acid
salts (especially BF and berberine succinate) can not only control
the levels of blood sugar and avert the occurrence of
hyperchloremia, but can also significantly improve the oral
bioavailability of berberine (Cui et al., 2018b).
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In particular, a number of observational studies have identified
an association between elevated circulating levels of branched-
chain amino acids (BCAAs) and poor metabolic health. In clinical
studies, increased levels of BCAAs in the blood have been
positively correlated with insulin resistance (Lynch and Adams,
2014). Berberine has been shown to reduce the relative abundance
of BCAA-producing bacteria, including Clostridiales; the families
of Streptococcaceae, Clostridiaceae, the Streptococcus genera, and
Prevotella. Consequently, the increased serum levels of BCAAs
induced by the consumption of a high-fat diet are reduced
significantly following the administration of berberine.
Furthermore, data from both healthy subjects and patients with
DM indicate that berberine can improve glycemic control and
modulate the circulating levels of BCAAs (Yue et al., 2019).
Therefore, it is evident that the hypoglycemic effects of
berberine may be related to improvements in the regulation of
gut-derived hormones, the weakening of mechanisms in the
intestinal mucosal, and the destruction of the immune-barrier.

Both berberine and metformin have been shown to cause
changes in more than 20 genera in db/db mice (C57BLKS/JNju,
animal models of type 2 diabetes). Both of these treatments caused
significant changes in the expression of seven OTUs, including
increases in the prevalence of a range of SCFA-producing bacteria,
including Butyricimonas, Coprococcus, and Ruminococcus (Zhang
et al., 2019). Similar changes were observed in the content of
SCFA-producing bacteria in the feces. Both of these treatments led
to an increase in the populations of the symbiotic genera
Lactobacillus and Akkermansia. In contrast, both treatments
reduced the populations of Prevotella and Proteus, two types of
opportunistic pathogens. Berberine and metformin were able to
reduce weight gain and regulate the gut microbiome while
suppressing intestinal inflammation and supporting the
intestinal barrier (Zhang et al., 2019).

The combination of berberine and stachyose was previously
shown to improve glycol-metabolism in T2DMmice (BKS-db) to a
better extent than berberine alone (Li et al., 2020); this effect
occurred by changes in the regulation of the intestinal microbiota
and fecal metabolomics. Following treatment with berberine and
stachyose, there was a reduction in the abundance of
Saccharibacteria, Deferribacteres, Actinobacteria, and Firmicutes,
but an increase in the abundance of Verrucomicrobia.
Furthermore, compared with berberine treatment alone, there was
a significant increase in the abundance of Verrucomicrobia when
stachyose and berberine were administered in combination (Li
et al., 2020).

THE EFFECTS OF BERBERINE
ON CANCER

Colorectal cancer (CRC) is the third most commonly
encountered malignant tumor and the fourth leading cause of
cancer mortality in the world (Siegel et al., 2019). In 2019,
approximately 145,600 new cases of CRC, and 51,020 deaths,
were estimated to have involved CRC (Song et al., 2020). An
increasing body of data now support the fact that changes in the
intestinal microbiome allow environmental risk factors to initiate
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and promote CRC (Song and Chan, 2019). Previous research has
shown that berberine can inhibit the development of colorectal
cancer (CRC) (Habtemariam, 2016).

A. muciniphila is a gram-negative anaerobic bacterium that is
selectively reduced in the fecal microbiota of patients with colitis
or colitis-associated cancer (CAC). amuc_1100 is a special
protein that can be isolated from the outer membrane of A.
muciniphila. Once isolated, amuc_1100 still exerts biological
activity and plays a beneficial role at the temperature used for
pasteurization. A. muciniphila or amuc_1100 has been shown to
alleviate colitis and CAC, reduce CD8+ cytotoxic T lymphocytes
(cTls), and the infiltration of macrophages in the colon, and may
therefore represent a promising therapeutic target for the
treatment of colitis and CRC (Wang et al., 2020). However,
research has shown that the population of Akkermansia was
significantly increased in a mouse model (BALB/c) of CAC fed a
high-fat diet (Wu et al., 2016). The Apcmin/+ mouse model
(C57BL/6J) has a tumorigenic phenotype and can develop
intestinal tumors; research has shown that high-fat diet could
accelerate the process of carcinogenesis. Berberine has been
shown to significantly reduce intestinal-tumor development
and cause changes in the structure of the GM in Apcmin/+ mice
(C57BL/6J) fed on a high-fat diet (Wang et al., 2018). Berberine
can clearly inhibit the increased abundance of Verrucomicrobia
at the phylum level. At the genus level, berberine can suppress
Akkermansia and increase the abundance of some SCFA-
producing bacteria (Wang et al., 2018).

Berberine has also been shown to promote the interaction
between retinoid X receptor alpha (RXRa) and nuclear b-
catenin; this leads to the Casitas B-lineage lymphoma (c-Cbl)-
mediated degradation of b-catenin, thereby inhibiting the
proliferation of colon cancer cells (Ruan et al., 2017).
THE EFFECTS OF BERBERINE
ON OTHER DISEASES

The modulation of berberine-induced GM plays a significant role
in the development of IBD and atherosclerosis (Cui et al., 2018).
IBD is caused by dysregulation of the immune responses in the
intestinal mucosal in hosts that are genetically susceptible (Strober
et al., 2007). Berberine has also been shown to inhibit the production
of pro-inflammatory cytokines in colonic macrophages and
epithelial cells, and promote apoptosis in the colon macrophages
of mice(C57BL/6) treated with DSS. Berberine was also shown to
reduce the activation of the signaling pathways that produce
proinflammatory cytokines (including mitogen-activated protein
kinase and NF-kB) in colonic macrophages and epithelial cells in
DSS-treated mice (Yan et al., 2012). In the intestinal mucositis
induced by 5-fluorouracil (5-Fu) using rat model, berberine
significantly increased the levels of butyrate and glutamine in feces
from 5-Fu treated rats. In terms of gut microbiota, berberine
enriched the relative abundance of Firmicutes and decreased
Proteobacteria at the phylum level. Meanwhile, berberine
increased the proportion of unclassified_f_ Porphyromonadaceae,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
unclassified_f_ Lachnospiraceae, Lactobacillus, unclassified_
o_Clostridiales, Ruminococcus, Prevotella, Clostridium IV, and
decreased Escherichia/Shigella at the genera level (Chen et al., 2020).

Clinical evidence suggests that berberine can reduce
endothelial inflammation and improve vascular health (Cicero
and Baggioni, 2016). Shi et al. further reported that berberine
may modulate the composition of the GM in subjects with
atherosclerosis (Shi et al., 2018). Other studies have shown that
berberine could be used to treat atherosclerosis by increasing the
abundance of Akkermansia spp in mice(C57BL) fed a high-fat
diet (Zhu et al., 2018). In addition, berberine was shown to
reduce HFD-induced metabolic endotoxemia and the expression
of proinflammatory cytokines and chemokines in the arteries
and in the intestine.

Other research has shown that berberine can reduce the
expression of hepatic flavin-containing monooxygenase 3
(FMO3) and the serum levels of proteins involved in the
trimethylamine N-oxide FXR signaling pathway (Shi et al.,
2018). Similarly, the levels of primary bile acids (e.g., b-
muricholic acid and tauroursodeoxycholic acid) were shown to
be increased in the livers and sera of mice (C57BL/6) fed
berberine; the levels of secondary bile acids (lithocholic acid
and T-conjugates) were reduced (Guo et al., 2016). Another
study reported that the expression of bile acid-synthetic enzymes
(e.g., cytochrome P450 (Cyp)7a1 and Cyp8b1), and an uptake
transporter sodium taurocholate co-transporting polypeptide
(Ntcp), increased by 39 to 400% in the livers of mice fed high
doses of berberine; however, there was no significant change in
the expression levels of the nuclear receptor and efflux
transporter (Guo et al., 2016).

Berberine treatment has also been shown to increase the
abundance of Akkermansia in the intestine and alleviate
atherosclerosis in Apoe (-/-) mice fed a high-fat diet (Zhu
et al., 2018). Collectively, these data indicate that berberine
may play different regulatory roles in different disease models
and that berberine acts via many different systems on a range of
targets in the treatment of disease.
CONCLUSIONS

Berberine has various pharmacologic properties and multi-
spectrum therapeutic applications (Imenshahidi and
Hosseinzadeh, 2019). The GM is an important environmental
factor that interacts with its host, and participates in the
occurrence and development of various diseases. Several
clinical studies have shown that berberine can be used in
treatment of different diseases (e.g., DM, hyperlipidemia,
cancer, metabolic syndrome, polycystic ovarian syndrome, liver
disease) by GM regulation (Figure 1).

This review mainly elucidates the role of berberine in a variety
of diseases by regulating intestinal flora. However, three main
factors need to be addressed. First, there are genetic differences
between rodents and humans, so the regulatory effect of the GM
through berberine must be demonstrated clinically. Second,
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better understanding of how the GM regulates glucose
metabolism and DM complications is needed. Third, the US
Food and Drug Administration has not approved berberine for
any indication.
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