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Abstract: Berberine (BBR), an isoquinoline alkaloid that derived from the Chinese medicinal plant Coptis chinensis,
has been identified with multiple pharmacological activities, including regulating glucose and cholesterol levels,
anti-obesity effects and anti-diabetic effects.|Due to its multiple activities, BBR and its metabolites have drawn great
attention in biomedical research and clinical practices. After the recent re-discovery of brown adipose tissue (BAT) in
adult humans, stimulating energy-dissipating via BAT activation and white-to-brown adipose tissue conversion have
been regarded as potential therapeutic strategies for obesity and diabetes.|Recent studies have demonstrated the
activities of BBR in the activation of BAT and white-to-brown adipose tissue conversion, showing significant effective-
ness in the treatment of diabetes.|This review has summarized current studies that focused on the effect of BBR in
the treatment of metabolic syndrome, especially in regulating BAT activities.|Besides, the potential and molecular
mechanisms of BBR in treating other risk factors of metabolic syndrome, including insulin resistance and dyslip-
idemia, are also reviewed, showing the great potential of BBR in treating the metabolic syndrome systematically.
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Introduction

The metabolic syndrome is a group of risk fac-
tors that could significantly increase the likeli-
hood of cardiovascular diseases, type Il diabe-
tes, and stroke. These risk factors in metabolic
syndrome including obesity, insulin resistance,
and dyslipidemia. The complexity of metabolic
syndrome has raised a lot of difficulties in
treating of this multifaceted health problem.
Although the prevalence of metabolic syndrome
has been continuously increasing for years,
current therapeutic strategies still failed to pro-
vide effective and sufficient treatment.

Obesity is a status of chronic positive energy
balance associated with excess fat storage
that accumulates in adipose tissues [1]. After
rediscovering functional brown adipose tissue
(BAT) in adult human through several combined
imaging techniques [2, 3], increasing interests
have been raised in treating obesity and diabe-

tes via activation and recruitment of BAT, due to
the particular function of BAT in dissipating
chemical energy in the form of non-shivering
thermogenesis. Therefore, activation of BAT
and conversion of fat-accumulating white adi-
pose tissue (WAT) into energy-dissipating BAT
may serve as an effective and potential ap-
proach.

Berberine (BBR) is a natural product of quater-
nary ammonium salt from the group of isoquin-
oline alkaloids (2,3-methylenedioxy-9,10-dime-
thoxyprotoberberine chloride; C,0H,,NO,*) and
has a molar mass of 336.36122 g/mol [4].
BBR can be isolated from a variety of plants,
such as Coptis chinensis (Coptis or Goldthread),
Hydrastis canadensis (goldenseal), Berberis
aquifolium (Oregon grape), Berberis aristata
(Tree Turmeric), Berberis vulgaris (Barberry),
and Arcangelisia flava [5]. Recently, BBR was
found to have anti-obesity activity through regu-
lating BAT thermogenesis and inhibiting adipo-
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[21-23], adipocytes and myo-
cytes [24, 25]. (Among the

¢S pathways through which BBR
2 o modulates the cellular pro-
ﬁ‘<( cesses, AMP-activated pro-

tein kinase (AMPK) plays a
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tions as a cellular energy sen-
sor that involves in stimula-
tion of catabolic processes
(such as fatty acid oxidation,
glucose uptake, lipolysis) wh-

a:’(\( R ile inhibiting anabolic proce-
eSSt sses (such as gluconeogene-
€l Bt sis, fatty acid synthesis and

e 8. ’ cholesterol synthesis) [26].
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Effects of BBR on activation
of BAT

Figure 1. The chemical structures of berberine and its metabolites: M1 (Ber-

berrubine), M2 (Thalifendine), M3 (Demethylenberberine), and M4 (Jatror-

rhizine).

genesis [6, 7]. In addition, previous studies
have reported the therapeutic effects of BBR in
insulin resistance and dyslipidemia [8-11]. In
this review, the roles of BBR in BAT activation,
white-to-brown adipose tissue conversion, glu-
cose metabolism, and lipid metabolism are
reviewed, and its potential in treatment of met-
abolic syndrome is discussed.

Results
Drug metabolism and in vitro effects of BBR

There are four major metabolites of BBR: ber-
berrubine (M1), thalifendine (M2), demeth-
yleneberberine (M3) and jatrorrhizine (M4) [12].
The biodistribution and pharmacokinetics of
BBR follows a classic pattern: oral intake, fol-
lowed by the small intestine (the first-pass elim-
ination), the liver (accumulation), the kidneys,
the muscle, the heart and the pancreas [13,
14]. After oral intake, the main metabolic path-
ways are oxidative demethylation (generating
M1) and subsequent glucuronidation, whereas
the pathways after intravenous dosing are oxi-
dative demethylation (generating M3) and gluc-
uronidation of M3 [15] (Figure 1).

Several studies have identified the mecha-
nisms of action of BBR at the cellular level, par-
ticularly in hepatic cells [16-18], vascular sm-
ooth muscle cells [19, 20], pancreatic B-cells
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White and brown adipose tis-
sues are two different types
of adipose tissue in human
that have opposite physiological functions.
White adipose tissue (WAT) stores energy in the
form of large unilocular lipid-droplets within adi-
pocytes, which is sensitive to the regulation of
hormones, such as insulin and leptin [27].
Brown adipose tissue (BAT), on the other hand,
is composed of multilocular lipid droplets and
large numbers of mitochondria that contain
uncoupling protein-1 (UCP1), which is histologi-
cally, morphologically and functionally distinct
from WAT, with unique developmental patterns
[28]. Previously, functional BAT was only
observed in rodent and human neonates as a
mechanism for adapting to the cold environ-
ment. However, recent studies have shown that
adult humans also have functional BAT [2, 29,
30], which raises great research interests to
BAT development in the past few years.|Active
BAT modulates heat generation by triglyceride
hydrolysis and then oxidizes fatty acids, and it
plays an important role in energy expenditure
[31]. Several studies have found that changes
in BAT activity can greatly affect body weight
[32].

Berberine has been reported as a critical factor
in promoting adaptive thermogenesis through
activating BAT activity. Animal experiments
showed that berberine (5 mg/kg body weight)
administration increased whole-body energy
expenditure by 20% without changes in physi-
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Figure 2. Different types of adipose tissue deposits. A. WAT (white adipose tissue) is the unilocular adipose tissue
with sparse mitochondria, which could be found throughout the body, and is a storage site of energy surplus. B.
Beige (brite) adipose tissue is a special type of adipose tissue with multilocular lipid droplets infiltrated in WAT. C.

BAT (brown adipose tissue) is multilocular and highly vascularized tissue, and has dense mitochondria that could

induce energy production in the form of heat.

cal activity. The increased expression of BAT
thermogenic markers (such as Pgcla, Cidea,
and Ucpl) and the mitochondrial content in
BAT after berberine administration confirmed
the effect of berberine on BAT activation.
Furthermore, the 187-FDG-PET/CT results indi-
cate the glucose uptake in BAT was enhanced
[6]. Besides, the respiratory exchange ratio was
significantly decreased in db/db mice, suggest-
ing that berberine shifts the fuel preference
toward fatty acid oxidation.

Effects of BBR on white-to-brown adipose tis-
sue conversion

During the process of white to brown adipose
tissue conversion, the expression of UCP1
increases in white adipocytes, resulting the
accumulation of functional UCP1-rich cells with-
in WAT. The development of clustering UCP1-
expressing multilocular adipocytes with ther-
mogenic capacity in WAT could be induced by
various stimuli, such as cold exposure, and
these adipocytes have been named beige or
“brite” (brown in white) adipocytes [33, 34]
(Figure 2). These beige adipocytes have similar
characteristics with brown adipocytes, includ-
ing having abundant mitochondria within cell
and expressing other key factors that associat-
ed with thermogenesis, including CIDEA and
PGCla [35, 36].

Due to the specific function of BAT in energy
expenditure, conversion of white into brown
adipocytes is another potential methods to
accelerate energy expenditure besides recruit-
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ment of brown fat [32]. The most effective sym-
pathetic activator is chronic cold exposure [37],
which could induce a massive thermogenic
response in WAT. However, chronically exposing
obese patients to cold temperatures cannot be
a therapeutic method as it is unethical and
uncomfortable. Therefore, other “browning
agents” besides cold temperatures have been
investigated for many years. In addition to or in
combination with this system, various factors
have been reported to be activators/recruiters
of BAT and white-to-brown adipose tissue con-
version [38-41]. Among them, BBR has attract-
ed interests.

Berberine has shown effects in stimulating
white-to-brown adipose conversion. However,
this browning effect was only found in specific
tissue: the development of brown-like adipo-
cytes in the inguinal area is induced by berber-
ine, but notin epididymal fatin mice. Meanwhile,
the expression of Ucpl and other thermogenic
markers was up-regulated in inguinal WAT,
and the mitochondrial biogenesis was also
observed. AMPK and PGCla activation are
involved in the mechanism of thermogenic
induction via berberine and its supplementa-
tion [6]. Thus, berberine has multiple regula-
tions in brown adipocyte function through acti-
vating AMPK [42] (Figure 3). At least three dis-
tinct metabolic responses may occur upon
thermogenic stimuli, including the following: 1)
an increase in BAT activity in pre-existing classi-
cal brown adipocytes; 2) the metabolic switch
of some, if not all, existing white adipocytes
to beige adipocytes in subcutaneous fat (WAT

Am J Transl Res 2018;10(11):3322-3329
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Figure 3. Three metabolic responses may occur upon thermogenic stimuli.
A. Increase in BAT activity in pre-existing classical brown adipocytes; B. The

dysfunction and its progres-
sion in atherosclerosis [43].
Accumulation of LDL-C in
blood vessels usually caused
by inactivity of the LDL recep-
tor (LDLR) or reduction in
LDLR expression [44] (Figure
4).

Thermogenic A great number of preclinical
and clinical studies have
suggested that BBR has mul-
tiple lipid-lowering activities,
including facilitating LDLR
MRNA expression and reduc-
ing. Previous studies have

heat release
& Weight loss

metabolic switch of existing white adipocytes to beige adipocytes in subcuta-

reported that BBR could

neous fat (white-to-brown adipose tissue conversion); Berberine activate this

increase the expression of the

conversion via AMPK/PGCla signaling; C. New beige adipocyte formation

from adipogenic progenitor cells.
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Figure 4. Main lipid-lowering effects of berberine through the APMK pathway.
Briefly, LDLR mRNA can be stabilized by berberine through AMPK-dependent
Raf-1 activation. Then, ERK is activated, and hnRNP D is down-regulated.

browning); and 3) new beige adipocyte forma-
tion from adipogenic progenitor cells. Berberine
can trigger thermogenic responses via AMPK/
PGC1 signaling and lead to mitochondrial bio-
genesis as well as the anti-inflammatory
function.

Effect of BBR on lipid metabolism

High levels of low-density lipoprotein choles-
terol (LDL-C) and oxidized LDL (oxLDL) in blood
vessels are major risk factors for endothelial

3325

LDL-C decrease

LDLR at the post-transcrip-
tional level [16, 45]. Briefly,
BBR could up-regulate LDLR
expression in liver cells by
AMPK-dependent Raf-1 acti-
vation [46]. Then, the BBR-
induced stabilization of LDLR
MRNA is mediated by activa-
tion of extracellular signal-
regulated kinase (ERK) signal-
ing pathway [47] and down-
regulation of mRNA decay-
promoting factor heteroge-
neous nuclear ribonucleopro-
tein D (hnRNP D), a protein
that responsible for rapid
mRNA turnover [48]. Besi-
des, in human macrophage-
derived foam cells treated
with oxLDL, BBR activates
the AMPK-sirtuin 1-peroxiso-
me proliferator-activated re-
ceptor A (AMPK-SIRT1-PPARY)
pathway [49], therefore, inhib-
iting the expression of lectin-like ox-LDL-recep-
tor 1 (LOX-1) [50] as well as reducing the uptake
of oxLDL in macrophages, which could eventu-
ally impede the foam cell formation [51].

Beside of regulations in LDL, BBR and its
metabolites could also reduce the triglyceride
(TG) levels. BBR contributes to the reduction of
TG and total cholesterol levels by modulating
the expression of adipogenic transcription fac-
tors [52]. Furthermore, due to the critical role of
AMPK in the regulation of fatty acids and TG

Am J Transl Res 2018;10(11):3322-3329
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[56] (Figure 5).

T e e e

Berberine

0.‘.

nucleus

mechanism was confirmed in
the palmitate-induced hyper-
trophy H9¢2 myoblast cell line
'''' [57].

Periphernal cells;

Figure 5. Stimulation effect of berberine on glucose transport from plasma
into cells Berberine could activate AMPK, increasing the translocation of
GLUT4 from cytosolic vesicles to plasma membrane, which induces plasma
glucose uptake and ultimately results in reduced insulin resistance.

[18, 53].
Insulin resistance is another important risk therefore the treatment of BBR modulates the
factor of metabolic syndrome that induced by development of insulin resistance and prevent

excess weight and physical inactivity [1]. obese rats from having an increase in body
weight compared to untreated animals [58].

Berberine is a natural product that has already
been used in bacterial infection for years.

which was observed in the H9¢c2 myoblast
cell line treated with insulin to induce insulin
resistance [55].
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from current studies, both in vitro and in vivo,
suggest that BBR could be a powerful agent
for metabolic syndrome. However, the overall
effect of BBR in metabolic syndrome was not
systemically tested, partly because the preclini-
cal models for metabolic syndrome are limited.
Once the effect of BBR was confirmed in animal
models, clinical trials need to be done for
establishing the therapeutic effectiveness of
BBR.
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