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A B S T R A C T

This study provides a critical overview of experimental studies in vitro, in humans, and in animals that evaluated
the efficacy of Berberine and its effect on management of obesity and the related metabolic consequences. As a
result of this review, we summarized the effects of Berberine in different models and the related mechanism of
actions. In preclinical models, Berberine demonstrates that it affects gut microbiota by reducing diversity of
microbes starting at a dosage of 100 mg/kg/day. Moreover, in animal models, Berberine explicates an action on
glucose through the inhibition of α-glycosidase at a dose of 200 mh/kg/day. Berberine is also known to be
effective against differentiation of adipocytes through a decrease in LXRs, PPARs, and SREBPs expression at 150
mg/kg/day. Other mechanism ascribed to Berberine are related to its inhibition of hepatic gluconeogenesis
through the Phospheoenolpyruvate carboxykinase (PEPCK), Glucose-6-phosphate (G6Pase) and AMP-activated
protein kinase (AMPK). Furthermore, Berberine (associated to Red Yeast Rice) is effective in decreasing lipid
levels in rats, which consequently lowers the change of weight gain at dosage of 40 mg/kg to 380 mg/kg/day. All
the above preclinical data are confirmed in human studies where Berberine can modulate the diversity of gut
microbes at the dose of 500 mg/day. In addition, Berberine is found to have a beneficial impact on gene reg-
ulation for the absorption of cholesterol at a daily dose of 300 mg in humans, an amelioration on glucose
accumulation at 1.0 g daily dose was also observed. For all these reasons, this review gives an important good
account of the impact of Berberine in obesity treatment and prevention.

1. Introduction

Obesity is a chronic disease characterized by abnormal fat accu-
mulation that may affect health adversely. The prevalence of obesity is
rapidly accelerating [1]. The increase in prevalence of overweight and
obese population has been of great concern globally, which has cost an
estimate of 3.4 million deaths [2]. At least 4% of Years of Life Lost
(YLL) and Disability- Adjusted Life Years (DALYs) are affected by obe-
sity around the world [3]. The causes of obesity are multifactorial

including genetic, hormonal and environmental. The increased risk of
several comorbidities including Type 2 diabetes mellitus, cardiovas-
cular disease, respiratory disorders, infertility, cancers, psychological
and social disorder are associated with obesity [1,3].

Recently many active botanical ingredients have been used in
obesity treatment and prevention such assaponins (e.g. glycyrrhizin and
macrostemonoside A), polysaccharides (e.g. Lyciumbarbarum poly-
saccharide-4 and Schisandrachinesis polysaccharide), polyphenols (e.g.
hawthorn leaves flavone and resveratrol), alkaloids (e.g. betania,
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matrina and Berberine) and other compounds like rhein and emodin
[4]. Berberine, a naturally occurring alkaloid, is found in certain species
of flowering plants like Berberidaccae, Coptis rhizomes and Hydrastis
Canadensis. Traditionally, Berberine was used in Chinese medicine for
the treatment of gastrointestinal infections [5]. Clinical research and
animal studies have provided significant results showing that Berberine
can regulate glucose, lipid metabolism and attenuate insulin resistance
[4,6].

Many studies also suggested that Berberine could prevent obesity by
down regulating expression of genes that promote the proliferation and
differentiation of adipocyte [5,7,8]. Moreover, it could alleviate the
growth of adipose tissue by inducing the enzymes that activate the
glucose and fatty acids uptake. In addition, Berberine regulates the
levels of gut hormones, subsequently, treating obesity and insulin re-
sistance.

Other studies suggested that Berberine can enhance insulin re-
sistance by modulating the gut microbiota [7–9]. Previous studies on
Berberine suggest that it may help in the treatment of dyslipidemia,
insulin resistance, and cardiovascular disease accompanying obesity by
different molecular and cellular mechanisms [9,10].

The aim of this review is to summarize the previously published
clinical studies in vitro, vivo and in humans where the efficacy of
Berberine has been evaluated in terms of dosage and timing of ad-
ministration regarding obesity.

2. Material and methods

The present systematic review was conducted in accordance with
the Preferred Reporting Items for Systematic Review and Meta-Analyses
(PRISMA) statement [11]. It was carried out through the following
steps: (1) Formulation of review question: “What are the health benefits
associated with the consumption of berberine?”; (2) Definition of sub-
jects: Animals and humans; (3) search strategy for the identification of
relevant intervention studies that included the effect of berberine on
obesity; and (4) analysis of the data through the systematic review.

2.1. Search strategy

Articles written in English were identified by searching PubMed
(https://www.ncbi.nlm.nih.gov/punmed/), Scopus (https://www.
scopus.com/home.uri), and Google Scholar (https://scholar.google.it/
). The search strategy was based on the following search terms: ber-
berine [MeSH Terms]) OR obesity[MeSH Terms]) OR blood glucose
[MeSH Terms]) OR diabetes [MeSH Terms]) OR adipocytes [MeSH
Terms]) OR insulin resistance cells [MeSH Terms]) OR cholesterol
metabolism [MeSH Terms]) OR gene regulation [MeSH Terms]) OR gut
microbiota [MeSH Terms]) OR breast cancer [MeSH Terms]) OR me-
nopause [MeSH Terms]) OR hepatic gluconeogenesis [MeSH Terms])
OR intestinal permeability [MeSH Terms]) OR epithelial junction
[MeSH Terms]). This search strategy retrieved 50 studies, after
screening based on titles and pertinence, we entered 35 studies in the
flowchart process. These 35 studies were selected initially from Scopus
and Google Scholar search engines.

Eligible studies were required to report baseline and follow-up va-
lues, the dosage given on daily or weekly bases for humans and animals
subjects to determine the effect of berberine on obesity through dif-
ference mechanism for blood glucose, diabetes, adipocytes, insulin re-
sistance cells, gut microbiota, cholesterol metabolism, gene regulation,
breast cancer and menopause, hepatic gluconeogenesis, intestinal per-
meability and epithelial junction. Almost all studies were non-
randomized with control group differentiating from dosage of berberine
given.

2.2. Analysis of data and presentation of the outcomes

A total of 50 studies had been included from 2000 to 2019, out of

which 35 (on human = 11, Animals = 22 and human-animal = 2)
were accepted from 2006–2019. This is because that each study was
selected based on the content required for description associated with
the headings.

Clinical trials investigating the effectiveness of berberine on re-
duction of obesity through different mechanism and it outcomes were
included. For human study, the following data were collected: first
author, publication year, compound, dosage, number of subjects,
duration and main outcomes/results. For animal study, same procedure
was followed with the addition of research objectives. Thus, we sum-
marize animal studies based on Cochrane methodology.

3. Results

3.1. Effect of Berberine on blood glucose and diabetes

Table 1 shows the effect of berberine supplements in human sub-
jects, had a significant effect on blood glucose and provided a sig-
nificant cure for diabetes demonstrated by the work Zhang et al. [6] on
patients with type 2 diabetes, obesity and dyslipidemia showed that
Berberine is an effective plant alkaloid that decreases the levels of total
glycerides, Low-density lipoproteins and Total Cholesterol, which are
the main factors contributing to obesity by the inhibition of α –glyco-
sidase. Yin, Xing & Ye [12], reported the effect of Berberine in newly
diagnosed and poorly controlled groups for type 2 diabetes. Berberine
reduced obesity by lowering FBG and PBG through monotherapy study,
thereby controlling diabetes.

In Table 2, studies done by Tang, Wei, Chen & Liu [13] on Wistar
rats in which diabetes was induced through tail vein injection with
alloxan and a high -fat diet, the Berberine treatment showed a sig-
nificant decrease in lipid profile, through significantly blocking the
increment of malondialdehyde (MDA), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-px).

Another study conducted by Zhang et al. [14] (Table 2), on the
effect of Berberine on KKAy mice model showed a lowering of serum
insulin and lipid metabolism, and leads to a lowering of glucose levels,
which in turn reduce body weight. Berberine upregulated the expres-
sion of glucose transporter 4 (GLUT4), mitogen-activated protein kinase
14 (MAPK14), MAPK8(c-jun N-terminal kinase, JNK), peroxisome
proliferator-activated receptor α (PPARα), uncoupling protein 2
(UCP2), and hepatic nuclear factor 4α(HNF4α), whereas it down-
regulated the expression of PPARγ, CCAAT/enhancer-binding protein
(CEBP), PPARγ coactivator 1α(PGC 1α), and resistin.

3.2. Effective mechanism of Berberine on adipocytes and insulin resistance
cells

Adipocytes are the main store house of lipids and fatty acids, which
leads to obesity, diabetics and other associated disease. In Table 3
shows the effects of Berberine on adipocytes and on insulin resistance
cells. A recent study done by Wu et al. [15], showed that Berberine tend
to reduce weight by increasing brown adipose tissue (BAT). It also
improves insulin sensitivity through stimulation of BAT genes, which
play an important role in the regulation of energy balance.

Research done by Li et al. [16] on hamsters showed that Berberine
opposes the effect of streptozotocin by decreasing alter visceral white
adipose tissue LXRs, PPARs, and SREBPs transcriptional programs in
visceral white adipose tissue and helps in reduction of body weight.
Berberine increases liver X receptors (LXRs) and peroxisome pro-
liferator-activated receptors (PPARs) expression (Table 2).

A study done on human fat in vitro and by Yang et al. [17]
(Table 1), showed that the expression of PPARγ2, C/EBPα, adiponectin,
and leptin mRNA is down regulated in preadipocytes upon treatment
with Berberine.

Z. Ilyas, et al. Biomedicine & Pharmacotherapy 127 (2020) 110137

4

https://www.ncbi.nlm.nih.gov/punmed/
https://www.scopus.com/home.uri
https://www.scopus.com/home.uri
https://scholar.google.it/


Ta
bl
e
2

St
ud
ie
s
on

th
e
eff
ec
ts
of

be
rb
er
in
e
on

ob
es
ity

th
ro
ug
h
di
ffe
re
nt

m
ec
ha
ni
sm

in
A
ni
m
al
su
bj
ec
ts
.

Fi
rs
tA

ut
ho
r,

Ye
ar

Co
m
po
un
d

Re
se
ar
ch

ob
je
ct
iv
es

St
ud
y
de
si
gn

N
o.
of

su
bj
ec
ts

D
ur
at
io
n

M
ai
n
ou
tc
om

es
/
Re
su
lts

Bl
oo
d
gl
uc
os
e
an
d
di
ab
et
es

Ta
ng
,2

00
6

[1
3]

Be
rb
er
in
e
(1
00

an
d
20
0
m
g/
kg
/d
ay
)

In
hi
bi
tio

n
of

pr
og
re
ss
io
n
of

di
ab
et
es

in
du
ce
d
by

al
lo
xa
n

D
ia
be
te
sw

as
in
du
ce
d
by

ta
il
ve
in
in
je
ct
io
n

w
ith

al
lo
xa
n
in

W
is
ta
r
ra
ts
fo
llo
w
ed

by
fe
ed
in
g
on

hi
gh
-c
ho
le
st
er
ol

di
et
.

n
=

15
3
w
ee
ks

Pa
nc
re
at
ic
sa
m
pl
e
w
ith

dr
aw

n
af
te
r
3-
w
ee
ks

of
Be
rb
er
in
e
tr
ea
tm

en
t
sh
ow

ed
a
si
gn
ifi
ca
nt

de
cr
ea
se

in
fa
st
in
g
bl
oo
d
gl
uc
os
e
le
ve
ls
,

se
ru
m

co
nt
en
t
of

TC
,T

G
,L
D
L-
c
an
d

eff
ec
tiv

el
y
in
cr
ea
se
d
H
D
L-
c.
A
ls
o,

Be
rb
er
in
e

tr
ea
tm

en
t
bl
oc
ks

th
e
in
cr
ea
se

of
M
D
A
,S
O
D

an
d
G
SH

-p
x
le
ve
ls
in

di
ab
et
ic
ra
ts
.

Zh
an
g,
20
11

[1
4]

Be
rb
er
in
e
(2
50

m
g/
kg
/d
ay
)

Ex
pl
or
ed

th
e
eff
ec
ts
of

be
rb
er
in
e
on

th
e

w
ei
gh
t,
gl
uc
os
e
le
ve
ls
,l
ip
id
m
et
ab
ol
is
m
,

an
d
se
ru
m

in
su
lin

of
KK

A
y
m
ic
e
an
d

in
ve
st
ig
at
ed

its
po
ss
ib
le
gl
uc
os
e
an
d

lip
id
-r
eg
ul
at
in
g
m
ec
ha
ni
sm

.

Ra
nd
om

ly
di
vi
de
d
KK

A
y
m
ic
e
in
to

tw
o

gr
ou
ps
:b
er
be
ri
ne

gr
ou
p
an
d
co
nt
ro
lg
ro
up

2
gr
ou
ps

(n
=

8
pe
r

gr
ou
ps
)

4
w
ee
ks

M
ic
e
fe
d
w
ith

Be
rb
er
in
e
sh
ow

si
gn
ifi
ca
nt

de
cr
ea
se

in
FB
S,
ar
ea

un
de
r
th
e
cu
rv
e
(A
U
C)
,

fa
st
in
g
se
ru
m

in
su
lin

(F
IN
S)
,h

om
eo
st
as
is

m
od
el
as
se
ss
m
en
ti
ns
ul
in

re
si
st
an
ce

(H
O
M
A
-

IR
)
in
de
x,
TC

,a
nd

TG
,c
om

pa
re
d
w
ith

th
os
e

of
co
nt
ro
lg
ro
up
.

A
di
po
cy
te
s
an
d
in
su
lin

re
si
st
an
ce
ce
lls

Li
,2

01
1

[1
6]

Be
rb
er
in
e
(1
50

m
g/
kg

da
ily
)

Th
e
th
er
ap
eu
tic

m
ec
ha
ni
sm

s
of

be
rb
er
in
e
on

fa
t-i
nd
uc
ed

vi
sc
er
al
w
hi
te

ad
ip
os
e
tis
su
e
in
su
lin

re
si
st
an
ce

in
ty
pe

2
di
ab
et
ic
ha
m
st
er
s.

Ty
pe

2
di
ab
et
ic
ha
m
st
er
s
w
er
e
in
du
ce
d
by

hi
gh
-fa

td
ie
tw

ith
lo
w
-d
os
e
st
re
pt
oz
ot
oc
in
.

In
ve
st
ig
at
io
n
w
as

do
ne

by
ge
ne

ex
pr
es
si
on

al
te
ra
tio

ns
.

G
ol
de
n
Sy
ri
an

ha
m
st
er
s
(n

=
16
)

9
w
ee
ks

Th
e
ty
pe

2
di
ab
et
es

w
as

in
du
ce
d
in
to

ha
m
st
er
s
by

hi
gh
-fa

t
di
et

an
d
lo
w
-d
os
e

st
re
pt
oz
ot
oc
in

w
hi
ch

in
cr
ea
se
s
th
e
bo
dy

w
ei
gh
t
an
d
vi
sc
er
al
w
hi
te

ad
ip
os
e
tis
su
e

w
ei
gh
t,
in
su
lin

re
si
st
an
ce
,i
nt
ra
-a

di
po
cy
te

lip
id

ac
cu
m
ul
at
io
n.

Si
gn
ifi
ca
nt

in
cr
ea
se

in
SR

EB
Ps

ex
pr
es
si
on
,d

ec
re
as
e
in

liv
er

X
re
ce
pt
or
s
an
d
pe
ro
xi
so
m
e
pr
ol
ife
ra
to
r-

ac
tiv

at
ed

re
ce
pt
or
s
(P
PA

Rs
)
ex
pr
es
si
on

in
vi
sc
er
al
w
hi
te

ad
ip
os
e
tis
su
e
w
er
e
ob
se
rv
ed
.

Tr
ea
tm

en
t
w
ith

Be
rb
er
in
e
si
gn
ifi
ca
nt
ly

al
te
re
d
vi
sc
er
al
w
hi
te

ad
ip
os
e
tis
su
e
LX

Rs
,

PP
A
Rs
,a
nd

SR
EB

Ps
tr
an
sc
ri
pt
io
na
lp

ro
gr
am

s
le
ad
in
g
to

de
cr
ea
se

in
bo
dy

w
ei
gh
t,
in
tr
a-

ad
ip
oc
yt
e
lip

id
ac
cu
m
ul
at
io
n
an
d
in
cr
ea
se

in
su
lin

re
si
st
an
ce
.

C
ho
le
st
er
ol
m
et
ab
ol
is
m

W
an
g,
20
14

[1
8]

Be
rb
er
in
e
(5
0,

10
0,

an
d
15
0
m
g/
kg
/d
)

Th
e
m
ec
ha
ni
sm

s
of

ac
tio

n
of

be
rb
er
in
e

(B
BR

)
on

ch
ol
es
te
ro
lh

om
eo
st
as
is
us
in
g

in
vi
vo

an
d
in

vi
tr
o
m
od
el
s

Ch
ol
es
te
ro
la
bs
or
pt
io
n
ra
te

w
as

m
ea
su
re
d

w
ith

th
e
du
al
st
ab
le
is
ot
op
e
ra
tio

m
et
ho
d,

an
d
pl
as
m
a
lip

id
s
w
er
e
de
te
rm

in
ed

us
in
g

th
e
en
zy
m
at
ic
m
et
ho
ds

M
al
e
Sp
ra
gu
e-
D
aw

le
y

ra
ts
(n

=
20
)

8
w
ee
ks

Tr
ea
tm

en
t
w
ith

Be
rb
er
in
e
in

ra
ts
on

at
he
ro
ge
ni
c
di
et

sh
ow

ed
re
du
ct
io
n
in

pl
as
m
a

T-
CH

L
(2
9
%
–3
3
%
)
an
d
no
nH

D
L
ch
ol
es
te
ro
l

le
ve
ls
(3
1
%
–4
1
%
).
It
w
as

fo
un
d
th
at

BE
RB

ER
IN
E
in
te
rf
er
ed

w
ith

ch
ol
es
te
ro
l

m
ic
el
liz
at
io
n,

de
cr
ea
se
d
ch
ol
es
te
ro
lu

pt
ak
e

by
Ca
co
-2

ce
lls

an
d
pe
rm

ea
bi
lit
y
th
ro
ug
h

Ca
co
-2

m
on
ol
ay
er
.

Zh
ou
,2

01
7

[1
9]

Be
rb
er
in
e
72
.6

m
g/
kg

b.
w
.),

an
d
ev
od
ia
m
in
e

16
.6

m
g/
kg

b.
w
an
d
Be
rb
er
in
e
an
d
ev
od
ia
m
in
e

(B
B
+

EV
)
(8
9.
2
m
g/
kg

b.
w
.).

Th
e
ob
je
ct
iv
e
w
as

to
in
ve
st
ig
at
e
th
e

lip
id
-lo

w
er
in
g
eff
ec
to

fb
er
be
ri
ne

an
d

ev
od
ia
m
in
e
co
m
bi
na
tio

n
in

hy
pe
rl
ip
id
em

ic
ra
t

H
yp
er
lip

id
em

ia
w
as

es
ta
bl
is
he
d
by

pr
ov
id
in
g
hi
gh
-fa

t-d
ie
t
(H
FD

)
n
=

60
4
w
ee
ks

Re
su
lts

sh
ow

ed
th
at

by
co
m
bi
na
tio

n
of

Be
rb
er
in
e
an
d
ev
od
ia
m
in
e
–
le
ve
ls
of

se
ru
m

ch
ol
es
te
ro
l(
TC

),
tr
ig
ly
ce
ri
de
s
(T
G
),
lo
w

de
ns
ity

lip
op
ro
te
in
-c
ho
le
st
er
ol

(L
D
L-
C)
,a
s

w
el
la
s
he
pa
tic

TC
de
cr
ea
se
d.

D
ur
in
g
th
e

ex
pe
ri
m
en
t
pe
ri
od
,l
iv
er

w
ei
gh
t
in
de
x
w
as

re
m
ar
ka
bl
e
re
du
ce

an
d
Be
rb
er
in
e
co
m
bi
ne
d

w
ith

ev
od
ia
m
in
e
re
m
ar
ka
bl
y
de
cr
ea
se

th
e

ex
pr
es
si
on
s
of

in
te
st
in
e
A
CA

T2
,N

PC
1L
1,
an
d

A
po
B4

8
co
m
pa
re
d
w
ith

H
FD

gr
ou
p,

le
ad
in
g

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

Z. Ilyas, et al. Biomedicine & Pharmacotherapy 127 (2020) 110137

5



Ta
bl
e
2
(c
on
tin
ue
d)

Fi
rs
tA

ut
ho
r,

Ye
ar

Co
m
po
un
d

Re
se
ar
ch

ob
je
ct
iv
es

St
ud
y
de
si
gn

N
o.
of

su
bj
ec
ts

D
ur
at
io
n

M
ai
n
ou
tc
om

es
/
Re
su
lts

Bl
oo
d
gl
uc
os
e
an
d
di
ab
et
es

to
in
hi
bi
tio

n
of

in
te
st
in
al
ch
ol
es
te
ro
l

ab
so
rp
tio

n.
W
an
g,
20
10

[2
0]

Be
rb
er
in
e,
pl
an
t
st
an
ol
s
(P
S)

an
d
th
ei
r

co
m
bi
na
tio

n
(1
00

m
g/
kg
/d
)

To
de
te
rm

in
e
th
e
effi

ca
cy

an
d

un
de
rl
yi
ng

m
ec
ha
ni
sm

of
be
rb
er
in
e

(B
BR

),
pl
an
t
st
an
ol
s
(P
S)

an
d
th
ei
r

co
m
bi
na
tio

n
on

pl
as
m
a
lip

id
s.

M
al
e
G
ol
de
n
Sy
ri
an

ha
m
st
er
s
w
er
e

ra
nd
om

ly
di
vi
de
d
an
d
fe
d
a
co
rn
st
ar
ch
-

ca
se
in
-s
uc
ro
se
-b
as
ed

di
et

co
nt
ai
ni
ng

0.
15

%
ch
ol
es
te
ro
la
nd

5%
fa
t.

G
ol
de
n
Sy
ri
an

H
am

st
er
s
di
vi
de
d
in
to

4
gr
ou
ps

(n
=

15
pe
r

gr
ou
p)

4
w
ee
ks

BE
RB

ER
IN
E
an
d
PS

si
gn
ifi
ca
nt
ly

lo
w
er
ed

pl
as
m
a
to
ta
l-
an
d
no
nH

D
L-
ch
ol
es
te
ro
ll
ev
el
s,

an
d
BE

RB
ER

IN
EP

S
m
ar
ke
dl
y
im

pr
ov
ed

ch
ol
es
te
ro
l-l
ow

er
in
g
effi

ca
cy

co
m
pa
re
d
to

BE
RB

ER
IN
E
or

PS
al
on
e.
Th

us
,t
he

co
m
bi
na
tio

n
in
hi
bi
ts
ch
ol
es
te
ro
la
bs
or
pt
io
n.

Be
rb
er
in
e
up
re
gu
la
te
d
st
er
ol

27
-h
yd
ro
xl
as
e

ge
ne

ex
pr
es
si
on

an
d
BE

RB
ER

IN
EP

S
in
cr
ea
se
d

bo
th

ch
ol
es
te
ro
l-7

α-
hy
dr
ox
yl
as
e
an
d
st
er
ol

27
-h
yd
ro
xl
as
e
ge
ne

ex
pr
es
si
on
s.
Th

er
ef
or
e,
it

w
as

su
gg
es
te
d
th
at

ch
ol
es
te
ro
l-l
ow

er
in
g

ac
tio

n
of

Be
rb
er
in
e
in
vo
lv
e
th
e
in
hi
bi
tio

n
of

ch
ol
es
te
ro
ls
yn
th
es
is
an
d
st
im

ul
at
io
n
of

bi
le

ac
id

sy
nt
he
si
s.

G
en
e
re
gu
la
tio
n

Ch
ow

,2
01
6

[5
]

11
pr
ot
oB
er
be
ri
ne
s
(1
3-

M
et
hy
lB
er
be
ri
ne
,

co
pt
is
in
e,
pa
lm
at
in
e,
co
ry
da
lin

e,
de
hy
dr
oc
or
yd
al
in
e,
di
hy
dr
oB
er
be
ri
ne
,1

3-
m
et
hy
ld
ih
yd
ro
Be
rb
er
in
e,
te
tr
ah
yd
ro
Be
rb
er
in
e,

de
m
et
hy
le
ne
Be
rb
er
in
e,

be
rb
er
ru
bi
ne
,a
nd

N
-m

et
hy
lte
tr
ah
yd
ro
Be
rb
er
in
e

(5
μM

of
ea
ch
)

To
st
ud
y
th
e
po
te
nt
ia
lo

f1
3-

m
et
hy
lb
er
be
ri
ne

as
a
ca
nd
id
at
e
fo
r

m
et
ab
ol
ic
sy
nd
ro
m
e
tr
ea
tm

en
t
an
d
its

cy
to
to
xi
ci
ty
.

3T
3-
L1

ad
ip
oc
yt
es

fr
om

m
ou
se

n
=

3
1
m
on
th

Th
e
co
m
po
un
d
do
w
n-
re
gu
la
te
d
th
e

ex
pr
es
si
on

of
m
ai
n
ad
ip
oc
yt
es

di
ffe
re
nt
ia
tio

n
tr
an
sc
ri
pt
io
n
fa
ct
or
s,
pe
ro
xi
so
m
e

pr
ol
ife
ra
to
r-
ac
tiv

at
ed

re
ce
pt
or

ga
m
m
a

(P
PA

Rγ
)
an
d
CC

A
A
T
en
ha
nc
er

bi
nd
in
g

pr
ot
ei
n
al
ph
a
(C
/E
BP

α)
.I
t
al
so

ta
rg
et
s
th
ei
r

ge
ne
,c
au
si
ng

re
du
ct
io
n
in

le
ve
ls
an
d
th
is

lip
id
-r
ed
uc
in
g
eff
ec
ti
s
at
te
nu
at
ed

by
A
M
P-

ac
tiv

at
ed

pr
ot
ei
n
ki
na
se
.

G
ut
m
ic
ro
bi
ot
a

Li
u,

20
18

[2
3]

Be
rb
er
in
e
(2
00

m
g/
kg
/d
ay

fo
r
8
w
ee
ks
)

A
nt
i-o

be
si
ty

eff
ec
ts
an
d
pr
ev
en
ts
in
su
lin

re
si
st
an
ce

in
hi
gh
-fa

t
di
et

(H
FD

)-
fe
d

ob
es
e
ra
ts
by

m
od
ul
at
in
g
th
e
gu
t

m
ic
ro
bi
ot
a

Th
e
eff
ec
ts
of

be
rb
er
in
e
on

ob
es
ity

an
d

in
su
lin

re
si
st
an
ce

by
ex
am

in
in
g
th
e

lip
op
ol
ys
ac
ch
ar
id
e
(L
PS
)/
to
ll-
lik
e
re
ce
pt
or

4
(T
LR

4)
/t
um

or
ne
cr
os
is
fa
ct
or

(T
N
F)
-α

si
gn
al
in
g
pa
th
w
ay

in
liv
er
s
of

H
FD

-fe
d

ob
es
e
ra
ts

W
is
ta
r
ra
ts
:n

=
40

sp
ec
ifi
c
pa
th
og
en
s

fr
ee

(S
PF
)

8
w
ee
ks

Be
rb
er
in
e
(2
00

m
g/
kg
)
di
et

w
as

fe
d
w
hi
ch

re
su
lt
in

si
gn
ifi
ca
nt

lo
w
er
in
g
fa
st
in
g
bl
oo
d

gl
uc
os
e,
TG

,L
D
L-
c
an
d
in
su
lin

re
si
st
an
ce
.

Be
rb
er
in
e
di
et

al
so

re
ve
rs
ed

th
e
eff
ec
t
an
d

in
hi
bi
te
d
LP
S-
in
du
ce
d
TL
R4

/T
N
F-
α

ac
tiv

at
io
n.

Th
er
ef
or
e,
pr
ot
ec
tin

g
gu
t

m
ic
ro
bi
ot
a
by

in
cr
ea
si
ng

pr
ot
ec
tiv

ity
of

ba
ct
er
ia

lik
e
Bi
fid

ob
ac
te
ri
um

an
d
de
cr
ea
si
ng

gr
am

ne
ga
tiv

e
ba
ct
er
ia
lik
e
E.

co
li.

Ti
an
,2

01
8

[2
4]

Be
rb
er
in
e
(1
00

m
g/
kg
/d
ay
)

Th
e
eff
ec
t
of

be
rb
er
in
e
(B
BR

),
a
na
tu
ra
l

pl
an
t
al
ka
lo
id
,o

n
in
te
st
in
al
ba
ct
er
ia

us
in
g
in

vi
tr
o
an
d
in

vi
vo

m
od
el
s.

N
M
R-
ba
se
d
m
et
ab
ol
om

ic
s
co
m
bi
ne
d
w
ith

flo
w
cy
to
m
et
ry

w
as

us
ed

to
ev
al
ua
te

th
e

di
re
ct
ph
ys
io
lo
gi
c
an
d
m
et
ab
ol
ic
eff
ec
t
of

BB
R
on

th
e
ba
ct
er
ia

M
ou
se
:i
nt
es
tin

e
(i
n

vi
vo
)
an
d
ce
ca
l

ba
ct
er
ia
(i
n
vi
tr
o)
.(
n

=
6
pe
r
gr
ou
p)

5
da
ys

In
V
iv
o:

M
ou
se

in
te
st
in
al
ba
ct
er
ia
l

co
m
m
un
iti
es

w
he
n
ex
po
se

to
sh
or
t-t
er
m

tr
ea
tm

en
t
al
te
re
d
in
te
st
in
al
ba
ct
er
ia

by
re
du
ci
ng

Cl
os
tr
id
iu
m
cl
us
te
r
XI
Va

an
d
IV

an
d

th
ei
r
bi
le
sa
lt
hy
dr
ol
as
e
(B
SH

)
ac
tiv

ity
an
d

re
su
lti
ng

in
ac
cu
m
ul
at
io
n
of

ta
ur
oc
ho
lic

ac
id

(T
CA

).
Th

is
ac
cu
m
ul
at
io
n
w
as

as
so
ci
at
ed

w
ith

ac
tiv

at
io
n
of

in
te
st
in
al
FX

R,
th
at

m
ed
ia
te

bi
le
ac
id
,l
ip
id

an
d
gl
uc
os
e

m
et
ab
ol
is
m
.

In
V
it
ro
:B

er
be
ri
ne

ex
po
su
re
al
te
re
d
ba
ct
er
ia
l

ph
ys
io
lo
gy
,c
om

m
un
ity

co
m
po
si
tio

n
an
d

fu
nc
tio

n
of

is
ol
at
ed

m
ou
se

ce
ca
lb

ac
te
ri
a

w
hi
ch

in
du
ce

re
du
ci
ng

BS
H
-e
xp
re
ss
in
g

ba
ct
er
ia

lik
e
Cl
os
tr
id
iu
m
sp
p.

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

Z. Ilyas, et al. Biomedicine & Pharmacotherapy 127 (2020) 110137

6



Ta
bl
e
2
(c
on
tin
ue
d)

Fi
rs
tA

ut
ho
r,

Ye
ar

Co
m
po
un
d

Re
se
ar
ch

ob
je
ct
iv
es

St
ud
y
de
si
gn

N
o.
of

su
bj
ec
ts

D
ur
at
io
n

M
ai
n
ou
tc
om

es
/
Re
su
lts

Bl
oo
d
gl
uc
os
e
an
d
di
ab
et
es

Zh
an
g,
20
15

[2
5]

Be
rb
er
in
e
an
d
M
et
fo
rm

in
(1
00

m
g/

kg
bo
dy

w
ei
gh
t/
da
y)

To
de
m
on
st
ra
te
d
th
at

m
et
fo
rm

in
an
d

be
rb
er
in
e
si
m
ila
rl
y
sh
ift
ed

th
e
ov
er
al
l

st
ru
ct
ur
e
of

th
e
gu
tm

ic
ro
bi
ot
a
in

ra
ts

Re
ve
rt
in
g
eff
ec
ts
on

th
e
hi
gh
-fa

t
di
et
-

in
du
ce
d
st
ru
ct
ur
al
ch
an
ge
s
of

gu
t

m
ic
ro
bi
ot
a

Ra
ts
di
vi
de
d
in
to

5
gr
ou
ps

(n
=

13
4

O
pe
ra
tio

na
l

Ta
xo
no
m
ic
U
ni
ts
)

10
w
ee
ks

D
ie
to

fb
eb
ee
ri
ne

w
as

re
po
rt
ed

in
m
od
ul
at
in
g

th
e
gu
t
m
ic
ro
bi
ot
a
an
d
en
ri
ch
m
en
t
of

SC
FA

(S
ho
rt
-c
ha
in

fa
tt
y
ac
id
s)
–
pr
od
uc
in
g
ba
ct
er
ia

-A
llo
ba
cu
lu
m
,B

ac
te
rio

de
s,
Bl
au
tia
,

Bu
ty
ric
oc
cu
s,
an
d
Ph
as
co
la
rc
to
ba
ct
er
iu
m
an
d

re
du
ci
ng

m
ic
ro
bi
al
di
ve
rs
ity

,t
ha
t
m
ay

co
nt
ri
bu
te

to
th
ei
r
be
ne
fic
ia
le
ffe
ct
s
to

th
e

ho
st
.

Zh
an
g,
20
12

[2
6]

Be
rb
er
in
e
(1
00

m
g/
kg
/d
ay
)

To
re
ve
al
th
at

be
rb
er
in
e
eff
ec
tiv

el
y

pr
ev
en
te
d
th
e
de
ve
lo
pm

en
t
of

ob
es
ity

an
d
in
su
lin

re
si
st
an
ce

in
hi
gh
-fa

t
di
et

(H
FD

)-
fe
d
ra
ts
,w

hi
ch

sh
ow

ed
de
cr
ea
se
d

fo
od

in
ta
ke

Ba
r-
co
de
d
py
ro
se
qu
en
ci
ng

of
th
e
V3

re
gi
on

of
16
S
rR
N
A
ge
ne
s

H
FD

–
fe
d
ra
ts
(n

=
12
0)

8
w
ee
ks

A
do
se

of
10
0
m
g/
kg

bo
dy

w
ei
gh
tp

re
ve
nt
ed

th
e
bo
dy

w
ei
gh
t
in
cr
ea
se

O
bs
er
ve
d
in
H
FD

-fe
d
ra
ts
an
d
N
CD

-fe
d
di
et
.I
t

oc
cu
rr
ed

du
e
th
e
re
gu
la
tio

n
of

gu
t

m
ic
ro
bi
ot
a,
be
ca
us
e
of

a
sh
ift

to
w
ar
ds

th
e

re
du
ct
io
n
of

di
ve
rs
ity

of
gu
t
m
ic
ro
be
s
an
d

el
ev
at
io
n
of

fe
ca
lS
CF

A
co
nc
en
tr
at
io
ns
.

Ca
o,

20
16

[2
8]

Be
rb
er
in
e
(2
00

m
g/
kg
/d
)

To
de
te
rm

in
e
th
e
eff
ec
t
of

be
rb
er
in
e
on

N
A
SH

in
du
ce
d
by

hi
gh
-fa

t(
H
FD

).
BA

LB
/c

m
ic
e
w
er
e
ra
nd
om

iz
ed

in
to

th
re
e

gr
ou
ps
,i
nc
lu
di
ng
:c
on
tr
ol
,m

od
el
,a
nd

be
rb
er
in
e
tr
ea
tm

en
t.
W
ith

th
e
ex
ce
pt
io
n
of

th
e
co
nt
ro
lg

ro
up

w
ith

th
e
st
an
da
rd

di
et
,

th
e
m
od
el
,a
nd

th
e
tr
ea
tm

en
tg

ro
up
s
w
er
e

tr
ea
te
d
by

H
FD

.

BA
LB
/C

m
ic
e:

gr
ou
pe
d
→

co
nt
ro
l,

m
od
el
an
d
Be
rb
er
in
e

tr
ea
tm

en
t
(n

=
10
)

5
w
ee
ks

Be
rb
er
in
e
re
st
or
es

th
e
re
la
tiv

e
le
ve
ls
of

Bi
fid

ob
ac
te
ri
um

(2
.1
6
±

0.
63

vs
.0

.5
0
±

0.
08
)
an
d
ra
tio

of
Ba
ct
er
oi
de
te
s
/F
ir
m
ic
ut
es

(0
.7
6
±

0.
26

vs
.0

.3
9
±

0.
11
).
M
ic
ro
bi
ot
a

re
st
or
at
io
n
le
d
to

si
gn
ifi
ca
nt

re
du
ct
io
n
in

bo
dy

w
ei
gh
t,
se
ru
m

le
ve
ls
of

lip
id
s,
gl
uc
os
e,

in
su
lin

an
d
ho
m
eo
st
as
is
.I
m
pr
ov
em

en
t
w
as

al
so

ob
se
rv
ed

in
se
ru
m

tr
an
sa
m
in
as
e
ac
tiv

ity
an
d
no
na
lc
oh
ol
ic
fa
tt
y
liv
er

di
se
as
e
ac
tiv

ity
sc
or
e,
th
us

at
te
nu
at
in
g
N
A
SH

.
Li
,2

01
6

[2
9]

Be
rb
er
in
e
co
m
po
un
ds

(B
C)
,c
on
si
st
in
g
of

Be
rb
er
in
e,
or
yz
an
ol

an
d
Vi
ta
m
in

B6
.

D
os
e:
15
0
m
g/
kg

of
BE

RB
ER

IN
E,

24
m
g/
kg

of
or
yz
an
ol

an
d
10

m
g/
kg

of
vi
ta
m
in

B6

To
de
te
rm

in
ed

an
ti-
hy
pe
rl
ip
id
em

ia
ac
tiv

ity
of

be
rb
er
in
e
an
d
un
de
rl
yi
ng

m
ec
ha
ni
sm

s.

Bo
dy

w
ei
gh
ta

nd
fo
od

in
ta
ke

w
er
e

re
co
rd
ed

w
ee
kl
y,
an
d
lip

id
pr
ofi

le
s
in

se
ru
m

w
er
e
de
te
rm

in
ed

bi
oc
he
m
ic
al
ly
.

M
et
ab
ol
ite
si
n
se
ru
m
,u
ri
ne
,l
iv
er
an
d
fe
ce
s

w
er
e
an
al
yz
ed

by
G
C-
M
S,
an
d
th
e

st
ru
ct
ur
e
of
m
ic
ro
bi
ot
a
w
as

de
te
rm

in
ed

by
16
S
rD
N
A
se
qu
en
ci
ng
.

M
al
e
W
is
ta
r
ra
ts
:

ch
ow

di
et

(n
=

10
)

an
d
H
FD

(n
=

20
).

4
w
ee
ks

Li
pi
d
lo
w
er
in
g
w
as

ob
se
rv
ed

in
th
e

hy
pe
rl
ip
id
em

ic
ra
ts
up
on

BC
tr
ea
tm

en
t

w
ith

ou
t
ap
pa
re
nt

ad
ve
rs
e
si
de

eff
ec
ts
.

M
et
ab
ol
om

ic
s
an
al
ys
is
in
di
ca
te
d
th
at

th
e
BC

tr
ea
tm

en
t
re
su
lte
d
in

in
cr
ea
se
d
py
ru
vi
c
ac
id
,

se
ro
to
ni
n,

an
d
ke
to
ge
ni
c
an
d
gl
yc
og
en
ic

am
in
o
ac
id

le
ve
ls
in

th
e
se
ru
m
,i
nc
re
as
ed

py
ri
do
xi
ne

an
d
4-
py
ri
do
xi
c
ac
id

in
th
e
ur
in
e,

de
cr
ea
se
d
hy
po
ta
ur
in
e
an
d
m
et
hi
on
in
e
in

th
e

liv
er
,a
nd

in
cr
ea
se
d
pu
tr
es
ci
ne

an
d
de
cr
ea
se
d

de
ox
yc
ho
la
te

an
d
lit
ho
ch
ol
at
e
in

fe
ce
s.
Th

e
BC

tr
ea
tm

en
t
al
so

re
su
lte
d
in

an
en
ri
ch
m
en
t

of
be
ne
fic
ia
lb

ac
te
ri
a
(e
.g
.B

ac
te
ro
id
es
,

Bl
au
tia
)
an
d
a
de
cr
ea
se

in
Es
ch
er
ic
hi
a.

Su
n,

20
16

[3
0]

Be
rb
er
in
e
ch
lo
ri
de

(1
50

m
g/
kg
/d
ay
)

To
in
ve
st
ig
at
e
w
he
th
er

or
no
tb

er
be
ri
ne

co
ul
d
im

pr
ov
e
m
et
ab
ol
ic
st
at
us

of
hi
gh
-

fa
t-f
ed

ra
ts
th
ro
ug
h
m
od
ul
at
io
n
of

m
ic
ro
bi
ot
a-
gu
t-b

ra
in

ax
is

Be
rb
er
in
e
w
as

ad
m
in
is
te
re
d
on

hi
gh
-fa

t-
fe
d
Sp
ra
gu
e-
D
aw

le
y
ra
ts
.B

ra
in
-g
ut

ho
rm

on
es

w
er
e
de
te
ct
ed
,a
nd

ch
an
ge
s
of

gu
t
m
ic
ro
bi
ot
a
w
er
e
an
al
yz
ed

by
16
S

rR
N
A
ge
ne

se
qu
en
ci
ng

Sp
ra
gu
e-
D
aw

le
y
ra
ts
:

di
vi
de
d
in
to

3
gr
ou
ps

(n
=

6
pe
r
gr
ou
p)

8
m
on
th
s

Re
du
ce
sw

ei
gh
tg
ai
n
an
d
lip

ol
ys
is
in
th
e
hi
gh
-

fa
t
di
et
-fe
d
gr
ou
p.

It
am

el
io
ra
te
d

In
su
lin

re
si
st
an
ce

an
d
de
cr
ea
se
d
en
do
ge
no
us

gl
uc
os
e
pr
od
uc
tio

n.
Th

er
ef
or
e,
m
od
ul
at
es

m
ic
ro
bi
ot
a-
gu
t-b

ra
in
ax
is
in
cl
ud
in
g
st
ru
ct
ur
al

an
d
di
ve
rs
ity

ch
an
ge
s
of

m
ic
ro
bi
ot
a,
el
ev
at
ed

se
ru
m

gl
uc
ag
on
-li
ke

pe
pt
id
e-
1
an
d

ne
ur
op
ep
tid

e
Y
le
ve
l,
de
cr
ea
se
d
or
ex
in

A
le
ve
l,
up
-r
eg
ul
at
ed

gl
uc
ag
on
-li
ke

pe
pt
id
e-
1

re
ce
pt
or

m
RN

A
le
ve
la
s

w
el
la
s
ul
tr
a-
st
ru
ct
ur
al
.

H
ep
at
ic
gl
uc
on
eo
ge
ne
si
s

Be
rb
er
in
e
(3
80

m
g/
kg
/d
ay
)

7−
8
w
ee
ks

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

Z. Ilyas, et al. Biomedicine & Pharmacotherapy 127 (2020) 110137

7



Ta
bl
e
2
(c
on
tin
ue
d)

Fi
rs
tA

ut
ho
r,

Ye
ar

Co
m
po
un
d

Re
se
ar
ch

ob
je
ct
iv
es

St
ud
y
de
si
gn

N
o.
of

su
bj
ec
ts

D
ur
at
io
n

M
ai
n
ou
tc
om

es
/
Re
su
lts

Bl
oo
d
gl
uc
os
e
an
d
di
ab
et
es

Xi
a,
20
11

[3
3]

To
un
de
rs
ta
nd

ac
tiv

at
io
n
of

ad
en
os
in
e

m
on
op
ho
sp
ha
te
ac
tiv

at
ed

pr
ot
ei
n
ki
na
se

(A
M
PK

)
an
d
im

pr
ov
em

en
to

fi
ns
ul
in

se
ns
iti
vi
ty

Th
e
ra
ts
w
er
e
fe
d
on

hi
gh

fa
td

ie
t(
63
.4
7
%

ca
lo
ri
e
in

fa
t)
fo
r
8
w
ee
ks
,a
nd

th
en

fo
llo
w
ed

by
a
si
ng
le
lo
w
-d
os
ag
e

in
tr
ap
er
ito

ne
al
in
je
ct
io
n
of

st
re
pt
oz
ot
oc
in

(S
TZ

,3
0
m
g/
kg
,S
ig
m
a,
St

Lo
ui
s,
M
O
)

af
te
r
12

-h
fa
st
.

Sp
ra
gu
e-
D
aw

le
y
ra
ts

(n
=

9)
Be
rb
er
in
e
is
re
po
rt
ed

to
de
cr
ea
se

G
lu
co
ne
og
en
es
is
ge
ne
,P

ho
sp
ho
en
ol
py
ru
va
te

ca
rb
ox
yk
in
as
e
(P
EP

CK
)
an
d
G
lu
co
se
-6
-

Ph
os
ph
at
as
e
(G
6P
as
e)

in
liv
er

w
hi
ch

lo
w
er
s

th
e
fa
st
in
g
gl
uc
os
e.
A
dd
iti
on
al
ly
,i
t
al
so

re
du
ce
s
he
pa
tic

st
ea
to
si
s
an
d
in
hi
bi
t
th
e

ex
pr
es
si
on

of
fa
tt
y
ac
id

sy
nt
ha
se

(F
A
S)

in
liv
er
.I
t
w
as

co
nc
lu
de
d
th
at

th
e
in
hi
bi
tio

n
oc
cu
rs
lik
el
y
as

a
re
su
lt
of

m
ito

ch
on
dr
ia

in
hi
bi
tio

n
by

Be
rb
er
in
e,
th
er
eb
y
im

pr
ov
in
g

gl
uc
os
e
m
et
ab
ol
is
m

th
ro
ug
h
an

in
su
lin

-
in
de
pe
nd
en
t
pa
th
w
ay
.

Zh
an
g,
20
12

[3
4]

Be
rb
er
in
e
(5
0
m
g/

kg
/d
ay

an
d
10
0
m
g/
kg
)
an
d

so
di
um

ca
pr
at
e
(5
0
m
g/
kg
/d
ay
)

To
de
m
on
st
ra
te
d
th
ec
o-
ad
m
in
is
tr
at
io
n

of
so
di
um

ca
pr
at
e,
an

ab
so
rp
tio

n
en
ha
nc
er
,w

ith
BE

R
co
ul
d
si
gn
ifi
ca
nt
ly

in
cr
ea
se

th
e
bi
oa
va
ila
bi
lit
y
of

BE
R

w
ith

ou
ta

ny
se
ri
ou
s
m
uc
os
al
da
m
ag
e

D
ia
be
tic

ra
t
m
od
el
in
du
ce
d
by

hi
gh
-fa

t
di
et

an
d
lo
w
do
se

ST
Z
(3
0
m
g/
kg
)

n
=

58
4
w
ee
ks

BE
RB

ER
IN
E
re
du
ce
d
bo
dy

w
ei
gh
ta
nd

ca
us
ed

a
si
gn
ifi
ca
nt

im
pr
ov
em

en
ti
n
gl
uc
os
e

to
le
ra
nc
e
w
ith

ou
t
al
te
ri
ng

fo
od

in
ta
ke

in
di
ab
et
ic
ra
ts
.B

ER
re
du
ce
d
pl
as
m
a

tr
ig
ly
ce
ri
de
s
an
d
im

pr
ov
ed

in
su
lin

ac
tio

n
Ji
an
g,
20
15

[3
5]

Be
rb
er
in
e
(1
56

m
g/
kg

pe
r
da
y)

or
m
et
fo
rm

in
(1
84

m
g/
kg

pe
r
da
y)

To
in
ve
st
ig
at
e
th
e
m
ol
ec
ul
ar

m
ec
ha
ni
sm

s
of

be
rb
er
in
e
in
hi
bi
tio

n
of

he
pa
tic

gl
uc
on
eo
ge
ne
si
si
n
a
di
ab
et
ic
ra
t

m
od
el
.

O
ne

gr
ou
p
w
as

se
le
ct
ed

as
th
e
no
rm

al
gr
ou
p.
Th

e
ra
ts
w
er
e
fe
d
on

a
hi
gh
-fa

td
ie
t

fo
r
1
m
o
an
d
re
ce
iv
ed

in
tr
av
en
ou
s

in
je
ct
io
n
of

st
re
pt
oz
ot
oc
in

fo
r
in
du
ct
io
n
of

th
e
di
ab
et
ic
m
od
el
s.

40
Ra

ts
:5

gr
ou
ps

(n
=

8
pe
r
gr
ou
p)

12
w
ee
ks

Be
rb
er
in
e
im

pr
ov
ed

im
pa
ir
ed

gl
uc
os
e

to
le
ra
nc
e
an
d
de
cr
ea
se
d
pl
as
m
a

hy
pe
rl
ip
id
em

ia
.I
t
al
so

de
cr
ea
se
d
fa
st
in
g

pl
as
m
a
in
su
lin

an
d
ho
m
eo
st
as
is
m
od
el

as
se
ss
m
en
t
of

in
su
lin

re
si
st
an
ce

(H
O
M
A
-IR

)
W
ei
,2

01
6

[3
6]

Be
rb
er
in
e:
lo
w
or
al
do
se

40
m
g/
kg
/d
ay

BE
RB

ER
IN
E
(L
B)

an
d
hi
gh

or
al
do
se

16
0
m
g/
kg
/

da
y
BE

RB
ER

IN
E
(H
B)
.

Be
rb
er
in
e
m
od
ul
at
es

lip
id

m
et
ab
ol
is
m

an
d
in
hi
bi
ts
he
pa
tic

gl
uc
on
eo
ge
ne
si
s
by

de
cr
ea
si
ng

ex
pr
es
si
on

of
H
ep
at
oc
yt
e

N
uc
le
ar

Fa
ct
or
-4
α
(H
N
F-
4α

)

M
al
e
C5

7B
L/
6
J
m
ic
e:
gr
ou
pe
d
in
to

2
->

co
nt
ro
la
nd

hi
gh
-fe
d
di
et

gr
ou
p

4
gr
ou
ps

w
ith

n
=

12
in

ea
ch

gr
ou
p
w
ho

re
ce
iv
e
an
d
di
dn
’t
re
ce
iv
e
Be
rb
er
in
e

tr
ea
tm

en
t.

n
=

12
4
w
ee
ks

Tr
ea
tm

en
t
of

T2
D
m
ic
e
fo
r
4
w
ee
ks

or
tr
ea
tm

en
to

fP
A
-in

cu
ba
te
d
H
ep
G
2
ce
lls

fo
r2

4
h
w
ith

BE
RB

ER
IN
E
de
cr
ea
se
d
ex
pr
es
si
on

of
H
N
F-
4α

an
d
th
e
m
ic
ro
RN

A
m
iR
12
2.

Ex
pr
es
si
on

of
H
N
F-
4α

in
H
ep
G
2
ce
lls

in
cr
ea
se
d
ex
pr
es
si
on

of
gl
uc
on
eo
ge
ni
c
an
d

lip
id

m
et
ab
ol
is
m

en
zy
m
es

an
d
BE

RB
ER

IN
E

tr
ea
tm

en
t
or

kn
oc
k
do
w
n
of

m
iR
12
2

at
te
nu
at
ed

th
e
eff
ec
to

fH
N
F-
4α

ex
pr
es
si
on
.

Te
od
or
o,

20
13

[3
7]

Be
rb
er
in
e
(1
00

m
g/
kg
/d
ay
)

To
de
m
on
st
ra
te

be
rb
er
in
e
tr
ea
tm

en
t
to

re
co
ve
rs
m
ito

ch
on
dr
ia
le
ffi
ci
en
cy

w
he
n

al
te
re
d
by

a
hi
gh
-fa

t
fe
ed
in
g.

M
al
e
Sp
ra
gu
e–
D
aw

le
y
ra
ts
:c
on
tr
ol

gr
ou
p

an
d
BE

RB
ER

IN
E
tr
ea
te
d
gr
ou
p

n
=

20
8
w
ee
ks

M
ito

ch
on
dr
ia
is
ol
at
ed

fr
om

th
e
liv
er

of
hi
gh
-

fa
tf
ed

ra
ts
ex
hi
bi
te
d
de
cr
ea
se
d
28

ca
pa
ci
ty
to

ac
cu
m
ul
at
e
ca
lc
iu
m

an
d
im

pa
ir
ed

ox
id
at
iv
e

ph
os
ph
or
yl
at
io
n
(O
XP

H
O
S)

ca
pa
ci
ty
,a
s

sh
ow

n
by

29
im

pa
ir
ed

m
ito

ch
on
dr
ia
l

m
em

br
an
e
po
te
nt
ia
l,
ox
yg
en

co
ns
um

pt
io
n

an
d
ce
llu

la
r
A
TP

le
ve
ls
.

In
te
st
in
al
pe
rm
ea
bi
lit
y
an
d
ep
ith
et
ic
al
ju
nc
tio
n

G
on
g,
20
17

[3
8]

Be
rb
er
in
e

To
ex
pl
or
ed

w
he
th
er

th
e
an
ti-
di
ab
et
ic

eff
ec
to

fb
er
be
ri
ne

w
as

re
la
te
d
to

th
e

in
te
st
in
e
m
uc
os
al
ba
rr
ie
r.

Ra
t
m
od
el
of

T2
D
M

di
vi
de
d
in
to

2
gr
ou
ps

N
=

6
pe
r
gr
ou
p

9
w
ee
ks

Th
e
ra
t
m
od
el
w
as

es
ta
bl
is
he
d
by

hi
gh

gl
uc
os
e-
fa
t
di
et

an
d
in
tr
av
en
ou
s
in
je
ct
io
n
of

st
re
pt
oz
oc
in
.B

er
be
ri
ne

w
as

gi
ve
n
at
di
ffe
re
nt

co
nc
en
tr
at
io
ns

w
hi
ch

re
su
lte
d
in

lo
w
er
in
g

le
ve
ls
of

hy
pe
rg
ly
ce
m
ia
an
d
hy
pe
rl
ip
id
em

ia
,

ad
di
tio

na
lw

ith
th
e
2.
77
-fo

ld
in
cr
ea
se

in
in
te
st
in
al
pe
rm

ea
bi
lit
y.

H
ou
,2

01
9

[3
9]

Be
rb
er
in
e
an
d
ri
fa
xi
m
in

To
in
ve
st
ig
at
e
eff
ec
ts
of
be
rb
er
in
e
ex
er
ts

on
A
20

ex
pr
es
si
on

an
d
re
gu
la
tio

n
of

in
te
st
in
al
ep
ith

el
ia
lt
ig
ht

ju
nc
tio

ns
vi
a

th
e
TN

F-
α-
N
F-

κB
-M

LC
K
pa
th
w
ay

in
D
ia
rr
he
a-
Pr
ed
om

in
an
tI
rr
ita

bl
e
Bo
w
el

Sy
nd
ro
m
e
(I
BS
-D
).

C5
7B

L/
6
w
ild

ty
pe

(W
T)

an
d
A
20

IE
C-
KO

m
ic
e

N
=

48
pe
r
gr
ou
p

2−
3
w
ee
ks

M
ic
e
m
od
el
w
er
e
di
vi
de
d
in
to

no
rm

al
co
nt
ro
l

(C
N
),
m
od
el
co
nt
ro
l(
M
C)

an
d
ri
fa
xi
m
in

an
d

Be
rb
er
in
e
gr
ou
ps
.R

es
ul
ts
sh
ow

ed
th
at

In
te
st
in
al
ep
ith

el
ia
ls
pa
ce

of
W
T
Be
rb
er
in
e

m
ic
e
im

pr
ov
ed

m
or
e
th
an

A
20

IE
C-
KO

Be
rb
er
in
e
m
ic
e
co
m
pa
re
d
to

M
C
m
ic
e.

Fu
rt
he
r,
W
T
Be
rb
er
in
e
m
ic
e
ex
hi
bi
te
d
gr
ea
te
r

ex
pr
es
si
on

of
A
20

co
m
pa
re
d
w
ith

M
C
m
ic
e.

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

Z. Ilyas, et al. Biomedicine & Pharmacotherapy 127 (2020) 110137

8



3.3. Impact of Berberine on cholesterol metabolism

Cholesterol metabolism plays an important role in alleviating the
level of lipid that is associated with obesity. Table 2, accounts for the
effective role of Berberine on cholesterol metabolism. A study per-
formed by Wang et al. [18] concluded that Berberine decreases the
cholesterol uptake through Caco-2 cells and permeability through Caco-
2 monolayer through the down regulation of Acyl-coenzyme A: cho-
lesterol acyltransferase-2 expression.

Zhou et al. [19] also highlighted the effect of Berberine and evo-
diamine on hyperlipidemia by inhibiting the absorption of cholesterol
in the intestine. However, Wang et al. [20], indicated that the combi-
nation of Berberine and plant stanols lowers the lipids accumulation by
inhibiting cholesterol absorption through up regulating gene expression
of sterol 27-hydroxlase, cholesterol-7α-hydroxylase and sterol 27-hy-
droxlase (Fig. 1).

3.4. Effect of Berberine on gene regulation

As shown in Table 2, Berberine is responsible for the regulation gene
in animal subjects for synthesis of fatty acid and its associates. A study
performed by Chow et al. [5] showed that 11 different type of proto-
Berberine regulate specific gene of 3T3-L1 adipocytes in mice. It was
deduced that Berberine down regulates different transcriptional factors,
PPARγ and C/EBPα. Down regulation leads to switching off of genes
causing lowering of lipid profile.

In Table 1, a study done by Pei et al. [21], demonstrated that Ber-
berine alleviates the activation of ox-LDL-induced macrophages by
down regulation of galectin-3 through NF-κB and AMPK signaling
pathways in percutaneous coronary intervention (PCI).

Also, Lee et al., [22] reported that accrual of oxidized low-density
lipoprotein (oxLDL) occur due to increase in cholesterol efflux. Ber-
berine works best by inducing nuclear translocation and LXRalpha ex-
pression, which abrogates the formation of foam cells by macrophages
by enhancing LXRα‐ABCA1‐dependent cholesterol efflux.

3.5. Effect of Berberine on regulation of gut microbiota

In Table 2, Gut microbiota is important for the microflora of the
intestine; growth of other diversity of bacteria can cause harmful in-
ternal infection. Treatment with berberine in animal subjects provides
the evidence on regulation of gut microbiota. Recent studies done by
Liu et al. [23] on rats and Tian et al. [24], on mice, concluded that
Berberine alter bacterial physiology, community composition and in-
crease the growth of protecting bacteria like Bifidobacterium. It effects
by inhibition of LPS-induced TLR4/TNF- α activation and BSH-ex-
pression.

Also, a study done by Zhang et al. [25] showed that Berberine
modulates the production of bacterial diversity that are enriching with
the production of SCFA and contribute to the benefit their host. Zhang
et al. [26], gave evidence that Berberine promotes structural changes of
gut microbiota. It was reported that by the pyrosequencing of the V3
region of 16S genes revealed a significant reduction in gut microbiota
diversity. Lipopolysaccharide (LPS)-binding protein (LBP) is a bio-
marker of circulating exogenous antigen and was found in higher
concentration in the serum that was essentially prevented by Berberine
co-administration.

A study done by Han, Lin and Huang [27] (Table 3), concluded that
Berberine has significant antimicrobial activity against several mi-
crobes. The prevention occurs by inhibiting the assembly function of
FtsZ and halting the bacteria cell division. Therefore, the study sug-
gested that the modulation of gut microbiota is one mechanism of the
antidiabetic effect of Berberine.

In Table 2, a related study done by Cao et al. [28] demonstrated that
Berberine alleviates NASH and its predisposing factors, normalizing gut
microbiota by the mechanical down regulation of CD14, IL-1, IL-6 andTa
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TNF-α expression. Also Li et al. [29], reported the effect of Berberine
compounds by the up regulation and downregulation of serum, liver
and fecal metabolites through R2X and Q2 of PCA score and R2Y and
Q2 of PLS-DA score. Sun et al. [30] analyzed the changing of gut mi-
crobiota by 16S gene sequencing. They suggested that Berberine im-
proved metabolic disorders induced by a high-fat diet through mod-
ulation of the microbiota-gut-brain axis. Berberine led to marked
changes of microbiota composition in majority genus, with significant
enriching effects on Bacteriodes (Bacteriodetes phylum) (p<0.05) and
on Firmicutes, such as Dorea (p< 0.05), rc4–4 (p<0.05), Roseburia (p
= 0.05) and Blautia (p for ANOVA = 0.098).

3.6. Impact of Berberine on weight gain in breast cancer and menopause

Table 1 shows, the effect of Berberine on women’s two major
complications i.e. breast cancer and menopause. A study done by
Cianci, Cicero, Colacurci, Matarazzo & De Leo [31] on women with a
deficiency of calcium, vitamins and in menopause indicated that, a
combination of Berberine with isoflavones lowers the TG, T-CHL, HDL,
and LDL as well as cardiovascular factors to improve menopausal
symptoms.

Another study was done by Zanardi et al. [32] on women using
hormone-therapy following breast-cancer. AP tablets (Berberine + Red
Yeast Rice) were used as a treatment that lowers the lipid profile, which
in turn lowers the chance of weight gain. This indicates that AP, in
combination with appropriate dietary management and moderate
physical activity provides the excellent treatment for dyslipidemia.

3.7. Effect of Berberine on inhibition of hepatic Gluconeogenesis

Table 2 shows the effect of berberine on hepatic gluconeogenesis in
animal subjects. One study done by Xia et al. [33] on inhibition of
Hepatic Gluconeogenesis in Sprague-Dawley rats showed that Berberine
targets the specific Gluconeogenesis gene, Phosphoenolpyruvate car-
boxykinase (PEPCK) and Glucose-6-phosphatase (G6Pase) in the liver,
causing the reduction in fasting glucose. Moreover, Berberine inhibits
the FAS expression which accounts for less absorption of fatty acid by
the liver and reduction of hepatic steatosis which occur as result of
mitochondrial inhibition.

Research done by Zhang et al. [34], Jiang et al. [35], Wei et al. [36]
and Teodoro et al. [37] on different rats models concluded that ber-
berine is an effective alkaloid for the treatment of hepatic Gluconeo-
genesis in a high-fat fed diet. Berberine downregulated the elevated
expressions of gluconeogenesis key enzymes PEPCK and G6Pase, in-
hibited the translocation of TORC2 from cytoplasm to nucleus and in-
creased AMPK activity in liver tissues [34]. Another impact of berberine
is its upregulated protein expression of liver kinase (LK)B1, AMP-acti-
vated protein kinase (AMPK) and phosphorylated AMPK (p-AMPK)
[35].

On the other hand, miR122 is a critical regulator in the downstream
pathway of HNF-4α in the regulation of hepatic gluconeogenesis and
lipid metabolism in HepG2 cells. The effect of berberine on hepatic
gluconeogenesis and lipid metabolism is mediated through HNF-4α and
is regulated downstream of miR122 [36]. Lastly, Berberine treatment
recovers mitochondrial efficiency when altered by a high-fat feeding.
Berberine potent protective effects against metabolic syndrome may
rely on increasing mitochondrial SirT3 activity, normalizing mi-
tochondrial function and preventing a state of energetic 33 deficit
caused by impaired OXPHOS.

3.8. Impact of Berberine on intestinal permeability and epithelial junction

Table 2 shows the variation regarding the intestine which is known
as the first line of defense for the contact with dietary antigens. Work
done by Gong et al. [38] on intestinal permeability and by Hou et al.
[39], on intestine epithelial tight junction, indicates that berberine isTa
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not only effective against levels of glucose and lipids; it also produces
effective impacts on the intestine by increasing it permeability by 2.77
folds and improving expression of A20. A study done by Gu et al. [40],
indicated that pretreatment with Berberine attenuates disruption of
tight junctions in intestinal epithelium in a mice model of en-
dotoxinemia which is mediated through down regulation of the nuclear
factor-jB and the myosin light chain kinase pathway.

Table 1 indicate the research done in vivo holds great importance on
intestinal permeability in human subjects. Studies done by Li et al. [41],
Gu et al. [42], and Wu et al. [43], on Caco-2 cells monolayer showed
that Berberine protects the intestinal tight-junction by different path-
ways. The study suggested that the protective effect of Berberine on
tight junctions was analyzed by measuring the trans-epithelial electrical
resistance (TEER). It could reduce epithelial gut permeability and can
restore barrier function in intestinal disease states [41–43]. However,
NFa removed claudin-1 from the tight junction and increased claudin-2
expression. Berberine prevented TNFa-induced claudin-1 disassembly
and upregulation of claudin-2. The effects of Berberine were mimicked
by genistein plus BAY11-7082, indicating that they are mediated via
tyrosine kinase, pAkt and NFkB pathways [44].

4. Discussion

This review highlighted that berberine effectively prevents the de-
velopment of obesity through the modulation of gut microbiota, gene
regulation, intestinal permeability and Hepatic Gluconeogenesis. In
fact, obesity is always linked to high levels of lipids and lipid

metabolism modulation is a focus of metabolic syndrome [45]. Ber-
berine at a dosage from 200 mg/kg to 1.0 g daily is found to be effective
for reducing blood glucose, as at this dosage it targets α-glycosidase and
causes inhibition. The inhibition of this enzyme causes the limited
amount of glucose absorption needed by the body. Therefore, berberine
contributes to the prevention of being overweight.

One of the many mechanisms by which the fiber may protect against
obesity is via the SCFA-mediated modulation of the secretion of gut
hormones involved in the regulation of food intake and energy balance.
Berberine at a dose of 100 mg/kg/day to 500 mg/kg/day chemically
attenuates with the synthesis of enteroendocrine peptides involved in
the glucose and energy homeostasis of obese people. It modulates gut
microbiota by elevating intestinal peptides such as GLP-1, GLP-2 and
peptide YY and decreasing gastric inhibitory polypeptides [46].

Regarding the differentiation of adipocytes, several studies have
identified the mechanisms of action of berberine at the cellular level,
particularly in hepatic cells, vascular smooth muscle cells, pancreatic β-
cells, adipocytes and myocytes. AMP-activated protein kinase (AMPK)
plays a critical role in modulating cellular processes and functions as a
cellular energy sensor that involves the stimulation of catabolic pro-
cesses (such as fatty acid oxidation, glucose uptake, lipolysis) while
inhibiting anabolic processes (such as gluconeogenesis, fatty acid
synthesis and cholesterol synthesis) [47]. Therefore, 150 mg/kg/day of
berberine in a routine diet can mediate with the decreasing of LXRs,
PPARs, and SREBPs expression and increase AMPK expression to use up
stored energy in the form of adipocytes.

Regarding gene regulation, berberine can attenuates many gene

Fig. 1. Flow diagram of the study, RCT = randomized controlled trial.
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expression which lead to turning off genes such as LXRalpha expression
and inhibit cholesterol absorption, by consuming 300 mg/day. Hence,
berberine may inhibit protein synthesis, histone deacetylase (HDAC), or
AKT/mammalian target of rapamycin (mTOR) pathways. Berberine
also inhibits global protein synthesis, basal AKT activity and induced
endoplasmic reticulum (ER) stress and autophagy, which is associated
with the activation of AMP-activated protein kinase (AMPK). This helps
in the inhibition of cholesterol, prevention in formation of adipocytes,
lowering blood glucose and the reduction of the risk of obesity [48].

Berberine is known to attenuate hepatic gluconeogenesis and in-
crease the permeability of intestine toward cholesterol absorption. A
dose of 40 mg/kg to 380 mg/kg/day of Berberine is known to be ef-
fective for the inhibition of hepatic gluconeogenesis and 200 mg/kg
dose is effective for intestine permeability and intestine epithelial
junction. Lastly, this review showed the different impact of Berberine
for the reduction of obesity. Berberine is not only effective for obesity,
but also for other systems and consequences of obesity such as diabetes
and cancer.
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