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Abstract
For centuries, Berberine has been used in the treatment of enteritis in China, and it is also

known to have anti-hyperglycemic effects in type 2 diabetic patients. However, as Berberine

is insoluble and rarely absorbed in gastrointestinal tract, the mechanism by which it works

is unclear. We hypothesized that it may act locally by ameliorating intestinal barrier

abnormalities and endotoxemia. A high-fat diet combined with low-dose streptozotocin

was used to induce type 2 diabetes in male Sprague Dawley rats. Berberine (100 mg/kg) was

administered by lavage to diabetic rats for 2 weeks and saline was given to controls.

Hyperinsulinemia and insulin resistance improved in the Berberine group, although there

was no significant decrease in blood glucose. Berberine treatment also led to a notable

restoration of intestinal villi/mucosa structure and less infiltration of inflammatory cells,

along with a decrease in plasma lipopolysaccharide (LPS) level. Tight junction protein zonula

occludens 1 (ZO1) was also decreased in diabetic rats but was restored by Berberine

treatment. Glutamine-induced glucagon-like peptide 2 (GLP2) secretion from ileal tissue

decreased dramatically in the diabetic group but was restored by Berberine treatment.

Fasting insulin, insulin resistance index, plasma LPS level, and ZO1 expression were

significantly correlated with GLP2 level. In type 2 diabetic rats, Berberine treatment not only

augments GLP2 secretion and improves diabetes but is also effective in repairing the

damaged intestinal mucosa, restoring intestinal permeability, and improving endotoxemia.

Whether these effects are mechanistically related will require further studies, but they

certainly support the hypothesis that Berberine acts via modulation of intestinal function.
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Introduction
According to the World Health Organization (WHO), an

estimated 220 million people globally are suffering from

diabetes mellitus (Whiting et al. 2011). Without further

actions or interventions, this number is likely to double by

the year 2030. Because it is unlikely that there has been a

dramatic alteration in genetic factors in the past decades,
environmental factors must play a key role in the rapid rise

in diabetes. Gut microbiota has been proposed as a key

player (Burcelin et al. 2009) with populations showing

marked differences between healthy, obese, and type 2

diabetic patients (Bäckhed et al. 2004, Qin et al. 2012). The

dysbiosis of gut microbiota (at phyla, genus, or species
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level) has the potential to affect host metabolism and

energy storage (Ley et al. 2006) and to affect gut

permeability and, as a consequence, give rise to metabolic

endotoxemia and higher plasma lipopolysaccharide (LPS).

In addition, gut peptides such as glucagon-like peptide 1

(GLP1) and GLP2 may play key roles in these processes

(Tremaroli & Bäckhed 2012). For example, GLP2, which is

secreted by intestine L cells, is a key regulator of intestinal

permeability (Cani et al. 2009). Therapeutic regimes that

target intestinal microbiota and intestinal barrier show a

broad prospect in treating diabetes (Kootte et al. 2012). One

such factor is Berberine, a natural plant alkaloid isolated

from Chinese herb Coptis chinensis (Huanglian). It is

commonly used for treating bacterial diarrhea and has

recently been demonstrated to be clinically effective in

alleviating type 2 diabetes (T2DM; Ley et al. 2006, Cani

et al. 2008). As Berberine is poorly absorbed into the

bloodstream from the gut (Han et al. 2011), the mechanism

of its action is not clear, but modulation of gut microbiota

and intestinal permeability are plausible possibilities that

we wished to explore. Berberine stimulates GLP1 secretions

(Yu et al. 2010), and because GLP1 is co-released with GLP2

from intestinal L cells, it is possible that Berberine may be

able to modulate GLP2 secretion. Therefore, in this study,

we investigated the alterations of intestinal barrier and

GLP2 secretion before and after Berberine treatment in

type 2 diabetic rats, with the intention of establishing an

association between Berberine’s antidiabetic effects and

intestinal permeability, endotoxemia, and GLP2 secretion.
Materials and methods

Animal and protocol

T2DM was induced in male Sprague Dawley rats (7–8

weeks of age, 200–250 g) using streptozotocin (STZ)

according to Bi et al. (2009). Briefly, the rats were fed ad

libitum with a high-fat diet (63% calories as fat), which

was prepared by supplementing normal chow with

10% (w/w) lard, 10% (w/w) sucrose, 1% (w/w), choles-

terol, and 0.3% w/w bile acid (sodium salt) for 8 weeks.

This was followed by a single low-dosage i.p. injection

of STZ (30 mg/kg; Sigma) after 12-h fast. A group of

nondiabetic rats fed solely on chow diet was used as

controls. Diabetic rats were divided into two subgroups: a

vehicle-treated group (nZ11) and a Berberine-treated

group (nZ11). Plasma glucose in diabetic rats increased

to at least 16.7 mmol/l within 3 days after STZ injection

and remained at least to this level throughout the

experiment. Berberine intervention was initiated on the
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
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7th day after STZ injection and was continued for

2 weeks. The Berberine solution was prepared in PBS and

delivered by oral lavage at 100 mg/kg per day. The control

group was given a similar volume of PBS as vehicle. Five

rats died in the first 3 days after STZ injection, and two rats

died (one in Berberine group and one in vehicle group)

after Berberine or vehicle intervention.

Blood was drawn from the abdominal aorta under

anesthesia (sodium pentobarbital, 40 mg/kg body weight;

Sigma) for the measurement of LPS and insulin, and

plasma was separated and stored at K80 8C until

examined. Four centimeters of ileum from rats were

excised and fixed in 4% paraformaldehyde for hematox-

ylin and eosin (HE) staining and immunohistochemical

analysis of zonula occludens 1 (ZO1). Another 3 cm of

ileum were stored in PBS for the analysis of glutamine-

induced GLP2 secretion. This study was approved by the

Tianjin Medical University Animal Committee, and the

rats were maintained in accordance with the Tianjin

Medical University guidelines for the care and use of

laboratory animals.
Plasma insulin and LPS concentrations

Fasting glucose levels in tail vein blood were assayed by an

enzymatic method using a blood glucose meter (Johnson

& Johnson Medical Ltd, New Brunswick, NJ, USA); fasting

plasma insulin concentration was assayed by ELISA (Rat

Insulin ELISA KIT, Cusabio, Barksdale, DE, USA). LPS

concentration was assayed by ELISA (Rat LPS ELISA Kit).

Homeostasis model assessment insulin resistance (HOMA-

IR) was calculated as an indicator of insulin resistance

according to the formula: HOMA-IRZFasting glucose

(mM)!Fasting insulin (mU/ml)/22.5.
Histology

The ileum sample fixed in 4% paraformaldehyde was

paraffin embedded, sectioned into 8 mm-thick slices, and

stained with both HE dye and immunohistochemistry. For

immunohistostaining of ZO1, paraffin-embedded sections

were deparaffinized using xylene and re-hydrated in a

series of alcohols, before incubation in antigen retrieval

buffer (0.01 M citrate-buffered saline, pH 6.0) for 5 min at

95 8C and then for 20 min at room temperature. The

sections were then treated with 3% (v/v) hydrogen

peroxide for 5 min. The slides were treated with 10%

(v/v) normal goat serum to prevent nonspecific antibody

binding. The samples were treated with ZO1 primary

antibody (Wuhan Boster Biological Technology Co., Ltd,
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Wuhan, China) at a dilution of 1:80 in PBS overnight at

4 8C. Imaging was performed using a Nikon microscope

and analyzed by HMIAS-2000 software (Championimage,

Inc., China).

Three rats in each group were tested for ZO-1

expression. In each section of ileum, five different areas

were selected for scoring. The staining score was analyzed

by two different pathologists blinded to this study. The

immunohistostaining was calculated by combining an

estimate of the percentage of immunoreactive cells

(quantity score) with an estimate of the staining intensity

(staining intensity score). Staining intensity was rated on a

scale of 0–3, with 0Znegative; 1Zweak; 2Zmoderate, and

3Zstrong. When there was multifocal immunoreactivity

and there were significant differences in staining inten-

sities between foci, the average of the least intense and

most intense staining was recorded. The raw data were

converted to the immunohistostaining by multiplying the

quantity and staining intensity scores (Soslow et al. 2000).
Glutamine-induced secretion of GLP2 in ileum tissue

Three centimeters of distal ileum were kept in PBS for the

determination of glutamine-stimulated GLP2 secretion. In

this procedure, the ileum was rinsed with PBS and cut

open in a longitudinal direction. With the basolateral side

upward, the outer muscle layers were carefully stripped off.

After that, the ileum was cut into three segments, each

1 cm long. Then, each segment was chopped using eye

scissors and transferred to a 24-well plate kept on ice and

filled with 500 ml PBS per well. The plate was brought up to

room temperature and incubations were initiated by

replacing the buffer solution with 500 ml of pre-warmed

1640 cell culture medium (containing 2.05 mM gluta-

mine). The tissues were incubated for 30 min at 37 8C in a

humidified incubator at 5% CO2 and then 4 mM gluta-

mine was added to each well to stimulate the secretion of

GLP2 for another 30 min. After removal of the tissue

pieces, the conditioned medium was stored at K70 8C.

GLP2 concentration in the medium was assayed by ELISA

(Rat GLP2 ELISA Kit, Cusabio).
Statistical analysis

Results were presented as mean with the S.E.M. The

statistical significance of differences was analyzed by

one-way ANOVA followed by post hoc Bonferroni’s

multiple comparison tests or Kruskal–Wallis for non-

parametric data followed by Dunn’s multiple comparison

tests. Multiple correlation analyses were assessed by the
http://joe.endocrinology-journals.org � 2013 Society for Endocrinology
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Pearson’s test. The analyses were performed using SPSS

windows version 17.0, and P!0.05 was considered to be

statistically significant.
Results

Plasma concentration of insulin, HOMA-IR, and LPS

After 3 days of STZ injection, the plasma glucose in diabetic

rats was increased greatly compared with normal rats

(24.0G3.1 vs 5.1G0.3 mmol/l, P!0.01) and were stabilized

at a steady high level after 7 days. Compared with normal

rats, diabetic rats had a significantly lower body weight

(344.0G49.9 vs 444.8G39.7 g, P!0.01) but higher blood

glucose (27.7G1.9 vs 5.4G0.4 mmol/l, P!0.01), plasma

insulin (42.34G6.31 vs 18.11G4.36 mU/ml, P!0.01), and

HOMA-IR (54.59G13.93 vs 4.15G1.01, P!0.01).

Blood glucose in the Berberine intervention group

showed a trend to decrease after 7 days of intervention,

and again after another 7 days of intervention (28.7G3.1,

27.2G3.1, and 26.9G2.2 mmol/l), but these decreases

were not significantly different from those in the T2DM

group (28.8G5.4, 27.7G1.9, and 28.2G4.2 mmol/l).

Body weight was decreased in the first week after

Berberine intervention, but then it increased greatly in the

following week (P!0.01); however, in the control group,

the body weight increased steadily (P!0.01), and in the

vehicle treatment T2DM group, the body weight decreased

steadily (P!0.01), with the difference between the three

groups being significant (Fig. 1).

In type 2 diabetic rats, the plasma level of LPS was

significantly higher than that in normal rats, and this

supports the existence of a serious endotoxemia in type 2

diabetic rats. After 2 weeks of Berberine treatment, plasma

LPS levels decreased dramatically along with an improve-

ment in hyperinsulinemia (P!0.05) and insulin sensi-

tivity (PZ0.061) (Fig. 2).
Structural change of ileum

The ileum of diabetic rats showed significant structural

changes compared with control rats. In diabetic rats, part

of the villi and epithelial cells were detached, and the

heights of the remaining villi were decreased. The

interstitium of the ileum showed serious swelling and

more inflammatory cell infiltration compared with con-

trol rats. Berberine was effective at reversing these changes

and increased villi/mucosa height, reduced infiltration of

inflammatory cell, and ameliorated detachment of villi/

epithelial cells (Fig. 3).
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Figure 1

Alteration of body weight and blood glucose after Berberine intervention.

Type 2 diabetic rats were treated with Berberine (100 mg/kg, Berberine

group) or vehicle (T2DM group) for 2 weeks, and body weight and blood

glucose were measured each week. Nondiabetic rats were used as control

group. Differences between each group were significant for body weight

(P!0.05) but not for blood glucose. Full colour version of this figure

available via http://dx.doi.org/10.1530/JOE-13-0184.
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Expression of intestinal tight junction protein

In control rats, ZO1 staining strongly labeled the

cytoplasm of enterocytes and gave rise to a well-defined

and homogeneous distribution of label at the brush border

level, leading to a well-defined thin line of staining.
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Figure 2

Plasma concentration of insulin, HOMA-IR, and LPS. Type 2 diabetic rats

were treated with Berberine (100 mg/kg, Berberine group) or vehicle

(T2DM group) for 2 weeks, and nondiabetic rats were used as control
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However, in diabetic rats, the staining was not only at a

lower level but also extremely irregular or absent at the

luminal surface of the intestinal epithelium. In Berberine-

treated rats, cytoplasmic staining was strong and the brush

borderline appeared similar to healthy mucosa (Fig. 4).
GLP2 secretion induced by glutamine in ileum tissue

Compared with the control group, glutamine-stimulated

GLP2 secretion was decreased in type 2 diabetic rats but

was restored after 14 days of intervention with Berberine.

Pearson correlation analysis revealed that fasting insulin

level, HOMA-IR index, plasma LPS level, and ZO1

expression were significantly related to plasma GLP2

level; the Pearson correlations were rZK0.723

(PZ0.012), rZK0.641 (PZ0.034), rZK0.630 (PZ0.025),

and rZ0.819 (PZ0.007) respectively (Fig. 5).
Discussion

Association between inflammation and T2DM originated

in 1959 when epidemiological studies showed a rise in

acute-phase response proteins in serum of type 2 diabetic

patients compared with controls (Fearnley et al. 1959,

Ogston & McAndrew 1964). Later, a specific link between

inflammatory and metabolic responses was made with the

discovery that compared with lean tissue, obese adipose

tissue secretes inflammatory cytokines and that these

inflammatory cytokines themselves can inhibit insulin

signaling (Hotamisligil et al. 1996). The definitive proof of

such a connection between inflammatory mediators and

insulin resistance in obesity and T2DM came from genetic

studies that interfered with inflammatory mediators and

demonstrated beneficial effects of this interference on

insulin action (Uysal et al. 1997). The important role of

inflammation in T2DM is further proved recently by

Goldfine who has found that salsalate therapy lowered

fasting glucose, increased adiponectin, and reduced

adipose tissue NF-kB activity in persons with abnormal
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Figure 3

Structure alteration in type 2 diabetic rats and control rats. Type 2 diabetic

rats were treated with Berberine (100 mg/kg, Berberine group) or vehicle

(T2DM group) for 2 weeks, and nondiabetic rats were used as control

group. Villi height and mucosa height were measured. In diabetic rats, the

mucosa were damaged and incomplete with epithelial cell detached

(arrow in B1); the villi height andmucosa height were decreased in diabetic

rats and were improved in Berberine rats; (A) control rats HE!10;

(A1) control rats HE!40; (B) T2DM rats HE!10; (B1) T2DM rats HE!40;

(C) Berberine rats HE!10; (C1) Berberine rats HE!40. *Compared with

control group P!0.05; DCompared with type 2 diabetic group P!0.05.
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glucose tolerance (Goldfine et al. 2013). Despite this, the

origin of the inflammation is unclear. One intriguing

possibility is that alterations in intestinal microbiota and

function may be responsible. Indeed, changes in gut

microbiota and increased intestinal permeability can

induce metabolic inflammation by inducing endotoxemia

(Cani et al. 2008, 2009). It has been proved that, antibiotics

can improve glucose metabolism in diabetics (Chou et al.

2008, Membrez et al. 2008), and this is associated with

modified cecal microbiota profile (Chou et al. 2008).

Similarly, norfloxacin and ampicillin suppression of cecal

aerobic and anaerobic bacteria in ob/ob mice was

accompanied by a significant improvement in fasting

glycemia and oral glucose tolerance. Simultaneously,

plasma LPS and tumor necrosis factor-a levels were

decreased in the antibiotic-treated mice, suggesting that

modulating gut microbiota ameliorated the inflammatory

status in the intestine of the animals (Membrez et al. 2008).

Berberine, one of the main constituents of Rhizoma

coptidis, is often used to treat bacterial diarrhea in China

(Yan et al. 2011). In 1988, the glucose-lowering effect of
A B C

Figure 4

Immunohistochemical analysis of ZO1 at villous level in ileummucosa. Type

2 diabetic rats were treated with Berberine (100 mg/kg, Berberine group)

or vehicle (T2DM group) for 2 weeks, and nondiabetic rats were used as

control group. Expressions of intestinal tight junction protein ZO1 were

measured. (A) Healthy control mucosa; (B) diabetic mucosa; extremely
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Berberine in diabetic patients was reported (Ni 1988). Since

then, there have been many studies that confirmed

Berberine’s antidiabetic effect. For example, Yin et al.

(2008) found that diabetic patients that took 500 mg

Berberine three times daily for 13 weeks showed decreased

HbA1c levels (from 9.5 to 7.5%), a reduction comparable

to that of metformin. In our study, we found that in

STZ/high-fat-induced type 2 diabetic rats, Berberine

treatment for just 2 weeks significantly improved hyper-

insulinemia and insulin resistance, although it did not lead

to a significant decrease in blood glucose. This was despite

an increase in body weight in Berberine intervention

group, which may mean that effects of Berberine do not

depend on reduction in body weight. Because Berberine, as

a strongly intestinal protector used widely in the treatment

of enteritis, is insoluble and rarely absorbed in gastrointes-

tinal tract, it is reasonable to suggest that it may improve

diabetes through the modulation of intestinal microbiota

and intestinal permeability.

Zhang et al. (2012) studied the alteration of

gut microbiota before and after Berberine treatment,
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Glutamine-induced GLP2 secretion in ileum tissue. Type 2 diabetic rats were

treated with Berberine (100 mg/kg, Berberine group) or vehicle (T2DM

group) for 2 weeks, and nondiabetic rats were used as control group. Fresh

ileum tissue were chopped and transferred to a 24-well plate and

stimulated with glutamine (the final concentration was 6.05 mmol/l) to

induce the secretion of GLP2. *Compared with control group P!0.05;
Dcompared with type 2 diabetic group P!0.05.
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and found a significant alteration of gut microbiota,

which was closely associated with host metabolic pheno-

types. They also found a few putative short-chain fatty

acid (SCFA)-producing bacteria, including Blautia and

Allobaculum, that were selectively enriched, along with

elevations of fecal SCFA concentrations. Their study

implied that the prevention of obesity and insulin

resistance by Berberine in high-fat diet-fed rats is at least

partially mediated by structural modulation of the gut

microbiota. Here in our study, we found that Berberine

treatment for only 2 weeks can significantly improve

intestinal barrier structure and function in type 2 diabetic

rats. Berberine treatment increased the villi/mucosa

height and decreased the infiltration of inflammatory

cell and lowered the detachment of villi/epithelial cells

and therefore can improve the intestinal damage common

in diabetic rats. The irregular distribution, fragmentation,

and the discontinuity of ZO1 in brush borderline of

epithelial cells were also improved in Berberine rats, and

the distribution of ZO1 was almost similar to that in

healthy mucosa.

The entry of pathogens through the gut via increased

intestinal permeability has been proposed to be associated

with type 1 diabetes- and insulin resistance-related

diseases (Watts et al. 2005, Sapone et al. 2006, Teixeira

et al. 2012, Caricilli & Saad 2013). Recent studies have

linked gut microbes and bacterially derived LPS with host

innate immune responses, inflammation, and insulin

resistance (Cani et al. 2007, 2008). Therefore, our results

suggest that the antidiabetic effects of Berberine may

depend on its improvement of damaged intestinal

mucosa, intestinal permeability, and endotoxemia in

diabetic rats.
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GLP2 is an enteroendocrine peptide released from

intestinal L cells in response to luminal nutrients (Burrin

et al. 2001). GLP2 is best known for its role in inducing

satiety but is also involved in modulation of intestinal

permeability (Moran et al. 2012). GLP2 increases the rate

of crypt proliferation, villus elongation, and reduces

apoptosis, contributing to an enhanced barrier function

(Tsai et al. 1997). GLP2 analogs have been used in the

treatment of gastrointestinal-related disorders, such as

short bowel syndrome, inflammatory bowel disease, and

so on (Wallis et al. 2007, Hornby & Moore 2011). In our

study, we found that Berberine treatment for 2 weeks

increases the level of GLP2 in diabetic rats. Correlation

analysis found that plasma LPS, ZO1 expression, insulin

level, and insulin-resistant index are closely related to

GLP2 level. Therefore, our results suggest that the

improvement of Berberine on insulin resistance in diabetic

rats may partly be explained by amelioration of GLP2

release in ileum, which will consequently improve

intestinal permeability, endotoxemia, and inflammation

in diabetic rats. Further studies are needed to clarify

whether Berberine has a direct effect on GLP2 release or

acts indirectly by improving the composition of micro-

biota in the intestine.

We also found in diabetic rats that glutamine-induced

GLP2 secretion is decreased. Although we do not know the

exact mechanism, it is clear that the high glucose itself is

not the cause as blood glucose did not differ significantly

between type 2 diabetic group and Berberine intervention

group, whereas GLP2 increased greatly in Berberine group.

GLP1 and GLP2 are secreted in a 1:1 ratio by enteroendo-

crine L cells (Nathanson et al. 2010, Lencioni et al. 2011).

Impaired GLP1 secretion is a characteristic of the

prediabetic situation such as impaired glucose tolerance

and gestational diabetic mellitus (Orskov et al. 1986, Lim

& Brubaker 2006). Therefore, we suggest that impaired

GLP2 in prediabetic patients may predispose these

patients to T2DM by increasing intestinal permeability

and endotoxemia-related inflammation, although we

acknowledge that more prospective studies are needed.

In conclusion, in high-fat diet and STZ-induced type 2

diabetic rats, Berberine treatment is efficient in repairing

the damaged intestinal mucosa, restoring intestinal

permeability and improving endotoxemia, all simul-

taneously while showing antidiabetic effects and a

modulation of GLP2 release in the ileum. The extent to

which these individual findings are mechanistically

related needs further studies, but they certainly support

the hypothesis that Berberine acts via modulation of

intestinal function.
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