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Abstract
Background/Aims: The gut-vascular barrier (GVB) has recently been depicted to dampen the 
bacterial invasion of the bloodstream. The intestinal mucosa is a tissue rich in small vessels 
including capillaries. In this study, the protective effect of berberine on GVB in small bowel 
mucosa was investigated. Methods: The rat cecal ligation and puncture (CLP) sepsis model 
was employed to evaluate the effect of berberine on serum endotoxin level and intestinal 
vascular permeability to Evans blue in vivo. The rat intestinal microvascular endothelial cells 
(RIMECs) treated by lipopolysaccharide (LPS) were used to assess the effect of berberine on 
endothelial permeability to FITC-labeled dextran, transendothelial electrical resistance (TEER), 
and tight junction (TJ) and adherens junction (AJ) expression in vitro. Results: After 24-hr CLP 
operation the serum endotoxin concentration and gut vascular permeability were significantly 
increased, while berberine markedly reduced endotoxin level and vascular leakage. In vitro, 
LPS not only dramatically increased endothelial permeability of RIMECs to FITC-dextran, but 
also decreased TEER and inhibited claudin-12, beta-catenin and VE-cadherin expression. 
These effects of LPS were antagonized by berberine. In addition, our in vivo and vitro studies 
also confirmed that the effect of berberine on GVB could be partially abolished by ICG001. 
Conclusion: Berberine exerted a protective effect on GVB function in sepsis, which was strictly 
related to the modulation of the Wnt/beta-catenin signaling pathway.
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Introduction

The intestine is continuously exposed to a huge amount of foreign antigens, mostly 
food proteins and microorganisms more than 100 trillion bacteria, including beneficial 
species, harmful groups and conditional pathogenic bacteria. Under physiological condition, 
lipopolysaccharide from gram negative flora is absorbed in minute quantities [1]. However, 
during severe intestinal pathology with a result of perturbation of the gut-vascular barrier 
(GVB), a large amount of bacteria and toxins can translocate into the bloodstream and reach 
the distant organs such as the liver [2].

Resembling to the enterocyte, the vascular endothelium is one of major compositions 
of intestinal mucosal tissue. It has been reported that subcutaneous challenge of mice with 
LPS produces a gut microvascular lesions characterized by the damage of endothelial cell, 
microthrombi in the venules and capillaries of mucosal lamina propria [3]. LPS not only 
damages gut vascular integrity and increases permeability [4-6], but also reduces tight 
junction (TJ) and adherens junction (AJ) protein production in vascular endothelial cells 
[7, 8]. In the intestine, the vascular permeability is strictly regulated and thus vascular 
endothelial layer possesses barrier properties. Therefore, the impairment of GVB plays a key 
role in touching off bacterial and toxin translocation [2].

Berberine, an alkaloid compound extracted from herbs such as Cortex phellodendri 
and Rhizoma coptidis, possesses an anti-inflammatory property. In a sepsis model, 
berberine attenuates LPS-induced acute lung injury [9, 10] via the inhibition of cytokine 
release, leukocyte-endothelium adhesion and vascular cell adhesion molecule-1 (VCAM-1) 
expression [10]. In a diabetes model, berberine protects vascular endothelial cell via the 
promotion of endogenous nitric oxide release [11]. In vitro, berberine inhibits the secretion 
of NO, ET-1, TNFα, IL-1α, IL-6, IL-8, E-selectin and TXB2 from rat intestinal microvascular 
endothelial cells (RIMECs) in response to LPS stimulus [12, 13]. In addition, berberine 
reduces circulating microparticles, inhibits apoptosis of leukocyte-mediated endothelium 
[14], activates peroxisome proliferator-activated receptor gamma (PPARγ) and suppresses 
oxidative stress [15, 16], ameliorates vascular permeability and increases tight junction by 
the upregulation of claudins (e.g., claudin-5) [17]. In the present study we aimed to investigate 
whether berberine might protect GVB via the modulation of the Wnt/beta-catenin signaling 
pathway, which can be blocked by inhibitor ICG001 both in vivo and vitro experiments [18-
21].

Materials and Methods

CLP model of polymicrobial sepsis
The male Long-Evans rats (weighing 270∼300 gram) were housed at controlled room temperature 

with free access to food and water under a day/night cycle. All rats were acclimatized for one week before 
the experiments. The sepsis model induced by small cecal ligation and puncture operation (CLP) was 
carried out as previously described [22, 23]. In brief, the general anesthesia was induced by i.p. injection 
of 80 mg/kg ketamine and 10 mg/kg xylazine. A 3-cm midline abdominal incision was made. The cecal 
content was gently pushed toward distal cecum. Small ligation (10% of distal cecum) was performed with a 
surgical spool suture. The distal cecum was finally carried out ‘’through-and-through’’ puncture once with 
an 18-G needle. The sham-operated individuals underwent the same procedure except for CLP. These rats 
were sacrificed 24 hr after operation.

Reagents and arrange for experiments to animals
Berberine hydrochloride and ICG001, purchased from MilliporeSigma Corporation, USA, were dissolved 

in sterile 0.01% DMSO solution. These animals were randomly allocated into control and 4 experimental 
groups as follows: sham-operated control group, experimental group I (CLP), II (CLP plus Ber25), III (CLP 
plus Ber50) and IV (CLP plus Ber50 plus ICG001). There were 10 rats in each group. The rats in group II-IV 
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were gavaged daily with berberine at the dose of 25 (Ber25) or 50 (Ber50) mg/kg for 5 days [24] before 
CLP operation. ICG001 at a dose of 10 mg/kg/d was given by daily i.p. injection for 7 days [25] prior to CLP 
procedure.

Serum endotoxin level measurement
The blood samples were drawn from the abdominal aorta prior to the sacrifice and centrifuged at 

6000 x g for 5 min at 4°C. The concentration of serum endotoxin was assayed by a limulus amebocyte lysate 
kit (QCL-1000™, USA) according to manufactrue’s protocol. The results of serum endotoxin level were 
expressed as EU/ml.

Jejunal microvascular permeability
The microvascular permeability was assayed by Evans blue (EB) method as previously described [26]. 

EB (MW, 980 Da) binds irreversibly to plasma albumin in a 10:1 molar ratio both in vivo and in vitro. In 
quantitative studies of vascular permeability, EB is injected into the bloodstream where it rapidly binds 
to plasma albumin. When the plasma extravasates from vessels, the EB-albumin complex leaks into 
surrounding tissues [27]. In this experiment, EB was dissolved in 0.9% saline (30 mg/ml) and sonicated 
for 5 min in an ultrasonic cleaner, and finally filtered via a 5-μm filter (Millipore). EB was injected into the 
femoral vein of rats. 24 hr later, the rats were perfused transcardially with saline. EB was extracted from the 
scraped fresh mucosal tissues [28] of distal jejunum by incubation in 5 ml of formamide at 54 °C for 24 hr. EB 
was quantified by measuring its absorption at a wavelength of 620 nm by a spectrometer. The results were 
expressed as µg EB/g fresh tissue [26].

Cell culture and treatment
The Escherichia coli lipopolysaccharide (serotype O55:B5) was obtained from MilliporeSigma 

Corporation, USA, and RIMECs was purchased from Wuhan Biofavor Biotech Corporation, China. The cells 
were cultured in the complete EBM-2 basal medium supplemented with 10% fetal bovine serum (FBS) on 
0.2% gelatin-coated plates under a 37°C and 5% CO2 atmosphere. When RIMECs reached confluency, the 
cells were treated as follows: ( I ) 0.9% saline, ( II ) 50 ng/ml LPS, ( III ) 10 µM berberine hydrochloride 
(ber10) plus 50 ng/ml LPS, ( IV ) 20 µM berberine hydrochloride ( ber20 ) plus 50 ng/ml LPS, and ( V ) 
ber20 plus 50 ng/ml LPS plus 10 µM ICG001 [29], respectively.

Transendothelial permeability measurement
Transendothelial permeability to dextran was performed as previously described [30] according to 

manufacturer’s instructions using labeled tracer flux across confluent RIMECs grown on the Transwell 
inserts with polycarbonate filters (Vascular Permeability Assay Kit, Millipore). In brief, FITC-labeled dextran 
(∼60 kDa) was added to the upper chamber. At indicated time points (0, 2, 4, 6, 8 hr), 50 μl of media were 
collected from the lower chamber. The amount of FITC-labeled dextran filtrating into the lower chamber 
was determined by the fluorescence spectrophotometer. The experimental data were expressed as arbitrary 
fluorescence units.

Transendothelial electrical resistance (TEER)
2 x 105 RIMECs were cultured to confluence on a Transwell polyester membrane insert (0.4 μm pore 

size and 6.5 mm in diameter) (Corning, USA) on 24-well culture plates and were serum-starved overnight. 
At indicated time points (0, 2, 4, 6, 8 hr), the TEER was measured by using Millicell-ERS (Millipore, Germany) 
as previously described [31-33]. The TEER were detected and compared as the percent change from 
corresponding baseline values. Each experiment was repeated three times.

Western blotting analysis
Following 8-hr treatment, the lysates of RIMECs were prepared for Western blotting. The protein 

concentration was assayed by bicinchoninic acid assay method. After being separated by SDS-PAGE, the 
proteins were transferred to a PVDF membrane, which was blocked with 5 % skim milk in Tris- buffered 
saline containing 0.05 % Tween-20. The membrane was incubated with primary antibodies beta-catenin, 
claudin-12 and vascular endothelial cadherin (VE-cadherin) antibody overnight at 4 °C and incubated 
with secondary antibody for 2 hr at 37°C. The gel bands were photographed and then quantified with 
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Fig. 1. The serum endotoxin concentration of rats allocated 
into sham, CLP, CLP plus Ber25, LPS plus Ber50, and CLP 
plus Ber50 plus ICG001 groups, respectively. *P<0.05, 
**P<0.01 vs. sham group; #P<0.05, ##P<0.01 vs. CLP group; 
$P<0.05, $$P<0.01 vs. CLP plus Ber50 group.

the ChemiDoc XRS system (Bio-Rad Laboratories). The band intensity of beta-actin was designated as the 
internal reference.

Statistical analysis
Results are expressed as mean ± standard deviation (SD). After analysis of homogeneity, the data 

of variance homogeneity or heterogeneity was tested by One-way ANOVA or Welch analysis. The least 
significant difference (LSD) or Dunnett T3 test was used to determine the difference of means among 
different groups. P < 0.05 was considered statistically significant. All statistical analyses were done with the 
SPSS 16.0 statistical software package (SPSS Inc., Chicago, USA).

Results

The survival rate of rats in sham and experimental groups
The low-grade polymicrobial sepsis was induced by small cecum ligation and puncture. 

24 hr after sham operation, the survival rate of control rats was 100%. 24 hr after CLP, one 
died and nine survived in experimental group I (survival rate, 90%). No rat died in berberine 
pretreatment groups, namely, the survival rates were all 100% in experimental group II, III 
and IV. There was no statistically significant difference in the survival rate among different 
experimental and sham groups.

Berberine reduces while ICG001 increases serum endotoxemia levels
The effects of berberine and ICG001 on endotoxin accessing to circulation were assessed. 

When compared with sham group, the rats in CLP group showed a higher endotoxin level 
(1.135 ± 0.109 vs. 0.096 ± 0.033 EU/ml, P < 0.001). Berberine significantly reduced endotoxin 
concentration. The rats in experimental group II and III had lower endotoxin concentrations 
(0.863 ± 0.108 and 0.569 ± 0.087 EU/ml, respectively). Ber50 was more efficient to lower 
endotoxin level in comparison to Ber25 (P < 0.001). Co-treatment with ICG001 and Ber50 
resulted in an increased level of endotoxin (0.909 ± 0.106 EU/ml, P < 0.001) (Fig. 1).

Berberine inhibits while 
ICG001 enhances CLP-induced 
microvascular permeability
The amount of extravascular EB 

in mucosa was low (61.47 ± 10.73 
µg/g tissue) in sham group, but 
significantly elevated in CLP rats 
(212.02 ± 22.45 µg/g tissue) (P < 
0.001). Berberine markedly reduced 
CLP-increased vascular permeability. 
The amount of EB extravasation was 
167.62 ± 12.04 and 126.76 ± 14.79 
µg/g tissue in experimental group 
II and III, respectively. Statistically, 
Ber50 was more efficient to reduce EB 
filtration in comparison to Ber25 (P < 
0.001). In group IV, ICG001 abrogated 
the effect of Ber50 resulting in a raised 
EB filtration (171.75 ± 17.90 µg/g 
tissue, P < 0.001) (Fig. 2).
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Fig. 2. The amount of EB filtration into jejunal mucosa in rats 
allocated into sham, CLP, CLP plus Ber25, LPS plus Ber50, and CLP 
plus Ber50 plus ICG001 groups, respectively. *P<0.05, **P<0.01 vs. 
sham group; #P<0.05, ##P<0.01 vs. CLP group; $P<0.05, $$P<0.01 
vs. CLP plus Ber50 group.

In vitro berberine inhibits 
while ICG001 enhances LPS-
induced RIMECs permeability
As demonstrated in Fig. 3, 

LPS exposure markedly increased 
vascular permeability to FITC- 
labeled dextran with time. By 
contrast, berberine reduced LPS-
induced FITC-labeled dextran 
filtration. Moreover, ber20 was 
more efficient to reduce dextran 
filtration when compared with 
ber10 (P < 0.001). ICG001 
dampened the effect of ber20, 
leading to an elevated vascular 
permeability to dextran.

In vitro berberine increases 
while ICG001 decreases TEER
The TEER was measured 

to evaluate endothelial barrier 
integrity (Table 1). After 
comparison as percent change 
from baselines (Fig. 4), TEER 
did not present significant 
changes in control group at 
various time points. Inversely, 
LPS markedly decreased 
TEER in a time-dependent 
manner. Contrarily, berberine 
attenuated LPS-decreased TEER. 
Furthermore, ber20 appeared to 
be more effective to up- regulate 
TEER in comparison to ber10. 
However, the upregulatory 
effect of berberine on TEER was 
effectively abolished by ICG001 
(Fig. 4).

In vitro berberine increases 
while ICG001 reduces beta-
catenin, claudin-12 and VE-
cadherin
As shown in Fig. 5, LPS 

significantly reduced the 
generation of beta-catenin 
(39.97%), claudin-12 (47.95%) 
and VE-cadherin (51.74%) compared with the control group. Treatment with ber10 raised 
LPS-decreased beta-catenin, claudin-12 and VE-cadherin by 14.60%, 37.32% and 30.35%, 
respectively. Treatment with ber20 increased them by 27.40%, 78.42% and 78.61%, 
respectively. ICG001 abrogated the effect of ber20 causing a reduction of them by 33.91%, 
22.55% and 34.90%, respectively.

Fig. 3. The transendothelial permeability of RIMECs treated with 
saline (control), LPS, LPS plus ber10, LPS plus ber20, and LPS 
plus ber20 plus ICG001, respectively.
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Fig. 4. The transendothelial electrical 
resistance of RIMECs treated with saline 
(control), LPS, LPS plus ber10, and LPS plus 
ber20, and LPS plus ber20 plus ICG001, 
respectively.

Fig. 5. The expression of claudin-12, VE-cadherin and beta-catenin in RIMECs treated with saline (control), 
LPS, LPS plus ber10, LPS plus ber20, and LPS plus ber20 plus ICG001, respectively. A: The representative 
gels for claudin-12, VE-cadherin and beta-catenin protein. B: The relative density of claudin-12, VE-cadherin 
and beta-catenin was calculated relative to that of beta-actin. *P<0.05, **P<0.01 vs. control group; #P<0.05, 
##P<0.01 vs. LPS group; $P<0.05, $$P<0.01 vs. LPS+ber20 group.

 
Group TEER (Ω·cm2) 

0 hr 2 hr 4 hr 6 hr 8 hr 
control 51.57±2.91 51.49±3.80 51.51±3.68 51.58±3.47 51.46±3.59 
LPS 51.56±3.65 45.98±2.89 41.11±4.04 36.76±4.23 32.43±4.06 
LPS+ber10 51.50±3.12 47.88±3.00 44.08±4.53 41.09±4.73 38.03±3.22 
LPS+ber20 51.53±3.25 48.52±3.84 46.04±4.16 43.74±4.98 42.09±4.11 
LPS+ber20+ICG001 51.52±3.89 47.16±4.12 44.26±3.41 41.04±3.95 37.76±3.81 

 
 

Table 1. In Vitro the measurement of TEER of RIMECs
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Discussion

The intestinal mucosa is rich in fenestrated capillaries allowing the passage of large 
biomolecules. Recently, Spadoni et al. have confirmed the existence of GVB with the 
morphological and functional characteristics resembling to the blood brain barrier in murine 
and human intestines that plays a key role in avoiding indiscriminate trafficking of bacteria 
from the gut into bloodstream, and the vascular barrier integrity can be altered by Salmonella 
typhimurium via the modulation of the Wnt/beta-catenin pathway [34]. Thus, the alteration 
of gut capillary influences GVB [2]. The murine CLP procedure is a classical model of sepsis, 
which may adversely influence GVB. In the experimental study performed by Rittirsch [23], 
the rats possess positive blood cultures containing mixed enteric microorganisms which are 
detectable as early as 6 hr following CLP. These rats begin to show clinical signs of sepsis at 
12 hr after CLP and lethality usually begins at 18~24 hr after CLP. 24 hr following CLP, the 
survival rate is 90%, 65% and 40% in low-, mid- and high-grade rats, respectively [23]. In 
our low-grade sepsis model, the survival rate of rats was 90% 24 hr after CLP operation. 
Conversely, the survival rate of rats in berberine groups (II-III) reached to 100%. It is known 
that Wnt/beta-catenin signaling plays a positive role in the maintenance of GVB integrity 
[2]. Thus, ICG001 was employed to repress Wnt/beta-catenin signaling. However, ICG001 
(group IV) did not increase the mortality of berberine-treated rats. Thus, berberine exerted 
a protective role for survival in CLP-induced sepsis.

Spadoni et al. have demonstrated that Salmonella typhimurium is capable of inhibiting 
the activation of Wnt/beta-catenin pathway [2, 34]. This signaling has been reported 
elsewhere to exert the anti-inflammatory or pro-inflammatory properties [35-39]. Indeed, 
in the intestine the activation of Wnt/beta-catenin pathway helps to maintain GVB function 
[2, 34]. Given that berberine is capable of ameliorating impaired gut mucosal barrier [28, 
40-43], in this study we investigated if berberine might maintain GVB function though the 
modulation of the Wnt/beta-catenin pathway. The experimental findings revealed serum 
endotoxin level was very low in sham-operated rats but significantly elevated in CLP 
matches, indicating the possibility that sepsis disturbed GVB function, thereby resulting 
in substantial entrance of bacteria and toxins into the bloodstream through capillaries 
which are located beneath the intestinal epithelium [2]. Expectedly, berberine lowered the 
endotoxin concentration in a dose-dependent manner, indicative of a protective role of it in 
alleviating endotoxemia. Nevertheless, administration of ICG001 to berberine-treated rats 
gave rise to the deterioration of sepsis, indicating that Wnt/beta-catenin signaling pathway 
was possibly activated by berberine.

The amount of extravascular EB within gut mucosa was detected to assess the effect of 
berberine on GVB permeability. The data revealed that the amount of EB was much more 
in CLP rats than that in sham-operated individuals. Berberine significantly reduced CLP-
induced EB extravasation. Similarly, in vitro LPS exposure rapidly increased the permeability 
of RIMECs to FITC-dextran, and this effect of LPS was antagonized by berberine. ICG001 
damaged berberine’s improving vascular permeability in vivo and vitro. Given that a decrease 
in TEER value is also a sensitive index to hint vascular barrier dysfunction, we assayed the 
TEER in RIMECs. High pharmacologic concentrations of LPS (1∼50 μg/ml) often cause 
numerous cell death and apoptosis [44], we chose a low pathological concentration of LPS 
(50 ng/ml) instead of physiological concentrations (0∼10 ng/ml) [44]. Our data showed 
TEER significantly decreased in RIMECs challenged with LPS only, but markedly increased 
in those cells co-treated with LPS and berberine. Nevertheless, the upregulation of TEER 
by berberine was abolished by ICG001. Thus, our in vivo and vitro studies confirmed that 
berberine maintained GVB function via the activation of the Wnt/beta-catenin signaling 
pathway in sepsis.

In the intestinal endothelial cells, VE-cadherin and beta-catenin are the main 
components of AJ molecules, and claudin-12 is the main TJ molecule. Both TJ and AJ proteins 
are responsible for the vascular endothelial barrier function [2]. In this experiment, we 
detected the protein expression of claudin-12, VE-cadherin and beta-catenin in RIMECs. 
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Expectedly, the RIMECs exposed to LPS stimulus expressed lesser claudin-12, VE-cadherin 
and beta-catenin than those cells treated by saline. Co-treatment with LPS and berberine 
abrogated the detrimental effects of LPS. Nevertheless, the upregulation of TJ/AJ production 
by berberine was curbed by ICG001, suggesting that the activation of Wnt/beta-catenin 
signaling pathway by berberine was involved in the maintenance of GVB function.

Conclusion

This study focused on the regulatory effect of berberine on endotoxin level, vascular 
permeability, TEER and TJ/AJ expression in vivo and in vitro. The findings suggested that in 
this rat polymicrobial sepsis model berberine significantly alleviated endotoxemia, decreased 
vascular permeability, raised TEER and increased TJ/AJ protein production. Importantly, 
our experiments confirmed that berberine protected GVB function via the modulation of the 
Wnt/beta-catenin signaling pathway in sepsis.
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