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Abstract

AIM: To study the effect of salvianolate on tight junc-
tions (TJs) and zonula occludens protein 1 (ZO-1) in
small intestinal mucosa of cirrhotic rats.

METHODS: Cirrhosis was induced using carbon tetra-
chloride. Rats were randomly divided into the untreated
group, low-dose salvianolate (12 mg/kg) treatment
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group, medium-dose salvianolate (24 mg/kg) treatment
group, and high-dose salvianolate (48 mg/kg) treat-
ment group, and were treated for 2 wk. Another 10
healthy rats served as the normal control group. Histo-
logical changes in liver tissue samples were observed
under a light microscope. We evaluated morphologic in-
dices of ileal mucosa including intestinal villi width and
thickness of mucosa and intestinal wall using a patho-
logical image analysis system. Ultrastructural changes
in small intestinal mucosa were investigated in the five
groups using transmission electron microscopy. The
changes in ZO-1 expression, a tight junction protein,
were analyzed by immunocytochemistry. The staining
index was calculated as the product of the staining in-
tensity score and the proportion of positive cells.

RESULTS: In the untreated group, hepatocytes sho-
wed a disordered arrangement, fatty degeneration was
extensive, swelling was obvious, and disorganized lob-
ules were divided by collagen fibers in hepatic tissue,
which were partly improved in the salvianolate treated
groups. In the untreated group, abundant lymphocytes
infiltrated the fibrous tissue with proliferation of bile
ducts, and collagen fibers gradually decreased and
damaged hepatic lobules were partly repaired following
salvianolate treatment. Compared with the untreated
group, no differences in intestinal villi width between
the five groups were observed. The villi height as
well as mucosa and intestinal wall thickness gradually
thickened with salvianolate treatment and were signifi-
cantly shorter in the untreated group compared with
those in the salvianolate treatment groups and normal
group (P < 0.01). The number of microvilli decreased
and showed irregular lengths and arrangements in
the untreated group. The intercellular space between
epithelial cells was wider. The TJs were discontinuous,
which indicated disruption in TJ morphology in the
untreated group. In the treated groups, the microvilli
in the intestinal epithelium were regular and the TJs
were gradually integrated and distinct. The expression
of ZO-1 decreased in the small intestine of the un-
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treated cirrhotic rats. The high expression rate of ZO-1
in ileal mucosa in the untreated group was significantly
lower than that in the medium-dose salvianolate group
(21.43% vs 64.29%, > = 5.25, P < 0.05), high-dose
salvianolate group (21.43% vs 76.92%, y° = 8.315,
P < 0.01) and normal group (21.43% vs 90%, »° =
10.98, P < 0.01).

CONCLUSION: Salvianolate improves liver histo-
pathological changes, repairs intestinal mucosa and TJ
structure, and enhances ZO-1 expression in the small
intestinal mucosa in cirrhotic rats.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

In liver cirrhosis, disruption of the intestinal mucosal

barrier function and increased mucosal intestinal perme-
ability lead to bacterial translocation and endotoxemia',
which increase susceptibility to infection, the most
frequent and severe of which is spontaneous bacterial
peritonitislz’jj. Endotoxemia may affect liver function,
contribute to systemic hemodynamic derangement in
liver cirrhosis™”, and result in severe complications'®"
Therefore, restoring the integrity of the intestinal barrier
is an important goal in preventing deterioration of liver
function in patients with cirrhosis"™".

The intestinal mucosal bartier includes both secretory
and physical preventive measures against the penetra-
tion of microbes. The secretory mechanism is realized
through mucus secretion, local immunoglobulins and
bile salts. The physical mechanism is represented by the
intestinal epitheliumlw’m, specifically its lack of perme-
ability and active antimicrobial peptide production. The
tight junctions (T]s) of the intestinal epithelium allow
only the passage of very tiny molecules!”, preventing the
transport of bacteria or macromolecules (lipopolysac-
charides)""”. Disruption of the intestinal T| barrier results
in a “leaky” TJ barrier, allowing patracellular permeation
of toxic luminal substances. Altered intestinal T] expres-
sion in patients is a molecular mechanism of intestinal
hyperpermeability. It was demonstrated that patients with
decompensated and compensated cirrhosis had signifi-
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cantly reduced expression of TJ proteins, higher Child-
Pugh score, and decreased liver function"”. As an impor-
tant contributor to the development of liver cirrhosis, the
physical barrier of the small intestine represents an ideal
therapeutic target“s]. However, there are no reports on an
effective means of preventing disruption of the intestinal
physical barrier in liver cirrhosis.

Radix Salvia miltiorrhiza, a traditional Chinese medici-
nal herb known as “danshen” has been widely used for
the treatment of various cardiovascular diseases' . Sa/
via miltiorrhiza (8. miltiorrhiza) extracts contain lipid-soluble
diterpene quinones (tanshinones) and water-soluble phe-
nolic acid derivatives such as salvianolic acid A and B and
lithospermic acid B". Recent pharmacological research
has shown that §. wiltiorrbiza eliminates oxygen free
radicals, enhances antioxidant activity, decreases serum
cytokine levels, and inhibits endotoxemia”. Moreover, 5.
miltiorrhiza can block the lethal toxicity of lipopolysaccha-
rides in mice #a suppression of tumor necrosis factor-ou
(INF-q) release™ and help to maintain the integrity of
the endothelial junction structure”. Salvianolate is a new
water-soluble phenolic compound and is one of the most
bioactive compounds in S. wmiltiorrhiza Bge. However, in
catbon tetrachloride (CCls)-induced cirrhosis in rats, the
effect of salvianolate on the physical barriers of the small
intestine is less clear. A previous study demonstrated that
salvianolate can reduce the endotoxin level, ameliorate
injury to the intestinal mucosa, and inhibit the expression
of TNF-q and interleukin-6 (IL-6) mRNA in the small
intestine of cirrhotic rats”. Therefore, we used CCli-
induced cirrhotic rats to evaluate changes in the epithelial
barrier of the ileal mucosa and the effect of different
doses of salvianolate on TJs and zonula occludens pro-
tein 1 (ZO-1) in microvillus cells of the small intestine
mucosa.

MATERIALS AND METHODS

A previous study demonstrated that salvianolate can

reduce endotoxin levels in the portal vein, ameliorate
injury to the intestinal mucosa, and inhibit cytokine gene
expression in rats with CCls-induced liver cirrhosis®.
To further explore the mechanism of salvianolate in
enhancement of the intestinal mechanical barrier, in
the present study, we evaluated liver histopathological
changes and morphologic indices of ileal mucosa using
light microscopy, analyzed the ultrastructural changes us-
ing transmission electron microscopy and the expression
of Z0O-1, a T] protein, using immunocytochemistry. The
results of this study may provide a new strategy for the
treatment of liver cirrhosis.

Animals

Ninety male Sprague-Dawley rats (weight: 180-220 @)
were provided by the Department of Animal Care, Zhe-
jlang Traditional University, Hangzhou, China. Experi-
mental animals were housed in individual cages at 22 C

to 25 C under a 12-h light/dark cycle and fed a standard
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laboratory diet and tap water ad /ibitum.

Experimental protocol

The rats were randomly divided into two groups: the
normal control group (# = 10, group A) and the model
group. All model group rats received a subcutaneous
injection of 40% CCls in a 2:3 mixture with olive oil (0.3
mL/kg) once weekly for 12 wk. Liver citthosis was suc-
cessfully induced in 55 rats at the end of 12 wk as shown
by liver histological evaluation. The 55 model rats were
further randomly divided into four subgroups: the un-
treated group (#» = 14, group B), low-dose salvianolate-
treated group (12 mg/kg) (» = 14, group C), medium-
dose salvianolate-treated group (24 mg/kg) (n = 14,
group D), and high-dose salvianolate-treated group (48
mg/kg) (n = 13, group E). Group A was injected intra-
peritoneally with 5% glucose solution once daily for 2
wk. Groups C to E were treated intraperitoneally with
different doses of salvianolate dissolved in 5% glucose
solution once daily for 2 wk. 40% CCls administration
was continued for the 14-wk experimental period. At the
end of the experimental period, all rats were anesthetized
with 3% chloral hydrate and dissected. Blood samples
from the portal vein and intestinal tissue were obtained
for further analysis.

Assessment of histological changes in the liver and
morphologic indices of ileal mucosa

At the end of the 14-wk experimental period, the ab-
dominal cavity in each rat was opened by a horizontal
incision along the mid-section and the liver and intestines
were excised. Tissue samples were taken immediately
and washed three times with cold physiological saline
and fixed in 10% formalin solution. After fixation, tissue
specimens were dehydrated and embedded in paraffin.
Sections from each sample were cut at a thickness of 4
um and stained with hematoxylin and cosin (Olympus
BX50; Tokyo, Japan). We evaluated morphologic indices
of the ileal mucosa including intestinal villi width, and
thickness of the mucosa and intestinal wall using a patho-
logical image analysis system (Leica Qwinv3, Jiangsu,
China).

Ultrastructure with transmission electron microscopy

Ileum samples in the five groups were separated and
fixed immediately with 2% glutaraldehyde, post-fixed
with 1% osmium tetroxide, and embedded in resin (EM-
bed 812 Embedding Kit, Electron Microscopy Sciences
Company, United States). Ultrathin sections were cut and
stained with uranyl acetate and lead citrate. Samples were
examined using a transmission electron microscope (Phil-
ips Tecnai 12, Holland) and analyzed by an electron mi-
croscope image analyzer (Erlangshen ES500W, Holland).

Immunohistochemistry
Immunohistochemical analysis was performed to study

Z0-1 expression in the intestinal mucous membranes.
In brief, slides were baked at 55 °C for 2 h, deparaf-
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finized with xylene, and rehydrated. The sections were
submerged in EDTA antigenic retrieval buffer and
microwaved for antigenic retrieval, after which they
were treated with 3% hydrogen peroxide in methanol
to quench endogenous peroxidase activity. They were
then incubated with 1% bovine serum albumin to block
nonspecific binding, Sections were incubated with mouse
anti-ZO-1 antibodies (Beijing Biosynthesis Biotechnol-
ogy Co., Ltd., Beijing, China) overnight at 4 ‘C. Normal
goat serum was used as a negative control. After washing,
tissue sections were treated with secondaty antibody. Tis-
sue sections were then counterstained with hematoxylin,
dehydrated and mounted. The cytoplasm and stroma
containing ZO-1 were stained as the buffy coat. The de-
gree of immunostaining was reviewed and scored inde-
pendently by two observers based on the proportion of
positively stained epithelium and intensity of staining™ >,
The proportion of ZO-1 expression-positive areas was
scored as follows: 0 (< 5% positive area expression), 1
(6%-25% positive area expression), 2 (26%-50% positive
area expression), and 3 (> 51% positive area expression).
Staining intensity was graded according to the following
criteria: O (no staining), 1 (weak staining, light yellow), 2
(moderate staining, yellow-brown), and 3 (strong staining,
brown). The staining index was calculated as the product
of the staining intensity score and the proportion of pos-
itive cells. Using this method of assessment, we evaluated
Z0O-1 expression in the intestinal mucous membranes by
determining the staining index with scores of 0, 1, 2, 3,
4, 6, or 9. The cutoff value for high and low expression
levels was chosen based on a measure of heterogeneity
using the log-rank test with respect to overall survival.
An optimal cutoff value was identified as follows: a stain-
ing index score of = 6 was used to define high ZO-1
expression and a staining index score of < 6 was used to
indicate low ZO-1 expression.

Statistical analysis

Statistical analysis was performed using SPSS version 13.0
(Chicago, IL, United States). Results of the mucosal mor-
phologic indices were assessed by analysis of variance.
Data were expressed as the means £ SD. The expression
rate of ZO-1 protein was compared using the ZZ test. A
P value of < 0.05 was considered statistically significant.

RESULTS

Liver histological evaluation

In the untreated group, hepatocytes showed a disordered
arrangement, fatty degeneration was extensive, and swell-
ing was obvious. Spotty necrosis and eosinophilic bodies
appeared in the hepatic tissue. Disorganized lobules were
divided by collagen fibers. Central veins disappeared and
pseudolobules proliferated in the hepatic tissue. Abun-
dant lymphocytes infiltrated the fibrous tissue with prolif-
eration of bile ducts (Figure 1A). Collagen fibers gradu-
ally decreased and damaged hepatic lobules were partly
repaired by salvianolate treatment. Fatty degeneration of
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Figure 1 Liver histopathology in cirrhotic rats. A: Untreated group; B: Low-dose salvianolate-treated group; C: Medium-dose salvianolate-treated group; D: High-

dose salvianolate-treated group (hematoxylin and eosin staining, x 200).

Table 1 Microscopic evaluation scores of mucosa in the five
groups (mean + SD, um)

Group n  Villi height  Villi width Mucosa Intestinal wall
thickness thickness

A 10 221.82+37.97° 42.08+874 260.55+16.57° 337.49 + 36.92°

B 14 99.14+1457 3884+11.08 131.43+18.83 165.93 +23.02

C 14 12643 +22.12° 40.28+898 179.02 +26.99° 226.37 + 40.66°

D 14 128.71 +20.33° 4059+11.70 181.10 +30.71° 229.95 + 42.08°

E 13 14710 +19.48° 41.32+6.17 230.28 +20.67° 278.94 + 39.94°

°P < 0.01 vs group B.

hepatocytes was reduced and inflammatory cell infiltra-
tion decreased in the fibrous tissue, especially in the high-
dose salvianolate group (Figure 1B-D).

Morphologic indices of ileal mucosa

Histological changes observed in ileal tissue under light
microscopy were previously published”. In that study,
we found that salvianolate ameliorated injury to the intes-
tinal mucosa. In the present study, we measured intestinal
villi width and thickness of the mucosa and intestinal wall
using a pathological image analysis system. There were no
differences in intestinal villi width among the five groups
(P > 0.05). Villi height was significantly shorter in group
B than in groups C, D, E and the normal group (99.14
+ 14.57 pm o5 126.43 £ 22.12 um, 128.71 + 20.33 pm,
147.10 £ 19.48 pum and 221.82 + 37.97 pum, respectively;
P < 0.01). Mucosal thickness was significantly less in the
untreated group than in groups C, D and E (131.43 *
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18.83 um »5 179.02 + 26.99 um, 181.10 + 30.71 ym and
230.28 * 20.67 um, respectively; P < 0.01). The intes-
tinal walls were significantly thicker in groups C, D and
E compared with group B (226.37 + 40.66 um, 229.95
+ 42.08 um and 278.94 * 39.94 um »s 165.93 * 23.02
um, respectively; P < 0.01) (Table 1). These results show
that the intestinal mucosa was gradually thickened and
repaired by salvianolate treatment.

Ultrastructural morphology of intestinal mucosa

In the normal group, regulatly aligned microvilli and in-
tact TJs were observed in the intestinal epithelium (Figure
2A). In the untreated group, the number of microvilli de-
creased and showed irregular lengths and arrangements.
The intercellular space between epithelial cells widened.
TJs were discontinuous, which indicated disruption in T
morphology in the untreated group (Figure 2B). In the
treated groups, the microvilli in the intestinal epithelium
were regular and the TJs were gradually integrated and
distinct (Figure 2C-E).

Expression of ZO-1 in ileal epithelial mucosa shown
by immunohistochemistry: Ileal epithelial mucosa
from the five groups was assayed for ZO-1 expression
using immunohistochemistry. Normal mice showed ex-
pression of ZO-1 at the apical pole of epithelial cells™
and within the cytoplasm (Figure 3A). Nine (90%) rats in
group A showed high expression of ZO-1. Staining of
70-1 was less in group B; there was almost no expres-
sion at the apical pole of epithelial cells and slight expres-
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Figure 2 Tight junction structural morphology in ileal mucosa. A: Normal control group; B: Untreated group; C: Low-dose salvianolate-treated group; D: Medium-
dose salvianolate-treated group; E: High-dose salvianolate-treated group (transmission electron microscopy, x 26 500).
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Figure 3 Immunohistochemical staining for zonula occludens protein 1 in ileal mucosa. A: Normal control group; B: Untreated group; C: Low-dose salvianolate-
treated group; D: Medium-dose salvianolate-treated group; E: High-dose salvianolate-treated group (x 40).

sion within the cytoplasm (Figure 3B). The expression of In the treated groups, brown grains again appeatred at the
Z20-1 gradually increased in epithelial cells following sal- apical pole of epithelial cells and within the cytoplasm
vianolate treatment. Group B showed a high expression of epithelial cells (Figure 3C-E). Groups C, D and E
rate of 21.43%, which was significantly lower than that in showed high ZO-1 expression rates of 57.14%, 64.29%
group A (21.43% w5 90%, ZZ =10.98, P < 0.01) (Figure 4). and 76.92%, respectively. The expression rate in group B
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Figure 4 Expression of zonula occludens protein 1 in ileal mucosa. A: Nor-
mal control group; B: Untreated group; C: Low-dose salvianolate-treated group;
D: Medium-dose salvianolate-treated group; E: High-dose salvianolate-treated
group. The staining index was calculated as the product of the staining inten-
sity score and the proportion of positive cells. We evaluated zonula occludens
protein 1 (ZO-1) expression in the five groups by determining the staining index
with scores of 0, 1, 2, 3, 4, 6, or 9. An optimal cutoff value was identified as fol-
lows: a staining index score of = 6 was used to define high ZO-1 expression
and a staining index score of < 3 was used to indicate low ZO-1 expression.

was significantly lower than that in groups D (21.43% vs
64.29%, * = 5.25, P < 0.05) and E (21.43% vs 76.92%,
7° =8.315, P < 0.01) (Figure 4).

DISCUSSION

Protection of the intestinal barrier function and de-

creased bacterial translocation are important in patients
with liver cirrhosis®”. In our previous studylzzj, a signifi-
cant increase in plasma endotoxins and high mortality
were observed in untreated cirrhotic rats. Endotoxemia
was significantly reduced and intestinal histopathological
changes were improved by administration of salvianolate
in cirrhotic rats. We showed that salvianolate has a direct
anti-inflammatory effect on the intestine by inhibiting the
expression of TNF-g, and 11.-6 mRNA. These favorable
effects of salvianolate on the intestine can be partially
explained by direct protection of the integrity of the mu-
cosal barrier.

In this study, we observed improvement in liver histo-
pathological changes (Figure 1) as well as thickening and
gradual repair of the intestinal mucosa with salvianolate
treatment (Table 1). To further elucidate the mechanisms
of salvianolate in protecting the mucosal bartier in cit-
rhotic rats, we investigated the effect of salvianolate
therapy on ultrastructural analysis using transmission
electron microscopy and ZO-1 expression changes using
immunocytochemistry.

The physical intestinal barrier comprises an intact
layer of epithelial cells, which are tightly connected by
a surrounding system of TJ strands that seal the lateral
intercellular space™. The intercellular space between
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epithelial and endothelial cells is bridged by a set of spe-
cialized structures: TJs, or ZO; zonula adherens (ZA);
desmosomes; and gap junctions. The TJ is an essential
component of this barrier. The junctional complexes of
the plasma membrane are not simply epithelial barriers
in paracellular transport or barriers preventing diffusion
across the plasma membrane, but also contain proteins
involved in signal transduction and maintenance of the
physiological epithelial cell state™". Tncreased perme-
ability is caused by disruption of intercellular T]s in the
intestine and plays an important role in the pathogenesis
of chronic liver disease” . Previous studies have shown
that impaired intestinal permeability may increase the risk
of endotoxemia and spontaneous bacterial peritonitis in
liver cirrhosis"*.

The intracellular complex of TJ-associated proteins
includes ZO-1, ZO-2, ZO-3, cingulin, 7HG6, symple-
kin and ZA-1"%. This complex appears to link TJs to
a perijunctional actomyosin ring, which supports and
regulates T] permeability in epithelial cells. ZO-1, one
of the plaque proteins, was the first T] protein to be
characterized. It is a 225-kDa membrane-bound protein
that localizes to the TJ. It binds the occluding and claudin
transmembrane proteins, linking them to cytoskeletal
P ZO-1 may be the direct link between actin and

the transmembrane proteins; it has its own specific func-
[34]

actin

tion
of the formation of Tjs[ . ZO-1 alterations may con-
tribute to disturbances of the T] barrier, which lead to
enhanced intestinal permeabﬂitym. Disruption of this
structure could lead to an imbalance in the normal inter-

and is a particularly important molecule in terms
35

action between aggressive factors and mucosal defense,
resulting in increased intestinal permeability and bacterial
translocation.

Further investigations revealed that mucosal damage
was accompanied by ultrastructural changes in TJs. TJ
injury is associated not only with increased transcellular
permeability, but also with increased paracellular perme-
ability because of the rearrangement of T] proteins. In
this study, we found that the expression of ZO-1 was
decreased in the small intestine of untreated cirrhotic
rats. Administration of salvianolate may recover the T]
structure and enhance the expression of ZO-1 in the
small intestine of cirrhotic rats. This may explain the ef-
fect of salvianolate on the epithelial barriers of the small
intestine in cirrhotic rats.

In summary, the epithelial barriers of the small intes-
tine were destroyed in cirrhotic rats. These changes may
promote bacterial translocation and intestinal endotox-
emia. Salvianolate administration caused reduced mucosal
damage and maintained the epithelial mucosal barrier
function in the small intestine of cirrhotic rats. Further-
more, salvianolate may be a potent traditional Chinese
medicinal herb for reducing the incidence of spontane-
ous bacterial peritonitis and influencing the natural his-
tory of liver cirrhosis. These results indicate that salvi-
anolate may be a new therapy for liver cirrhosis.
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COMMENTS

Background

In liver cirrhosis, disruption of the intestinal barrier function increases intestinal
permeability and bacterial translocation, which contribute to endotoxemia and
derangement in liver cirrhosis. Abnormalities of the epithelial mucosal barrier
represented by tight junction structure damage play an important role in the
pathogenesis of altered intestinal permeability. Improving the epithelial mucosal
tight junctions (TJs) and epithelium tight junction proteins is a key goal in pre-
venting intestinal endotoxemia in patients with cirrhosis.

Research frontiers

Recent studies have shown that the physical barrier of the intestinal mucosa
plays an important role in intestinal defense mechanisms in hepatic cirrhosis.
Previous experiments confirmed that salvianolate can reduce the endotoxin
level, ameliorate injury to the intestinal mucosa and inhibit the expression of tu-
mor necrosis factor-o and interleukin-6 mRNA in the small intestine of cirrhotic
rats.

Innovations and breakthroughs

Disturbance of the TJs and zonula occludens protein 1 (ZO-1) alterations lead
to increased intestinal permeability and bacterial translocation in hepatic cir-
rhosis. This study showed, for the first time, that salvianolate can restore ultra-
structural changes in the intestinal mucosa and significantly increase TJ protein
expression in cirrhotic rats. The authors demonstrated that the pharmacological
activities of salvianolate represent an important cellular mechanism for prevent-
ing intestinal epithelial barrier function damage in liver cirrhosis.

Applications

By demonstrating the effects of salvianolate in maintaining the mucosal physi-
cal barrier function in the small intestine of cirrhotic rats, this study provides a
new strategy for the treatment of liver cirrhosis. Salvianolate can be applied in
clinical practice due to its potential pharmacological activities.

Terminology

Radix Salvia miltiorrhiza is a traditional Chinese medicinal herb known as “dan-
shen”. Salvianolate is a water-soluble phenolic compound isolated from Radix
Salvia miltiorrhiza.

Peer review

The authors have illustrated that the administration of salvianolate may recover
the TJ structure and enhance the expression of ZO-1 in the small intestine of
cirrhotic rats. This topic is of significant clinical importance and the results pro-
vide a new strategy for the treatment of spontaneous bacterial peritonitis.
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