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Abstract

AIM: To investigate the protective effect of rosuvastatin
on ischemia-reperfusion (I-R)-induced small intestinal
injury and inflammation in rats, and to determine the ef-
fect of this agent on the expression of endothelial nitric
oxide synthase (eNOS) protein.

METHODS: Intestinal damage was induced in male
Sprague-Dawley rats by clamping both the superior mes-
enteric artery and the celiac trunk for 30 min, followed
by reperfusion for 60 min. Rosuvastatin dissolved in
physiological saline was administered intraperitoneally 60
min before ischemia. The severity of the intestinal mu-
cosal injury and inflammation were evaluated by several
biochemical markers, as well as by histological findings.
The protein levels of eNOS were determined by Western
blot.

RESULTS: The levels of both intraluminal hemoglobin
and protein, as indices of mucosal damage, were signifi-
cantly increased in the I-R group compared with those
in the sham-operated group. These increases, however,
were significantly inhibited by treatment with rosuvas-
tatin in a dose-dependent manner. The protective ef-
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fects of rosuvastatin were also confirmed by histological
findings. Exposure of the small intestine to I-R resulted
in mucosal inflammation characterized by significant in-
creases in thiobarbituric acid-reactive substances, tissue-
associated myeloperoxidase activity, and the mucosal
contents of rat cytokine-induced neutrophil chemoattrac-
tant-1 (CINC-1) and tumor necrosis factor-o. (TNF-a).
These increases in inflammatory parameters after I-R
were significantly inhibited by pretreatment with rosuv-
astatin at a dose of 10 mg/kg. Furthermore, mRNA ex-
pression of CINC-1 and TNF-a was increased after I-R,
and this increase was also inhibited by rosuvastatin. The
mucosal protein levels of eNOS decreased during I-R,
but were preserved in rats treated with rosuvastatin.

CONCLUSION: Rosuvastatin inhibits rat intestinal injury
and inflammation induced by I-R, and its protection is
associated with the preservation of eNOS protein.
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INTRODUCTION

Intestinal ischemia-reperfusion (I-R) injury is a grave

condition resulting from acute mesenteric ischemia,
small bowel transplantation, abdominal aortic aneurysm,
hemorrhagic, traumatic or septic shock, or severe
burns'™?. Recent reports have demonstrated that
neutrophil infiltration in the intestinal mucosa via
neutrophil-endothelial cell interactions plays a significant
role in the pathogenesis of I-R-induced intestinal injury
because activated neutrophils generate tissue damaging
products such as reactive oxygen species, protease,

. L. 3-5
collagenase, and a ferrous iron-ferritin complex .
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Leukocyte accumulation is a complex phenomenon that
also involves endothelium-based adhesion molecules as
well as leukocyte chemotaxis factors such as interleukin-8
(IL-8). Intercellular adhesion molecules (ICAMs) are
normally expressed at a low basal level, but their expression
can be enhanced by various inflammatory cytokines such
as 1L-1 and tumor necrosis factor-a (TNF-o). A variety
of cytokines, including TNF-a, interferon-y and 1L.-13, are
released from post-ischemic tissues.

Statins, which are 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors, are widely used
in the treatment of hyperlipidemia and coronary artery
disease Y. Recently accumulating evidence suggests that
statins have anti-inflammatory and endothelial cell pro-
tective actions that are independent of their cholesterol-
lowering effect . Statins can increase the expression of
endothelial nitric oxide synthase (eNOS) by blocking Rho
geranylgeranylation *!, and they can also block the lym-
phocyte function-associated antigen-1 (LFA-1)-ICAM-1
interaction by binding the L-site . Rosuvastatin, a new
HMG-CoA reductase inhibitor, has exhibited a more po-
tent affinity for the active site of HMG-CoA reductase
than other statins. In addition, the cytoprotective action of
rosuvastatin against ischemic injury has been clearly docu-
mented """, Tkeda ez a/ ", for example, demonstrated that
rosuvastatin reduces neutrophil-induced cardiac contractile
dysfunction in the isolated ischemic reperfused rat heart.
However, to date, the effects of rosuvastatin on intestinal
I-R injury have not yet been investigated. In this study, we
show that rosuvastatin dramatically attenuates I-R-induced
intestinal injury and inflammation. Moreover, rosuvastatin
was found to reverse the decrease in eNOS expression af-
ter I-R in intestinal mucosa.

MATERIALS AND METHODS

Chemicals

All chemicals were prepared immediately prior to use. Ro-
suvastatin was a gift from AstraZeneca UK, Ltd. (London,
UK). Thiobarbituric acid (TBA) and 3,3’,5,5’-tetrameth-
ylbenzidine were obtained from Wako Pure Chemical In-
dust. (Osaka, Japan), and 1,1,3,3-tetramethoxypropane was
obtained from Tokyo Kasei (Tokyo, Japan). Enzyme-linked
immunosorbent assay (ELISA) kits for rat TNF-a and
cytokine-induced neutrophil chemoattractant-1 (CINC-1)
were obtained from BioSource International (Camarillo,
CA) and Immuno-Biological Laboratories Co., Ltd. (Gun-
ma, Japan), respectively. All other chemicals used were of
reagent grade.

Preparation of rats for intestinal I-R

Male Sprague-Dawley rats weighing 180-200 g were ob-
tained from Keari Co., Ltd. (Osaka, Japan). The animals
wete housed at 22 °C in a controlled environment with 12 h
of artificial light per day. They were allowed access to rat
chow and water ad libitum. The rats were anesthetized
with urethane (1 mg/kg, ip). After a midline laparotomy,
the celiac and superior mesenteric arteries were isolated
near their aortic origins. Intestinal ischemia was induced by
clamping both the superior mesenteric artery and the ce-
liac trunk for 30 min, resulting in a total occlusion of these

arteries, following our previously reported method > ',

After this period of occlusion, the clamps were removed.
The animals were randomized into groups receiving differ-
ent concentrations of rosuvastatin or physiological saline
alone by intraperitoneal injection 1 h before ischemia. The
maintenance of the animals and the experimental proce-
dures performed on them were carried out in accordance
with National Institutes of Health (NIH) guidelines for
the use of experimental animals. All procedures were ap-
proved by the Animal Care Committee of Kyoto Prefec-
tural University of Medicine (Kyoto, Japan).

Assessment of intestinal mucosal injury induced by I-R

The animals were killed after reperfusion, and the intes-
tine was removed and submitted for examination. After
making a 30-cm proximal intestinal loop, saline (10 mL)
was injected into the loop. The contents were aliquoted
after centrifugation. Intestinal injury after reperfusion was
evaluated by examining the luminal contents of hemoglo-
bin and protein, and by histological examination. Intestinal
bleeding was quantified indirectly as the hemoglobin con-
centration in luminal lavage fluid using a kit and following
the manufacturer’s protocol (Wako). Luminal protein levels
were also determined using a kit according to the manu-
facturet’s protocol (Bio-Rad Laboratories, Hercules, CA,
USA). For histological evaluation, formalin-fixed tissues
were stained with hematoxylin and eosin and evaluated by
light microscopy by a pathologist who was not informed
of the experimental conditions for any given specimen.

Measurements of TBA-reactive substances and MPO ac-
tivity

The concentrations of TBA-reactive substances were mea-
sured in the intestinal mucosa using the method described
by Ohkawa ez a/ " as an index of lipid peroxidation. The
animals were killed by exsanguination from the abdominal
aorta after the experiments, and their small intestines were
removed. The intestinal mucosa was then scraped off us-
ing two glass slides, and homogenized with 1.5 mL of 10
mmol/L potassium phosphate buffer (pH 7.8) containing
30 mmol/L KCl in a Teflon Pottet-Elvehjem homogeniz-
etr. The level of TBA-reactive substances in the mucosal
homogenates was expressed as nanomoles of malondialde-
hyde per milligram of protein using 1,1,3,3-tetramethoxy-
propane as the standard. The total protein in the tissue
homogenates was measured using a kit, according to the
manufacturer’s protocol (Bio-Rad).

Tissue-associated myeloperoxidase (MPO) activity was
determined using a modification of the method described
by Grisham e a/ "™ as an index of neutrophil accumula-
tion. Briefly, two milliliters of mucosal homogenates were
centrifuged at 20 000 g for 15 min at 4 °C to pellet the in-
soluble cellular debris. The pellet was then rehomogenized
in an equivalent volume of 0.05-M potassium phosphate
buffer (pH 5.4), containing 0.5% hexadecyltrimethylam-
monium bromide. The samples were centrifuged at 20000
g for 15 min at 4 °C and the supernatants wete saved. The
MPO activity was assessed by measuring the H,O,-depen-
dent oxidation of 3,3’,5,5’-tetramethylbenzidine. One unit
of enzyme activity was defined as the amount of MPO
present that caused a change in absorbance of 1.0/min at
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655 nm and 25 C.

Determination of mucosal content of CINC-1 and TNF-o.
The concentrations of the inflammatory cytokines TNF-o
and CINC-1 in the supernatant of mucosal homogenates
were determined by rat TNF-a and CINC-1-specific ELI-
SA kits according to the manufacturer’s instructions.

RT-PCR

The mRNA expression of intestinal TNF-a and CINC-1
was determined by reverse transciprion-polymerase
chain reaction the (RT-PCR). Samples of intestinal tissue
for mRNA isolation were removed from the intestine.
The total RNA was isolated by the acid guanidinium
thiocyanate-phenol-chloroform (AGPC) method using
Isogen (Nippon Gene, Tokyo, Japan) and the concentra-
tion of RNA was determined by absorbance at 260 nm
in relation to that at 280 nm. RNA was stored at —70 ‘C
until it was used for the RT-PCR. Amplification was cat-
ried out in a 50-uLL mixture containing 2 ul. of the RT
product, 0.6 umol/L of both the sense and antisense
primers, 0.4 mmol/L dNTP mix, and 0.5 pL. Taqg DNA
polymerase (Takara Shuzo Co., Shiga, Japan). The reac-
tion was performed as follows: 35 cycles of amplica-
tion (denaturation at 94 °C for 30 s, annealing at 50 C
for 30 s, and extension at 72°C for 60 s), followed by a
final extension step of 7 min at 72°C. The primers had
the following sequences: for TNF-«, sense 5'-ATGAG-
CACAGAAAGCATGATC-3'", and antisense 5'-TA-
CAGGCTTGTCACTCGAATT-3'"; for CINC-1, sense
5-CTGTGCTGGCCACCAGCCGC-3’, and antisense
5-ACAGTCCTTGGAACTTCTCTG-3’; and for B-actin,
sense 5’-ATCGTGGGCCGCCCTAGGCA-3’, and an-
tisense 5" TGGCCTTAGGGTTCAGAGGGG-3’. The
PCR products were separated electrophoretically in a 25
g/ agarose gel and stained by ethidium bromide.

Western blotting

Intestinal cells were thawed on ice and homogenized at
4°C in a solution of 50 mmol/L Tris~HCI (pH 7.6), 300
mmol/L NaCl, 0.5 g/L Triton X-100, 10 g/L aprotinin,
10 g/L leptin, 1 mmol/L phenylmethysulfonyl fluoride
(PMSF), 1.8 g/L iodoacetamide, 50 mmol/L. NaF, and 1
mmol/L DTT in otder to extract the total cell protein.
Proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto nitrocellulose (Bio-Rad). Membranes were
probed with specific antibodies against eNOS (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) and immune
complexes were visualized by Western blotting with a com-
mercial kit (ECL, Amersham, Buckinghamshire, England),
following the manufacturer’s recommendations.

Statistics

All results are presented as mean*SE. The data were
compared by two-way analysis of vatiance (ANOVA), and
differences were considered to be significant if the P value
was less than 0.05 based on Scheffe’s multiple comparison
test. All analyses were performed using the Stat View 5.0-]
program (Abacus Concepts, Inc., Berkeley, CA, USA) on a
Macintosh computer.
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RESULTS

Rosuvastatin inhibits intestinal reperfusion injury

We found that 60 min of repetfusion after 30 min of isch-
emia resulted in increases in luminal protein and hemoglo-
bin concentrations (Figure 1). In contrast, pre-treatment
with rosuvastatin 1 h before the ischemia was found to
inhibit these increases in a dose-dependent manner (Figure
1). Neither vehicle alone nor rosuvastatin alone affected
the luminal protein or hemoglobin concentrations (data
not shown). Therefore, in the following experiments, we
used rosuvastatin at a dose of 10 mg/kg and examined its
pharmacological action. In rats treated with I-R, multiple
erosions and bleeding developed in the small intestine;
however, pretreatment with rosuvastatin at a dose of 10
mg/kg 1 h before the ischemia inhibited both the intestinal
erosions and the bleeding, The protective effect of rosu-
vastatin was further confirmed histologically. Representa-
tive hematoxylin and eosin-stained sections of the ileum
from sham, I-R, and I-R + rosuvastatin-treated animals
are depicted in Figure 2. While the ileum of sham animals
exhibited normal mucosal architecture with intact villi, I-R
resulted in large areas of epithelial crypt loss, predomi-
nantly neutrophilic infiltrate throughout the mucosa, ero-
sion, and mucosal bleeding, In contrast, pretreatment with
rosuvastatin resulted in smaller erosions with few neutro-
phils. Rosuvastatin alone did not produce any macroscopic
or microscopic lesions in the rat intestine.

Effect of rosuvastatin on TBA-reactive substances

The extent of lipid peroxidation was determined by mea-
suring TBA-reactive substances in the small intestine. No
significant differences were found in the intestinal TBA-
reactive substance levels between vehicle- and rosuvastatin-
treated rats in the sham-operated group. Sixty min of
reperfusion caused a significant increase in TBA-reactive
substances in the control rats. This increase in TBA-reac-
tive substances in the intestinal mucosa was significantly
inhibited by 10 mg/kg of rosuvastatin (Figure 3A).

Effect of rosuvastatin on MPO activity

A hallmark of intestinal reperfusion injury is the accumu-
lation of neutrophils in the injured tissue. Therefore, we
next evaluated neutrophil accumulation based on tissue-
associated MPO activity. There were no differences in in-
testinal MPO activities between vehicle- and rosuvastatin-
treated rats in the sham-operated group, while the MPO
activity in the intestinal mucosa markedly increased from a
basal activity of 0.23 % 0.07 nkat/g protein to 5.20 & 1.65
nkat/g protein after I-R in the control group. The increase
in MPO activity in the intestinal mucosa after reperfusion
was significantly inhibited by treatment with rosuvastatin

(Figure 3B).

Effect of rosuvastatin on mRNA expression and mucosal
protein contents of CINC-1

In order to determine whether or not treatment with rosu-
vastatin can modulate the inflammatory response through
the regulation of cytokine production, we analyzed intes-
tinal mucosal levels of CINC-1 and TNF-a. The intestinal
concentrations of TNF-a and CINC-1 increased signifi-
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Figure 2 Histological appearance of the small intestine in rats (HE X 20). N: Sham. C: I-R. R: I-R plus rosuvastatin.

cantly in rats treated with I-R, and these increases were sig-
nificantly inhibited by treatment with rosuvastatin at a dose
of 10 mg/kg (Figures 4A, 4B). To further confirm the in-
hibitory effect of rosuvastatin on CINC-1 and TNF-« pro-
duction, we analyzed the intestinal expression of CINC-1
and TNF-a using RT-PCR yielding 495 and 225 base pair
products to identify CINC-1 and TNF-o gene expression,
respectively. As shown in Figure 5, we found the expres-
sion of these genes in rats treated with sham-operation to
be negligible or faint. In contrast, transcription was readily
enhanced in I-R-treated rats. Treatment with rosuvastatin
supptressed the level of mRNA expression for each gene.

Effect of rosuvastatin on eNOS protein expression

Since previous studies have shown that statins exerts ben-
eficial effects on the endothelium through an increase in
NO production from eNOS " we investigated whether
eNOS expression could be affected by I-R with or without
rosuvastatin pre-treatment. Figure 6 was a representative
of at least 3 experiments performed on different experi-

mental days. The expression levels of eNOS protein were
decreased during the I-R. However, pretreatment with
rosuvastatin significantly reversed the decrease in eNOS
protein. Rosuvastatin alone did not affect intestinal eNOS
protein levels in sham-operated rats.

DISCUSSION

The present study clearly demonstrates that rosuvastatin, a
new HMG-CoA reductase inhibitor, has a protective effect
against reperfusion-induced intestinal injury and inflamma-
tion in rats. In this study, intestinal injury was assessed by a
vatiety of methods including luminal protein/hemoglobin
concentrations and histological evaluation. The results of
each assessment showed that rosuvastatin treatment sig-
nificantly inhibited intestinal injury. In addition, we dem-
onstrated that, in I-R-induced intestinal inflammation, the
expression of pro-inflammatory cytokines (CINC-1 and
TNF-a) was enhanced in association with neutrophil ac-
cumulation, as determined by MPO activity in the homog-
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enate of the small intestine. Rosuvastatin treatment inhib-
ited both the up-regulation of pro-inflammatory cytokine
expression and the neutrophil infiltration, which prevents
tissue injury. These results suggest that rosuvastatin has a
protective action against I-R-induced intestinal mucosal
injury as well as an anti-inflammatory action against reper-
fusion-induced inflammation.

Oxygen-derived free radicals produced during I-R
are known to cause peroxidation of polyunsaturated fatty
acids in cell membranes. The resulting increase in lipid
peroxides can lead to changes in membrane fluidity and
permeability, and finally to cell lysis. In the present study,
TBA-reactive substances in intestinal mucosa, which are an
index of lipid peroxidation, were significantly increased in
I-R-treated rats compared to sham-operated rats, and ro-
suvastatin treatment significantly inhibited the increase in
these substances. However, neither rosuvastatin nor other
statins have been reported to have antioxidant activities
in vitro, not has the inhibition of lipid peroxidation been
previously reported. Our recent study also showed that ro-
suvastatin had no effect on scavenging hydroxyl and super-
oxide radicals determined by electron spin resonance-spin
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trapping assay (data not shown). Therefore, the inhibitory
effect of rosuvastatin on I-R-induced lipid peroxidation in
rat intestinal mucosa may result from its anti-inflammatory
activity, rather than from its direct antioxidant activity.
Recent reports hypothesize that neutrophil-mediated
inflammation is involved in the pathogenesis of I-R-in-
duced intestinal injury. This hypothesis has been supported
by several studies; neutrophil depletion by intraperitoneal
injection of anti-neutrophil serum has been found to sig-
nificantly attenuate intestinal mucosal injury elicited by
I-R P+ in addition, immunoneutralization of the CD11/
CD18 adherence complex on neutrophils and CINC-1
is known to attenuate intestinal reperfusion injury ***¥,
The present study showed that MPO activity, an index of
tissue-associated neutrophil accumulation, increases in the
intestinal mucosa after I-R, and that this increase is signifi-
cantly inhibited by treatment with rosuvastatin. The inhibi-
tion of neutrophil-endothelial interaction by statins has
been demonstrated in a number of previous reports. Hon-
jo et al® have shown that both cerivastatin and pravastatin
significantly reduce the number of rolling/accumulated
leukocytes in the retinal veins after I-R. Naidu ¢ a/*" have
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also demonstrated that pretreatment with simvastatin
inhibits increases in tissue MPO content in lungs treated
with I-R. In addition, the present study showed that the
expression of the pro-inflammatory cytokines CINC-1 and
TNF-a markedly enhanced in the intestine after I-R, and
that these increases are also significantly inhibited by ro-
suvastatin. The inhibitory effect of statins against mRNA
expression for inflammatory genes was also confirmed by
a recent study using DNA microarray technology P in
which it was demonstrated that the statins atorvastatin and
pitavastatin directly affect the expression levels of genes
involved in inflammation, including intetleukin-8 (similar
to rat CINC-1), in cultured human umbilical vein endothe-
lial cell. These results, together with the present data, indi-
cate that the inhibition of neutrophil accumulation as well
as the inhibition of cytokine production by rosuvastatin
may be one of the protective factors decreasing I-R-elicited
intestinal mucosal injury.

The beneficial effects of statins on acute inflammation
are abolished when it is administered together with an NOS
inhibitor ™ or when it was administered to eNOS knock-
out mice ", indicating that an enhanced release of NO
from eNOS may be involved in the action of statins. Statins
are known to up-regulate eNOS expression and activate
this enzyme in the systemic vasculature by blocking Rho
geranylgeranylation 528 s well as by activating the PI-3
kinase/ Akt pathway *. As shown in the present study, the
intestinal levels of eNOS protein gradually decreased dur-
ing 30-min ischemia and 60-min reperfusion, indicating that
reperfusion may be associated with a posttranscriptional
reduction in the expression of the eNOS enzyme. In addi-
tion, rosuvastatin-treated animals demonstrated preserved
expression of eNOS protein compared to the I-R-treated
group, although this agent did not affect the level of eNOS
protein in normal rats. Therefore, the persistent expression
of eNOS protein at 60 min of reperfusion in rosuvastatin-
treated rats is likely to explain the reduction in tissue injury
and neutrophil accumulation. In line with our observations,
NO is reported to prevent leukocyte adhesion to the en-
dothelium by repressing the up-regulation of cell adhesion
molecules in the endothelial cells ™.

Our results showed that I-R-induced intestinal inflam-
mation is characterized by increased production of inflam-
matory mediators and decreased expression of eNOS.
The blockade of these mediators and the preservation of
eNOS expression by rosuvastatin were accompanied by
significant suppression of intestinal inflammation iz vivo.
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Figure 6 Effect of rosuvastatin on eNOS protein expression during I-R. 2P<0.05
vs Sham, °P<0.05 vs Vehicle + I-R.

These data suggest that rosuvastatin may represent a novel
therapeutic approach for the treatment of I-R-induced in-
testinal injury.
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