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The cardioprotective effect of fluvastatin on ischemic injury
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Abstract To determine whether the cardioprotection
effect of fluvastatin mediates by toll-like receptor 4 (TLR4)
signaling pathway, fifty Sprague-Dawley rats were ran-
domly divided into five groups: sham operation group,
ischemia/reperfusion (I/R) group, fluvastatin groups (high-
dosage, medium-dosage, low-dosage, n = 10 in each
group). Except sham operation group, the rest four groups
of rats were artificially afflicted with coronary occlusion
for 30 min, then reperfusion 2 h. Light microscope and
transmission electronic microscope were used to observe
structural changes of myocardium. RT-PCR was used to
measure TLR4 mRNA expression level, TLR4 protein
expression was detected by immunohistochemistry. Wes-
tern blot was used to measure myocardial NF-xB protein
level; ELISA was used to measure the level of TNF-a in
myocardium. The results demonstrated that fluvastatin
treatment markedly decreased ischemic injury caused by
ischemia/reperfusion, and inhibited the expression levels of
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TLR4, TNF-a« and NF-kB, all of which up-regulated by
ischemia/reperfusion. Taken together, our results suggest
that proper dosage of fluvastatin may have protective effect
on the ischemic injury mediated by ischemia/reperfusion in
the hearts, which might be associated with inhibition of
TLR4 signaling pathway and inflammatory response during
ischemia/reperfusion.

Keywords Fluvastatin - Myocardial ischemia—
reperfusion injury - Toll-like receptor 4 - TNF-o

Introduction

Although early reperfusion of the ischemic myocardium in
coronary artery infarction helps reduce necrosed myocar-
dial area, it causes myocardial ischemia—reperfusion injury
(MI/RI), which lowers the protective effect of reperfusion
therapy. It is claimed by some scholars that the inflam-
matory response is a critical point in research of the MI/RI
pathophysiological mechanisms. They also hold a belief
that the increase of TNF-o, a specific markers of the
inflammatory reaction, in the MI/RI [1, 2], and the acti-
vation of the innate immune pattern-recognition receptors
(pattern-recognition receptors, PRRs) plus Toll-like
receptor 4 (TLR4) in the MI/RI, promote the development
of inflammatory response in the MI/RI [3-5].

Statins, as a traditional fat-lowering drug, can inhibit the
formation of cholesterin and its precursor. It has been
proved that the clinically curative effect of statins is more
efficient than their cholesterol-lowering effect. Now the
pleiotropic function of statins invites a wide concern. In
2006, Matsuki et al. [6] reported that pretreatment with
fluvastatin on the ischemic and reperfused rats can reduce
MI size and attenuate reperfusion injury, the underlying
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mechanism being inhibition of inflammation and endothe-
lial dysfunction by fluvastatin by preventing the activation
and extravasation of neutrophils. Inhibition of correlate
inflammatory factor release and micromolecule activity
compound formation reduces regional inflammation and
oxidative damage [7, 8].

It remains unknown whether the statins anti-inflamma-
tory effects are relevant with myocardial TLR4 expression
in the MI/RI pathological process. This study attempts to
establish a MI/RI model through fluvastatin pretreatment
with rats to explore the relevance between anti-inflamma-
tory effects of statins-based drugs and myocardial TLR4
expression and the drug’s mechanism of action.

Materials and methods
Materials

Fluvastatin was donated by Beijing Novartis Pharma Ltd
(China). TLR4 and NF-xB antibodies were purchased from
Wuhan Bo Shide Biological Engineering Company
(China), Real-Time PCR kits were purchased from TaKa-
Ra Biotechnology Company (Japan), TNF-o Kit was
bought from Nanjing Jiancheng Biotechnology Institute
(China).

Groups and pretreatment

The procedures for experiment and animal care were
permitted by the animal care and use committee of
Huazhong University of Science and Technology (HUST),
and approved by the guide for the care and use of Lab-
oratory Animals by the National Institutes of Health (NIH
Publication No. 80-23). Fifty healthy male SD rats
weighing 250-300 g (provided by Tongji Medical College
of Huazhong University of Science and Technology) were
randomly divided into five groups of 10 rats each: the
sham-operated group, the I/R group and three groups of
rats were pretreated with a given dosage of fluvastatin (the
dosages are 20, 10 and 5 mg/kg respectively, the dosages
were calculated in light of those dosages that suit 50 LD
rats and adjusted with a reference to the data collected
from pretest and relevant documents [9]). All five groups
were given the same volume of normal saline for 10 days
except that the normal saline used for the three drug
groups was added with the respective dosages of flu-
vastatin mentioned before. Ten days later, when blood
concentration of fluvastatin achieve stability, ischemia—
reperfusion model were established among the three drug
groups and the I/R group by occluding the anterior
descending coronary artery for 30 min followed by 2 h of
reperfusion.
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Myocardial I/R surgical procedure

According to method reported by Stefano Chimenti et al.
[10], each rat was anesthetized by an intraperitoneal
injection of sodium pentobarbital (30 mg/kg), placed in the
supine position. Four limbs were conjugated with electro-
cardiograph and performed a tracheotomy implemented
with mechanical ventilation through an endotracheal can-
nula by using small animal breathing machine (50 breaths/
min, tidal volume 20 ml/kg). Following a thoracotomy in
the left 4th intercostal space, the pericardium was opened.
The anterior descending left coronary artery was occluded
temporarily with 6-0 silk thread for 30 min with a medical
latex tube (socket, inner diameter, and 1.5 mm) placed in-
between the ligature and the LAD. Myocardial ischemia
was induced by compressing the LAD by tightening the
ligature around the latex tube. The electrocardiogram was
monitored for changes in the ST-T segment caused by
tightening or loosing the ligature. After a 30-min ischemia,
the latex tube was removed to reperfuse the myocardium
for 120 min by restoring the coronary circulation. Two
hours post-reperfusion, ten rats were killed, and part of the
anterior wall of the left ventricular myocardium near
the cardiac apex was removed for further analysis.
Sham operate group rats underwent a similar operation
without I/R.

Morphology

After myocardial HE staining, histomorphology changes
were observed under 400x light microscope; the speci-
mens were prefixed by 2.5% glutaraldehyde and rinsed in
phosphate buffer saline (PBS), fixed in 1% osmium
tetroxide and then dehydrated, soaked in epoxy resin (Epon
812) and subsequently sectioned into 70 nm ultra-thin sli-
ces for double-staining with uranyl acetate and lead citrate.
The ultra-structural changes in the myocardial sections
were observed with a transmission electronic microscope
(Hitachi, Ltd, Japan).

Real-time RT-PCR detection of myocardial
TLR4 mRNA expression

The total RNA from the cardiac muscle samples was
extracted and purified using the Trizol reagent kit (Invitro-
gen, US). Total RNA was reversely transcribed into com-
plementary DNA (cDNA) using the cDNA synthesis kit
(TaKaRa, Japan) according to the manufacturer’s protocol.
Real-time PCR: application of SYBRExScript RT-PCR Kit,
and use two-step PCR reaction under conditions: 95°C 10 s,
95°C5 5,60°C 30 s 40 cycles. Using Opticon-2 fluorescence
quantitative PCR reactor (MJ Research, US) for PCR
amplification and quantitative analysis. This study was set up
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with GAPDH for the housekeeping gene, according to Gene
Bank in TLR4 and GAPDH (NM_019178, NM_017008).
TLR4 primer sequence: upstream primer: 5-AGCCA
TTGCTGCCAACATCA-3’, downstream primer: 5'-AT-
GCAGGGGTT CTGG-3', amplified length 148 bp; GADPH
primer sequence: upstream primer: 5'-GACAACTTTG
GCTCGTGGA-3', downstream primer: 5'-ATGC AGGG
GTTCTGG-3/, amplified length 133 bp. TLR4 mRNA
levels were calculated based on the 2724 method [11].

TNF-o measurement

Different dosages of myocardial tissue were made and
organized respectively in the UP-200H homogenate ultra-
sound machine (Germany DR.HEESCHER Company)
Afterwards, homogenized liquid was centrifuged at
4,000 r/min for 15 min. Then detection was made in
accordance with instruction for the rat TNF-a ELISA Kkit.

Myocardial TLR4 expression in rats

Paraffin sections were dewaxed, 10% rabbit serum was
used to close non-specific sites of these sections. After
being rinsed in PBS once, the sections were treated with
goat anti-rat TLR4 antibody, and incubated in the 4°C wet
box overnight. The sections were then rinsed in PBS three
times, treated with rabbit anti-goat secondary antibody, and
then incubated in the 37°C wet box for 1 h. After that the
sections were again rinsed in PBS for three times, treated
with NBT/BCIP solution, colorated for 30 min in a dark
place. Finally, dyed with neutral red, the sections were
dried and mounted by transparent resin. If the cytoplasm
turned brown yellow that indicated TLR4 protein expres-
sion was positive. The treated sections were observed
under light microscope by means of Leica microgram
collection system. Five high power field map photo (x400)
were randomly selected to identify the value of grey. Im-
agepro plus5.0 (an image analysis system) was used to
calculated the IOD value of each image (IOD = the total
size of positive area x average optical density of the total
positive area). The average of 5 vision images of each slice
represents the value of IOD of that slice (AIOD).

Myocardial NF-xB protein expression

After myocardial tissue was sampled, each gram of the sample
was added in 5 ml cell lysis buffer, and then was homogenized
in glass-homogenizer, centrifuged under 4°C, 3,000 r/min for
10 min to remove supernatant. The deposit was added with
protein extract. The mixture was put into a glass-homogenizer
and repeatedly homogenized so as to damage the nuclear
membrane. Afterwards, the mix was centrifuged under 4°C,

12,000 r/min for 10 min to extract the supernatant (liquid
protein). Coomassie brilliant blue method was used to detect
the density of protein. 10 ug liquid-like protein samples taken
from each group underwent denaturing polyacrylamide gel
electrophoresis (SDS-PAGE), electro-transferred to the
(PVDF) membrane. Next, confining liquid was added and the
protein samples were fostered in the shaker under room
temperature for 2 h to close non-specific protein binding sites.
After being washed in TBST once, the protein samples were
added with a 1:400 dilution of NF-xB antibody and kept at 4°C
overnight. Then, the protein samples were washed in TBST
for 5 times, added the anti-second (goat anti-rabbit HRP IgG),
incubated at room temperature again, and shaken for 1 h.
Then, the protein samples were washed in TBST in the same
way. After being colored in light of ECL, the protein samples
underwent image analysis.

Statistic analysis

Data were measured and analyzed as mean £ SD. Statis-
tical comparison was carried out with three or more groups
using one-way analysis of variance (ANOVA) and Stu-
dent—-Newman—Keuls (SNK)-g test. A P value of less than
0.05 was considered as statistically significant.

Results

Fluvastatin protects against ischemic injury mediated
by ischemia/reperfusion

Myocardial cells sampled from sham group were examined
under light microscope, myocardial cells lined up in order,
cell membrane remained integrited, and no apomorphosis,
necrosis, or other pathological changes were detected. The
I/R group showed local swelling, myocardial necrosis, a
disordered striated cardiac muscle, myocardium interstit-
ium bleed. The low-dosage group also showed myocardial
necrosis, myocardium interstitium bleed, whereas the
medium-dosage group had well-arranged myocardial
fibers, integrated structure, and a great quantity of leuko-
monocyte infiltration and the high-dosage group demon-
strated a decreasing amount of myocardial necrosis, a tiny
amount of monocytes or macrophages infiltration (Fig. 1).

Transmission electron microscope observation revealed
that sham group had well-arrayed myocardial fiber, a clear
inocomma zonation, a normal coloration in myocardial cell
nuclear, no degeneration, necrosis, or other pathological
changes, and a clear and integrated structure of mito-
chondria. I/R group had dissolved myocardial fibers,
unclear inocomma, partial mitochondrial vacuolization and
partially broken and dissolved cristae. The low-dosage
fluvastatin-treated group displayed a vague myocardial
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Fig. 1 Histopathological
changes in the myocardium at
different groups. a The sham
group, with a well-arranged
cardiac cells and integrated
membrane. b The I/R group,
showing swelling myocardial
cells, a disordered striated
cardiac muscle, a large number
of red blood cells infiltration, [ ]
and local myocardial necrosis.

¢ The low-dosage fluvastatin-

treated group, showing swelling ¢
myocardial cell, and partial é
necrotic focus formation. d The

medium-dosage fluvastatin- ¥ i
treated group, showing a great

quantity of neutrophil cell.

e The high-dosage fluvastatin-

treated group, with a well-

arranged cardiac cells and a tiny

amount of macrophages

infiltration

fiber structure, unclear inocomma, and partially unclear
mitochondria. The medium-dosage group had a stagger of
normal myocardium with damaged one, with damaged
blood vessels morphologically recuperating. The high-
dosage group had roughly complete myocardial fiber
structure, clear inocomma, and intensive cristae of mito-
chondria (Fig. 2).

Fluvastatin decreases myocardial TLR4 expression
mediated by ischemia/reperfusion

TLR4 positive expression, which is manifested by a per-
vasive brown-yellow color in the myocardial cells, can be
found in the myocardial tissue sampled from all the five
groups (Fig. 3). In addition, the area of TLR4 protein
positive expression of myocardial tissue sampled from I/R
group and fluvastatin-treated groups is obviously larger than
that from sham group. TLR4 protein expression of myo-
cardial tissue from the low-dosage fluvastatin-treated group
is not significant from that sampled from I/R group, whereas
TLR4 expression of myocardial tissue from the medium
or high-dosage fluvastatin-treated groups (13.72 + 0.84,
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12.68 £ 5.32 respectively) decreased remarkably, as com-
pared with that from I/R group (17.44 + 1.3, P < 0.01;
Table 1).

Fluvastatin inhibits I/R-mediated myocardial
TNF-a expression

Compared with the TNF-o expression found in sham
group, TNF-o in the other four groups significantly
increased. Among the three fluvastatin-treated groups,
TNF-o expression found in the medium and high-dosage
groups decreased notably (P < 0.01, Table 1) as compared
with that in the I/R group. Whereas, the TNF-a expression
in the low-dosage group did not change significantly
(P > 0.05).

Fluvastatin suppresses TLR4 mRNA expression

TLR4 mRNA expression found in the I/R group and the
three fluvastatin-treated groups significantly increased as
compared with that in the sham group. TLR4 mRNA
expression found in the I/R, low-dosage, medium-dosage
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Fig. 2 Ultrastructural changes
in the myocardium of different
groups. a The sham group,
showing well-arrayed
myocardial fiber, clear
sarcomere zonation, myocardial
nuclear normal coloring, and a
clear structure of mitochondrial
integrity. b The I/R group,
displaying myocardial fiber
solution, a large number of
mitochondria vacuoles, unclear
sarcomere. ¢ The low-dosage
fluvastatin-treated group,
showing fuzzy myocardial fiber
structure, unclear mitochondrial
structure, and unclear
sarcomere. d The medium-
dosage fluvastatin-treated
group, showing clear fiber
structure of myocardium,
mitochondria cristae reduction,
and partial morphological
recovery of damaged blood
vessels. e The high-dosage
fluvastatin-treated group,
showing clear sarcomere, a
roughly integrated myocardial
fibers and structure of
mitochondria

i

(x10000)

and high-dosage group was respectively 11.28, 10.44, 2.72
and 2.45-fold higher than that found in the sham group. In
addition, compared with I/R group, TLR4 mRNA expres-
sion found in the medium and high-dosage groups signif-
icantly decreased (Fig. 4).

Fluvastatin inhibits NF-xB expression mediated
by ischemia/reperfusion

As shown in Fig. 5, the results demonstrated that NF-xB
protein expression observed in the medium or high-dosage
fluvastatin-treated groups decreased markedly as compared
with that in the control group. However, there was no
obvious difference between the I/R and low-dosage groups.

Discussion

The study found that in medium-dosage and high-dosage
group, as compared with I/R group, the expression of

(x6000) )

TLR4 in the rat myocardium decreased at mRNA and
protein level after 2 h of ischemia—reperfusion that follows
30 min of ischemia. At the protein level, myocardial NF-
kB and TNF-o expression significantly dropped. The
inhibiting effect of fluvastatin was most obvious in the
medium-dosage group, and not apparent in the low-dosage
group. The low-dosage of fluvastatin may lessen this effect.
The inhibiting effect of fluvastatin differed unremarkably
in the high-dosage group and the medium-dosage one.
Based on the above results, we speculate that pretreatment
with an appropriate dose of fluvastatin can weaken myo-
cardial ischemia—reperfusion injury, which may in part be
attributed to fluvastatin’s role in diminishing the TLR4
expression in the myocardium, which, in turn, lessens the
activity of the NF-xB and accordingly reduces inflamma-
tory factor TNF-o expression.

TLR4, the first TLR found in mammal, manifests itself
in all cell lines and is important innate immune pattern-
recognition receptors (PRRs). It plays an important role in
regulating the immune response and inflammatory reaction.
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Fig. 3 TLR4 protein
expression of myocardium were
examined by
immunohistochemistry (x400).
a The sham group, TLR4
expression in the cytoplasm
showing weak positive reaction.
b The I/R group, TLR4 positive
expression in the cytoplasm
significantly higher than the
corresponding expression
sampled from sham group.

¢ The low-dosage fluvastatin-
treated group. The photo reveals
that TLR4 positive expression
in the cytoplasm is not
significantly different from the
corresponding expression
occurred in the I/R group. d The
medium-dosage fluvastatin-
treated group, showing a
remarkable decrease in TLR4
expression in the cytoplasm as
compared with the
corresponding expression found
in I/R group and the low-dosage
fluvastatin-treated group. e The
high-dosage fluvastatin-treated
group, showing a shrink of
TLR4 expression in the
cytoplasm, with positive index
dropping down

Table 1 Myocardial TLR4 and TNF-a expression in the five groups

Group n TLR4 (AIOD) TNF-o (pg/mg)

15.03 + 1.46
20.43 + 1.93*
20.30 £ 1.79%
17.58 + 1.18**
17.72 4+ 1.38%*

10 3.11 £+ 0.19
17.44 + 1.3*

17.01 + 1.14%
13.72 + 0.84%*

12.68 + 5.32%*

Sham

I/R

Low-dosage
Medium-dosage

High-dosage

Note: Mean £ SD, compared with the sham group * P < 0.01,
compared with the I/R group * P < 0.01

The signal transduction pathway of TLR4 has been known
clearly [12, 13], mainly through myeloid differentiation
factor 88 (MyD88) dependent pathways to activate nuclear
transcription factor (NF-xB). It induces the releasing of
pre-inflammation factor TNF-a, IL-1, and IL-6. The sec-
ondary pathway is MyD88 independent pathway through
interfering regulator 3(IRF3).

In our pre-study, we found a close relation between TLR4
activation plus the inflammatory responses stimulated by it
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TLR4 mRNA Expression

Fig. 4 The myocardial TLR4 mRNA expression in the five groups.
27AAC Method, indicating the comparative expression level (in the
form of percentage) between the myocardial TLR4 mRNA expression
found in the four groups and that in the sham group, compared with
the sham group * P <0.01, and compared with the I/R group
*pP <001
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Fig. 5 NF-«B protein expression in the five groups. (a) The sham
group, (b) the I/R group, (c) the low-dosage fluvastatin-treated group,
(d) the medium-dosage fluvastatin-treated group, (e) the high-dosage
fluvastatin-treated group

and the MI/RI pathological process. When blood was rep-
erfused after 30 min of myocardial ischemia, TLR4 mRNA
expression increases rapidly, reaching peak after 1h
reperfusion, declines after 2 h. TLR4 up-regulation may
help the ischemic myocardium synthesize and release pre-
inflammation cytokines TNF-« et al., both of which may
participate in the pathogenesis process of myocardial
inflammatory reaction which is induced by the ischemia—
reperfusion [14].

The studies regarding the relevance between the effect
of statins-based drugs and TLR4 appear in several litera-
tures. In 2005, Methe et al. [15] applied different dosages
of atorvastatin and simvastatin to human CD14+ mono-
cytes and found that both drugs can reduce the TLR4
expression emerging on the surface of CD14+ monocytes,
and accordingly slow down the activation of IL-1 receptor-
related kinase 1 (IRAK-1), reduce the expression of
inflammation-related factors and B7-1. The following year,
Niessner et al. [16] found that simvastatin can reduce the
LPS-induced human monocyte surface TLR4 and TLR2
expression, and decrease TNF-oo and MCP-1 creation. In
2008, Foldes et al. [17] found that fluvastatin-based pre-
treatment can inhibit the over-expression of the LPS-
stimulated TLR4 existed in mononuclear cells, and con-
sequently shield myocardium from the autoimmune
response injury. But the relevance between the inhibiting
effect of statins-based drugs on the MI/RI and cardiac
TLR4 expression remain unclear.

Generally, NF-«kB dimers(P65/P50)are associated with
an inhibitory IxB protein that acts to inhibit NF-xB func-
tion. The activated NF-xB shifts to the cell nucleus
immediately and leads to alterations in synthesis and
release of pro-inflammatory cytokines, such as TNF-o, IL-
1, IL-6, which play an important role in immunity and
inflammation reaction. At present, it is known that the
activation of NF-xB can encourage the development of
myocardial infarction after the MI/RI [18-20]. TNF-«, as
an important marker of inflammatory response in myo-
cardial ischemia reperfusion, has a high level of expres-
sion, may manifest its involvement in MI/RI. Studies have
shown that the activation of cardiac NF-«xB contributes to

the increase of TNF-o, which, in turn, leads to reperfusion
myocardial inflammatory tissue injury [21]. As a result, we
hold that the statins-based drugs’ inhibition of TNF-o in the
early stage of MI/RI explains why statins can improve the
cardiac function after MI/RI. This study further reveals that
inhibition of TNF-a by statins can lower their cardiac
TLR4 expression.

In conclusion, proper dosage of fluvastatin could
decrease myocardium TLR4 expression to protect myo-
cardium from ischemic injury. With the wide clinical use
of medical and operative thrombolysis technique, the
exploration of the protective function of statins to MI/RI
and its mechanism has great significance in the field of
cardiovascular medicine.
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