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Abstract: We aimed to investigate the role of prior treatment of simvastatin on cytokine response, energy levels, and
apoptotic molecules on muscle tissue in rats treated with lipopolysaccharide (LPS) during the early phase of sepsis.
Male Wistar albino rats (200-250 g) were divided into four groups: control, endotoxemia (20 mg/kg, i.p.), simvastatin (20 mg/kg, p.o.), and simvastatin + endotoxemia. Four hours after the beginning of the experiments, 8 rats
from each group were sacrificied and gastrocnemius muscle tissue was dissected to examine for histologic changes
using hematoxylin-eosin staining. The gene expressions of TNF-α, IL-10 and Bcl-2, Bax, and Caspase-3 mRNA levels
were analyzed using real-time polymerase chain reaction. Creatine, creatine phosphate, adenosine triphosphate
(ATP), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) levels were investigated in muscle
tissue using high performance liquid chromatography. ATP values were found low in the endotoxemia group and
increased in the Simvastatin + endotoxemia group compared with the endotoxemia group (P < 0.05). Caspase-3,
Bax, and TNF-α levels were significantly higher in the endotoxemia group than in the other groups (P < 0.01). In the
simvastatin + endotoxemia group, Bcl-2 and TNF-α (P < 0.05), and IL-10 (P < 0.01) levels were higher than other
groups. Muscle sections of the LPS group showed inflammation and atrophic areas. Tissue injury was reduced in
the simvastatin + endotoxemia groups sections. Sepsis caused an increase of pro-inflammatory cytokine TNF-α and
pro-apoptotic proteins; caspase-3 and Bax in muscle tissue may also have caused tissue damage. Pretreatment
of simvastatin reduced muscle tissue damage by increasing levels of the anti-inflammatory cytokine IL-10 and the
anti-apoptotic protein Bcl-2.
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Introduction
Systemic injection of lipopolysaccharide (LPS)
to experimental animals is widely used in vivo
model for the study of endotoxic shock and
acute systemic inflammation. LPS activates the
immune system, which leads to the release of
endogenous proinflammatory cytokines such
as TNF-α, IL-1β, and IL-6 [1, 2]. Several lines of
evidence indicate that these cytokines are
important regulators of muscle protein balance
[3]. Infusion of TNF-α in skeletal muscle
decreased muscle protein synthesis. Infusion
of TNF-α is capable of decreasing the rate of
protein synthesis in heart and skeletal muscle
[4-6].

Sepsis is often associated with a loss of muscle
protein due to increased muscle proteolysis
and a decrease in muscle protein synthesis [7,
8]. It was shown that endotoxemia caused disturbances in energy metabolism in skeletal
muscle. Endotoxemia also leads to metabolic
impairment, which results in an energy shortage [9-11]. Skeletal muscle mass, which accounts for 50% of body mass, is a key tissue in
maintaining homeostasis in humans, and plays
important roles in metabolism, mobility, and
quality of life [12].
Apoptosis has been described as being associated with skeletal muscle atrophy [13]. Apoptosis is induced through two major signaling
cascades, the extrinsic and intrinsic pathways.

Simvastatin on muscle with endotoxemia
In the extrinsic pathway, caspase-3 becomes
activated. The intrinsic pathway is the mitochondrial-mediated pathway of apoptosis. A
balance exists between (a) antiapoptotic proteins such as Bcl-2, Bcl-XL, and several others,
and (b) proapoptotic proteins such as Bim, Bax,
and PUMA [14].
Statins have a number of beneficial effects
including lipid-lowering and antiapoptotic effects, and reduce inflammation during sepsis
[15]. Statins, particularly lipophilic statins (e.g.,
simvastatin, atorvastatin, cerivastatin, and lovastatin), also cause adverse effects in skeletal
muscle ranging from mild to moderate muscle
fatigue, weakness, and pain, to fatal rhabdomyolysis [16].
We aimed to investigate the effects of prior
simvastatin treatment on cytokine and energy
levels and apoptotic molecules on muscle tissue during early-phase sepsis.
Materials and methods
Animals
The Institutional Animal Ethics Committee of
Istanbul University approved all animal experiments and procedures. (Resolution No:
2012/138). Thirty-two healthy male Wistar
albino rats, weighing 200-250 g, were divided
into four groups, (1) controls, (2) endotoxemia,
(3) simvastatin, and (4) simvastatin + endotoxemia.
Experimental procedures
Rats in the endotoxemia group were intraperitoneally injected with 20 mg/kg LPS (Escherichia coli O127:B8 (Sigma Aldrich, Product
No: L5668) dissolved in 1 mL of sterile saline.
Animals in simvastatin and simvastatin + endotoxemia group were treated with simvastatin
(20 mg/kg) (Sigma Aldrich, Product No: S0650000) via oral gavage for 5 days. In the simvastatin + endotoxemia group, LPS was given
1.5 h after the fifth dose of simvastatin. Animals
in both the LPS and simvastatin + endotoxemia
groups were sacrified 4 hours after LPS treatment, and gastrocnemius muscles were taken.
Gene expression procedure
After the rats were sacrificed, muscle tissue
specimens were taken, and the tissues were
ground into powder in liquid nitrogen. Total RNA
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was extracted using RNAzol RT reagent extraction with reference to the method on the kit.
RNA was reverse transcribed into cDNA. The
resulting cDNAs were amplified using polymerase chain reaction (PCR) with specific primersforratCaspase-3(forwardCCGACTTCCTGTATGCTTACTC; reverse CCACTCCCAGTCATTCCTTTAG),
rat Bcl-2 (forward CAAGCCGGGAGAACAGGGTA;
reverse CCCACCGAACTCAAAGAAGGC), rat Bax
(forward CCGAGAGGTCTTCTTCCGTGTG; reverse GCCTCAGCCCATCTTCTTCCA), rat TNF-α
(forward CACACGAGACGCTGAAGTAG; reverse
GAGCAGAGGTTCAGTGATGTAG) and rat IL-10
(forward CTGCAGGACTTTAAGGGTTACT; and reverse GAGTGTCACGTAGGCTTCTATG). The upstream primer of housekeeping gene β-actin
was 5’-AACCCT AAG GCC AAC CGT GAA AAG-3’,
and its downstream primer was 5’-TCATGAGGTAGTCTGTCAG-3’; the product length was
241 bp. For Caspase-3, Bcl-2, Bax, TNF-α, and
IL-10, the PCR reaction was conducted with 45
cycles for the muscle. Each cycle consisted of
15 seconds at 95°C, 25 seconds at 54°C, and
30 seconds at 72°C. The amount of mRNA for
each gene was normalized using β-actin, and
the relative expression levels were calculated
using 2-ΔΔCt and expressed as fold changes as
compared with those of the control samples as
relative mRNA levels.
High-performance liquid chromatography
(HPLC) analysis of creatine, creatine phosphate, AMP, ADP, ATP
Sample preparation: Muscle tissue samples
weighing 200 mg were homogenized in 2 mL
0.42 M HCLO4 using a homogenizer (Ultraturrax
T25) for 30 sec. A 1.0 mL supernatant was
taken for adjusting pH with 1.0 M K2HPO4 after
centrifugation at 3000 rpm for 5 min.
Measurement of creatine, creatine phosphate,
and high-energy compounds
Creatine, creatine phosphate, and adenine
nucleotides were evaluated with C18 colon (5
µ, 250 mm × 4.6 mm, Nucleodur, USA) with isocratic elution using a KOH/KH2PO4 buffer (215
mM, pH 6.25), 3 mM tetrabutylammonium
phosphate, and 5% acetonitrile ion-paired
reverse-phase chromatography using highpressure liquid chromatography (HPLC) (Agilent
1100, USA) at 214 nm. Creatine, creatine phosphate, and adenine nucleotides were calculated from their external standard curves from different concentrations [17].
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14.04-fold increase, the simvastatin group had a 1.8-fold
increase, and the simvastatin
+ endotoxemia group had
a 10.92-fold increase compared with the control rats.
The mean tissue concentrations of IL-10 gene expression in the simvastatin + endotoxemia group showed a
20.52-fold increase, the simvastatin group had a 4.98-fold
increase, and the endotoxemia group had a 4.03-fold
increase compared with the
control rats.

Figure 1. A-E: Results of gene expression in experimental groups. A: Caspase-3, B: Bcl-2, C: Bax, D: TNF-α, E:
IL-10: Names of Groups; C: Control,
E: Endotoxemia, S: Simvastatin, S +
E: Simvastatin + Endotoxemia.

Histologic procedures
The gastrocnemius muscle was fixed in 10%
buffered formalin and embedded in paraffin
wax. Five-micrometer-thick sections were placed on polylysine-coated slides and stained
using hematoxylin and eosin (H&E). The stained
sections were visualized and photographed
under a light microscope at × 100 magnification (ECLIPSE 80i Nikon Corporation, JAPAN).
Statistical analyses
Statistical analyses were performed using
SPSS 21 (Statistical Package for the Social
Sciences Software, USA). Data are presented
as mean values ± standard deviations. Groups
of data were compared using analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests. In all cases, P < 0.05 was set as
the limit of significance.
Results
Gene expression results
The mean tissue concentrations of TNF-α gene
expression in the endotoxemia group showed a
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The mean tissue concentrations of Bax gene expression
in the endotoxemia group
showed a 4.19-fold increase,
the simvastatin + endotoxemia group had a 0.96-fold
increase, and the simvastatin
group had a 1.76 fold increase
compared with the control
rats.

The mean tissue concentrations of Bcl-2 gene
expression in the simvastatin + endotoxemia
group were increased 3.26-fold, 1.9-fold in the
simvastatin group, and 1.28-fold in the endotoxemia group as compared with the control
rats.
The mean tissue concentrations of Caspase-3
gene expression were increased 7.79-fold in
the endotoxemia group, 1.9-fold in the simvastatin group, and 1-59-fold in the simvastatin +
endotoxemia group compared with control rats
(Figure 1A-E).
Energy results
Creatine phosphate levels were decreased in
the simvastatin and endotoxemia groups compared with the other groups (P < 0.05). In addition, creatine phosphate levels were increased
in the simvastatin + endotoxemia group compared with the endotoxemia group (P < 0.05).
AMP levels were decreased in the experimental
groups compared with the controls. AMP values
were found lower in the simvastatin + endotoxemia group than in the other groups (P < 0.01).
There were no changes in values of ADP for the
Int J Clin Exp Med 2017;10(4):6883-6889
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many cytokines including
TNF-α and IL-6. It has been
revealed that an increase of
TNF-α leads to sepsis and
organ failure, and decreases
survival [18]. Induction of
sepsis in animal models
reduces muscle protein synthesis, the effects of which
are prevented by prior injection of TNF inhibitors [19].

Figure 2. A-E: Results of HPLC. A: AMP, B: ADP, C: ATP, D: Creatine, E: Creatine
Phosphate. a: Simvastatin + Endotoxemia group vs. other groups (P < 0.01);
b: Endotoxemia group vs. control group (P < 0.01); c: Simvastatin + Endotoxemia group vs. Endotoxemia group (P < 0.05); d: Simvastatin + Endotoxemia
group vs. other groups (P < 0.05). Names of Groups, C: Control, E: Endotoxemia, S: Simvastatin, S + E: Simvastatin + Endotoxemia.

experimental groups (P > 0.05). ATP and creatine values were found lower in the endotoxemia group than in the control group (P < 0.01),
and also higher in the simvastatin + endotoxemia group compared with the endotoxemia
group (P < 0.05) (Figure 2A-E).
Histopathologic findings
Classic skeletal muscle structure was seen in
the simvastatin group. There was perivascular
and perifascicular infiltration of inflammatory
cells and atrophic areas in the endotoxemia
group. Inflammation and atrophy in perivascular areas were reduced in the simvastatin +
endotoxemia group (Figure 3A-D).
Discussion
Cytokines play a key role in early biochemical
events in sepsis. LPS is a strong inducer of
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Also, proinflammatory cytokines in skeletal muscle may
promote muscle wasting [20].
We demonstrated that TNF-α
gene expression in the endotoxemia group was significantly increased compared
with the control rats, and
decreased in the simvastatin
+ endotoxemia group. Moreover, our data showed that
IL-10 level was significantly
increased by simvastatin administration in rats of the
endotoxemia group.

Creatine phosphate, creatine,
and ATP levels were increased
in the simvastatin + endotoxemia group compared with
the endotoxemia group. ATP
depletion contribute to organ dysfunction in
sepsis [21].
Statins have been associated with a decrease
in CoQ10 synthesis, which leads to impaired
oxidative phosphorylation and energy production [22]. Muscle high-energy phosphate concentrations were maintained during statin
treatment in patients with hypercholesterolemia [23]. These results are supported by
another clinical study in which no evidence of
pathologic changes in muscle were detected
after 18 weeks of treatment with simvastatin
or pravastatin as judged by histologic examination of muscle tissue, and by measurements of
exercise-induced release of creatine kinase or
myoglobin [24].
AMP values were found low in the simvastatin +
endotoxemia group. In this group, AMP may be
shifted towards ATP-producing pathways (e.g.

Int J Clin Exp Med 2017;10(4):6883-6889

Simvastatin on muscle with endotoxemia

Figure 3. A-D: Section of liver tissue stained with H&E. (A) Section of liver tissue from control group, × 100 magnification (B). Section of liver tissue from LPS group, × 100 magnification (C). Section of liver tissue from Simvastatin
group, × 100 magnification (D). Section of liver tissue from Simvastatin + LPS group, × 100 magnification.

oxidative phosphorylation). Therapies should
be aimed towards increasing ATP production
(e.g. substrate availability, mitochondrial functional capacity).
Statins demonstrate a concentration-dependent adverse effect on muscle cell viability and
promote cell disruption via proteolysis and
apoptosis [25]. The mechanism of apoptosis
induced by endotoxin injection has been postulated as Akt pathway activation, Bcl-2 family
induction or release of inflammatory cytokines
[26].
A study showed that Bcl-2 inhibited cell apoptosis through various ways: Bax-mediated
apoptosis, inhibition of calcium ion release in
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endoplasmic reticulum [27]. Pretreatment with
simvastatin protected against alpha-toxininduced sepsis associated with reduced p53,
TNF-alpha, apoptosis, and necrosis [28]. Fu et
al showed that simvastatin inhibited sepsisinduced endothelial cell apoptosis by upregulating the Bcl-2 gene and downregulating the
Bax gene. The authors suggested that simvastatin could inhibit apoptosis of endothelial cells
induced by sepsis through Bcl-2 expression
upregulation and downregulation of Bax and
Caspase-3, which may be one of the mechanisms for simvastatin to treat sepsis. Consistent
with Fu et al’s results, in this study Bax and
Caspase-3 gene expression in endotoxemia
group showed an increase, and there was
Int J Clin Exp Med 2017;10(4):6883-6889
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decreased expression in the simvastatin +
endotoxemia group. Simvastatin treatment
increased Bcl-2 gene expression in rats of the
endotoxemia group [29].
Perivascular and perifascicular infiltration of
inflammatory cells and atrophic areas were
observed in the endotoxemia group. The effects were less prominent with simvastatin
pre-treatment.
In this study, we found that sepsis caused an
increase in the pro-inflammatory cytokine
TNF-α and pro-apoptotic proteins; Caspase-3
and Bax in muscle tissue may also cause tissue
damage. Simvastatin reduced muscle tissue
damage with decreased levels of TNF-α, Bax,
Caspase-3, and increased IL-10 and Bcl-2.
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