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Abstract:

We evaluated the effect of simvastatin (SV) on the oxido-redox state in rat livers submitted to ischemia-reperfusion (I/R). Rats re-

ceived SV (groups: S, S-IR) or saline solution (groups: C, C-IR) intragastrically (25 mg/kg) for 21 days. Before homogenization, rat

livers (C-IR, S-IR) underwent ischemia (40 min) and reperfusion (60 min). Activities of such antioxidative enzymes as superoxide

dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) as well as lipid peroxides (LPO) level as indicator of oxidative

stress were then estimated in the homogenates. All these parameters were measured spectrophotometrically. Additionally, alanine

and asparagine aminotransferase (ALT, AST) levels were estimated in the blood before and after I/R. In groups C and S all examined

parameters were similar regardless of SV-treatment. I/R produced significant increases in GPx and CAT activities only in the C-IR

group. Conversely, GPx activity was significantly decreased and ALT and AST increased significantly in the S-IR group. SV did not

evoke any noticeable protective changes in rat livers after 3 weeks of treatment. After I/R, some of the observed properties could sug-

gest that SV may have even made liver function and the oxidative state worse.
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Abbreviations: ALT – alanine aminotransferase, AST – aspar-

agine aminotransferase, CAT – catalase, GPx – glutathione

peroxidase, HMG-CoA – 3-hydroxy-3-methylglutaryl coen-

zyme A, I/R – ischemia/reperfusion, LPO – lipid peroxides,

ROS – reactive oxygen species, SOD – superoxide dismutase,

SV – simvastatin

Introduction

Ischemia/reperfusion (I/R) is considered to be the

main cause of cell damage in the liver during trans-

plantation. Initially, liver injury is caused by ischemia

and then subsequently aggravated by reperfusion of

this organ [4]. Reperfusion injury involves the early

acute phase (3–6 h), associated with free radical and

nitric oxide generation with T-lymphocyte and Kupf-

fer cell activation followed by the subacute phase

(18–24 h), which is characterized by neutrophil infil-

tration leading to continued oxidant, cytokine and

chemokine production [5].

During I/R-evoked oxidative stress, reactive oxy-

gen species (ROS) generation may exceed the capac-

ity of the endogenous redox degradation systems [5].

Lipid peroxides (LPO) are widely used as indicators

of this oxidative damage, among other chemical

markers. To minimize the damaging effects of ROS
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on the liver, non-enzymatic and enzymatic (e.g., su-

peroxide dismutase (SOD), catalase (CAT) and glu-

tathione peroxidase (GPx)) antioxidants are employed

[5, 20]. SOD converts superoxide radicals to hydrogen

peroxide (H�O�) and oxygen [5]. Subsequently, H�O�

and LPO are reduced by the selenium-containing en-

zyme GPx to water and lipid alcohols, respectively. Ad-

ditionally, CAT is a very effective antioxidant enzyme,

mainly located in peroxisomes, which catalyzes the con-

version of H�O� to water and molecular oxygen [27].

Statins, which are inhibitors of 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase,

are very popular lipid lowering drugs with pleiotropic

effects that have still not been fully examined [12,

26]. Antioxidant properties of these drugs may play

a great role in their effectiveness, especially under I/R

conditions. Statins have also been shown to be protec-

tive in transplanted liver [10, 30]. On the other hand,

hepatotoxicity is one of the most frequent adverse ef-

fects of statins. Because of the many different contro-

versial properties of these drugs, as well as the fact that

they are administered to many patients who could be po-

tential liver donors, additional studies should be con-

ducted to improve the knowledge about statins and al-

low the estimation of the effects of simvastatin (SV) on

the oxido-redox state in liver tissue under I/R conditions.

Materials and Methods

Animals

This study was carried out on adult male Wistar rats

(302.65 ± 62.4 g) obtained from the Animal Labora-

tory of the Department of Pathological Anatomy,

Medical University in Wroc³aw. The animals were

housed individually in chambers with a 12:12 hour

light-dark cycle and the temperature was maintained

between 21°C and 23°C. Before the experiment, ani-

mals had free access to standard food and water. The

experiment was performed with the consent of the Lo-

cal Ethics Commission for Experiments on Animals

in Wroc³aw.

Substances

The compounds SV (GZF “Polfa”, Poland), heparin

(25,000 U, Biochemie, Austria), ketamine (Vetoquinol

Biowet, Poland), metodomidine (CP-Pharma, Handels-

ges, Germany), 0.9% sodium chloride solution (Pol-

pharma S.A., Poland) and Ringer solution (Polfa Lublin

S.A., Poland) were used as received from the suppliers.

Experimental design

Experimental animals were randomly divided into four

groups: C (n = 11) – non-treated and not subjected to

I/R conditions; C-IR (n = 8) – non-treated and sub-

jected to warm ischemia (40 min) followed by reper-

fusion (60 min); S (n = 11) – SV-treated and not sub-

jected to I/R; S-IR (n = 8) – SV-treated and subjected

to I/R. Either SV at a dose of 25 mg/kg (S, S-IR) or

saline solution (C, C-IR) were administered intragas-

trically for 21 days to the test animals. On the day be-

fore liver surgery and after reperfusion, blood samples

were obtained to determine alanine and asparagine

aminotransferase (ALT, AST) activities.

Preparation of the liver I/R injury model

Rats were weighed and then anesthetized with intra-

muscular injection of ketamine (7 mg/kg) and meto-

domidine (1 mg/kg). After a suitable level of anesthe-

sia was achieved, the rats underwent midline lapa-

rotomy. A 70% liver ischemia (left lateral and median

lobes) was achieved by occluding the branches of the

portal vein and hepatic artery using a microvascular

clip. Rats were given heparin (200 U/kg) to prevent

blood coagulation. After 40 min of ischemia, the clip

was removed to allow reperfusion for 1 h [6]. The ab-

domen was subsequently closed and the rats were ob-

served during reperfusion. Thereafter, the experiment

was terminated and the livers were isolated, weighed

and homogenized on ice using lysis buffer (140 mM

NaCl, 10 mM EDTA, 10% glycerol, 1% NP40, 20 mM

Tris base, pH 7.5). The homogenized tissues were

thereafter centrifuged at 14000 rpm for 25 min at 4°C

and supernatants were collected [15].

Blood enzymes and tissue antioxidants analysis

In the obtained supernatants, SOD, CAT and GPx activities

were estimated using colorimetric methods (MARCEL

S350 PRO spectrophotometer). GPx and SOD activities

were assayed using RANSEL and RANSOD kits, respec-

tively (Randox Laboratories, Crumlin, UK), according to

the manufacturer’s instructions.
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CAT activity was determined following decreases

in initial H�O� concentration (30 mM used as initial

substrate) at 240 nm and 25°C over the time frame of

60 s, according to the procedure published by Johan-

son et al. [9]. Briefly, 100 µl of supernatant isolated

from rat liver homogenates was placed in a cuvette

and diluted to a final volume of 2 ml with phosphate-

buffered saline (50 mM). The decrease of the absorp-

tion at 240 nm 60 s after adding 1 ml H�O� was fol-

lowed. One unit of CAT was defined as the amount of

enzyme that degraded 1 µl H�O� per min.

LPO assessment was based on the reaction of ma-

londialdehyde with thiobarbituric acid [19]. Briefly,

trichloroacetic acid was added to the examined sam-

ples and after 10 min of incubation samples were cen-

trifuged (3500 rpm, 10 min). The supernatants were

poured out and sediments washed with 0.05 M sulfu-

ric acid then centrifuged again. In the next step, thio-

barbituric acid and sulfuric acid were added to the

sediments and samples were incubated for 30 min in

boiling water. Thereafter, samples were cooled, ex-

tracted with n-butyl alcohol and centrifuged. The ab-

sorbance at 530 nm was then measured.

Total protein concentrations and activities of ALT

and AST were assayed with commercial methods in a

certified laboratory. Activities of SOD, GPx and CAT

and the concentration of LPO were recalculated for

total protein content in the supernatants. Activities of

ALT and AST were expressed per gram of liver.

Statistical analysis

Data were expressed as the mean values ± standard

deviation (SD). Statistical analysis of the effect of the

drug and I/R on levels of antioxidant enzymes and

LPO were performed using two-way analysis of vari-

ance (ANOVA). Specific comparisons were made

with Tukey’s HSD test. Hypotheses were considered

positively verified if p � 0.05.

Results

Parameters of oxidative stress

SOD, GPx and CAT activities in groups not submitted

to I/R were similar in both SV-treated and non-treated

groups (C vs. S, p = NS). I/R was observed to produce

only minor decreases in SOD activity (p = NS in all

comparisons). However, GPx activity in the non-

treated group significantly increased after I/R. Such

increases in GPx activity were not observed in the

group of rats treated with SV, where GPx activity was

instead significantly decreased. Consequently, signifi-

cant differences in GPx activity were also found

between groups that underwent I/R (C-IR vs. S-IR,

p < 0.001). Furthermore, I/R conditions produced sig-

nificant increases in CAT activity in the non-treated

groups of rats. Such increases in CAT activity, how-

ever, were not observed in the groups of rats treated

with SV (S vs. S-IR, p = NS). No significant differ-

ences in LPO levels between the non-treated and SV-

treated groups were discovered, nor were they influ-

enced by I/R (p = NS in all comparisons) (Tab. 1).
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C
(mean ± SD)

C-IR
(mean ± SD)

S
(mean ± SD)

S-IR
(mean ± SD)

SOD (U/µg) 1.76 ± 0.21 1.50 ± 0.25 1.58 ± 0.22 1.50 ± 0.32

GPx (U/mg) 8.69 ± 5.02 16.13 ± 7.48* 7.72 ± 2.98 1.72 ± 0.89**

CAT (U/µg) 0.59 ± 0.21 3.02 ± 3.76*** 0.82 ± 0.10 1.53 ± 0.54

LPO (mmol/mg) 0.46 ± 0.10 0.41 ± 0.30 0.42 ± 0.12 0.44 ± 0.15
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Biochemical analysis

After 3 weeks of administration, SV did not alter ALT

and AST activities and no significant differences be-

tween non-treated and SV-treated groups were revealed

(C vs. S, p = NS in both cases). However, I/R produced

significant increases in ALT and AST activities in the

SV-treated group. In the non-treated group, I/R also in-

creased enzyme activities, but not so pronounced. Spe-

cifically, the increase in AST activity was on the sig-

nificance border (C vs. C-IR, p = 0.07) (Fig. 1).

Discussion

A significant number of studies have focused on influ-

ences of different drugs and xenobiotics on liver func-

tion in patients who could be potential organ donors.

We examined the action of the very popular hypolipi-

demic drug SV on rat liver and obtained data demon-

strating that it is doubtful that this drug has any influ-

ence. In livers not submitted to I/R, SV had no effect

on the oxidative parameters measured. Interestingly,

after 40 min of “warm” ischemia followed by 60 min

of reperfusion, significant increases in GPx and CAT

activities were observed only in the non-treated

groups. In the SV-treated groups, however, significant

decreases in GPx activity were observed after I/R.

Similarly to our data, in other experiments oxida-

tive stress evoked compensatory elevation of antioxi-

dant enzymes such as GPx or CAT, which may sug-

gest that oxidative stress does not always exceed the

capacity of the antioxidant enzymes to scavenge

ROS. In many different reports, however, SOD activ-

ity was not affected, suggesting that this enzyme is

a less sensitive predictor of oxidative stress [3, 11,

16]. It has also been reported that even with 60 min of

ischemia, Cu- and Zn-SOD did not change in rat heart

tissue, while GPx activity was increased [1]. There

are also many conflicting reports in the literature that

state GPx and CAT activities were decreased in re-

sponse to I/R injury [22, 25]. Such differences may

result from various experimental conditions such as

different ischemia or reperfusion times, different ex-

amined tissues or different methods used for enzyme

activity assessment. It is worth emphasizing that, in

most of the studies, the reperfusion period was much

longer (3–6 h) prior to antioxidant enzyme activity es-

timation [14, 21]. Longer periods of oxygen reperfu-

sion are detrimental because ROS generated during

this time may cause levels of lipid peroxidation that

exceed antioxidant capacity. If the time of reperfusion

is too short, however, increased LPO levels and anti-

oxidant enzyme depletion may not be observed, as

was the case in our work.

In the past few years, there has been enough evi-

dence accumulated to suggest that statins have

cholesterol-independent effects [8, 17, 26]. However,

existing research shows that the antioxidant properties
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of these drugs differ among the different species of

this group, depending on their chemical structure, ac-

tive metabolites and physicochemical properties [7,

17, 28].

There are many studies available that investigated

the antioxidant properties of fluvastatin and its me-

tabolites [7, 28], but only a few studies with ambigu-

ous results actually proposed such properties for SV

[13, 23]. Imaeda et al. [7] demonstrated that SV, con-

trary to fluvastatin, was not effective in the inhibition

of streptozotocin-induced DNA damage. Parker et al.

[17] also showed that SV inhibited endothelial-

dependent vascular relaxation in aorta and increased

reactive nitrogen and oxygen species, suggesting that

lipophilic HMG-CoA reductase inhibitors could pro-

mote oxidative stress. According to Passi et al. [18]

prooxidative properties of statins may also be con-

nected to inhibition of not only cholesterol but also

important non-sterol compounds, such as ubiquinone,

that derive from the same biosynthetic pathway. The

observed decline of ubiquinone levels, for example, in

plasma and in lymphocytes following a 3-month SV

therapy might lead to a reduced antioxidant capacity

in tissues with an elevated HMG-CoA reductase ac-

tivity. In our study, no influence of SV on antioxidant

enzyme activities or LPO concentrations in liver tis-

sue not submitted to ischemia was observed. Such an

influence was only revealed in the group of rats sub-

mitted to I/R. SV was observed to prevent an increase

in CAT activity and also significantly decrease GPx

activity. This phenomenon was the reason for the sig-

nificant differences in GPx activity observed between

the treated and non-treated preserved groups. This re-

sult may mean that some features of SV activity mani-

fest themselves only under the stress conditions simu-

lated in this study. The lack of elevation in GPx and

CAT activities seen in our work seems to be due to re-

duced antioxidant capacity in livers of SV-treated rats

after I/R. In many studies, SV produced decreases in

lipid peroxidation under I/R conditions [2, 29], but

our experiments failed to prove such activity of this

drug. This observation could have resulted from the

different conditions employed in our work compared

to other reports (e.g., organs other than liver used, dif-

ferent factors inducing oxidative stress, different peri-

ods of ischemia or reperfusion).

Large-scale clinical trials and recent studies on the

safety of statins revealed that their most detrimental

adverse effects are hepatotoxicity and myopathy. How-

ever, liver dysfunction induced by statins was rare and

usually mild, with asymptomatic transaminase eleva-

tion or acute cholecystitis were usually reversible af-

ter dose reduction. Progression to liver failure, how-

ever, was extremely rare [24]. Despite the well-known

adverse hepatotoxic effects of statins, some studies

have demonstrated hepatoprotective properties of these

drugs after hepatectomy or liver transplantation [10,

30]. In our experiments, SV at a daily dose of 25 mg/kg

caused only slight increases in ALT and AST activity

after 21 days of treatment. After I/R, however, signifi-

cant increases in ALT and AST activity were ob-

served only in the SV-treated group. This phenome-

non could indicate that livers from this group were in-

jured because of SV treatment and, therefore more

susceptible to I/R injury.

In summary, we conclude that SV did not evoke

any noticeable protective changes in rat livers because

all parameters of oxidative stress and activities of the

aminotransferases investigated were comparable in

both non-treated and SV-treated groups. However, re-

sults obtained under I/R conditions were surprising

and suggested that SV failed to protect liver from I/R

injury. These results were compatible with the ob-

served changes in aminotransferase activity. Addi-

tionally, liver damage after I/R was more pronounced

in SV-treated groups than in non-treated groups. It

was likely, therefore, that a liver of a donor treated

chronically with SV might be more susceptible to the

oxidative stress induced during transplantation. To

make such conclusions, however, further studies esti-

mating liver function and animal survival after sur-

gery are necessary.
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