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Abstract:

Hydroxymethylglutaryl-CoA reductase inhibitors play a role in nitric oxide synthesis. In this study, the impact of simvastatin (SV)

on the levels of nitric oxide synthases, and arginine (Arg) and its derivatives was evaluated in rat liver under ischemia-reperfusion

(I/R) conditions. Rats received SV (25 mg/kg) (groups S and S-IR) or saline solution (groups C and C-IR) intragastrically for 21

days. The livers of groups C and S were homogenized after treatment while those of groups C-IR and S-IR underwent ischemia and

reperfusion before homogenization. Endothelial (eNOS) and inducible (iNOS) nitric oxide synthase concentrations were determined

in the homogenates. Alanine and asparagine aminotransferase (ALT, AST, respectively), arginine (Arg), and asymmetric (ADMA)

and symmetric (SDMA) methylarginine levels were determined in the blood before I/R and during reperfusion. I/R injury produced

significant increases in aminotransferase, ADMA, eNOS, and iNOS, but decreases in Arg and Arg/ADMA levels. Arg concentration

increased significantly after warm ischemia in the S-IR group, but decreased significantly during the first 30 minutes of reperfusion

in both the S-IR and C-IR groups. eNOS concentration was significantly higher in group S than in group C. Both I/R and SV exerted

no influence on SDMA concentration. SV exerted a protective action by increasing eNOS levels under normal conditions and Arg

levels after ischemia and by preventing a significant increase in iNOS concentration after I/R. SV had no effect on ADMAconcentra-

tion under normal and pathological conditions.
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Abbreviations: ADMA – asymmetric dimethylarginine, ALT

– alanine aminotransferase, Arg – arginine, AST – asparagine

aminotransferase, DDAH – dimethylarginine dimethylamino-

hydrolase, ELISA – enzyme-linked immunosorbent assay,

eNOS – endothelial nitric oxide synthase, HMG-CoA – 3-hydroxy-

3-methylglutaryl coenzyme A, HPLC – high-performance

liquid chromatography, iNOS – inducible nitric oxide synthase,

I/R – ischemia/reperfusion, NADPH – nicotinamide adenine

dinucleotide phosphate, NO – nitric oxide, ROS – reactive

oxygen species, SDMA – symmetric dimethylarginine, SV –

simvastatin, TNF� – tumor necrosis factor �

Introduction

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

main cause of cell damage in various organs. I/R con-

ditions are related, for example, to liver transplanta-

tion, which has become a method of choice in the

end-stage of this organ disease. The pathogenesis of

liver damage during transplantation is very complex

and occurs in two stages; the initial injury is caused

�����������	��� 
������ ����� ��� ������� 343

�����������	��� 
�����

����� ��� �������

	

� ��������

��������� � ����

�� 	�������� �� ���� �!�"���

��"��� #!�$� � �� 
!���!��



by ischemia but aggravated further by reperfusion of

the organ. I/R injury in the liver involves an early

acute phase (3–6 h after reperfusion), associated with

the generation of free radicals and nitric oxide (NO),

and with T-lymphocyte and Kupffer cell activation,

followed by a subacute phase (18–24 h after reperfu-

sion), characterized by neutrophil infiltration leading

to continued oxidant, cytokine, and chemokine pro-

duction [9, 13].

Experimental data suggest that NO is an important

component of I/R injury and is also one of the mole-

cules involved in ROS metabolism. NO can react with

free radicals such as superoxide in the formation of

peroxynitrite [9, 13, 33]. Endothelial nitric oxide syn-

thase (eNOS) is responsible for basal production of

nitric oxide (NO) that maintains normal vascular tone

within the sinusoids. Conversely, a higher level of

NO, produced by inducible nitric oxide synthase

(iNOS), is involved in the inflammatory process and

promotes I/R injury [9, 33, 35]. Vasoconstriction is

one of the conditions that affect liver function in I/R

and often results from deterioration of the balance be-

tween NO and endothelin [27]. NO production is limi-

ted by the release of NOS inhibitors such as asymmet-

ric dimethylarginine (ADMA), which competes with

arginine (Arg) for the binding site in the active center

of NOS [27, 39].

Inhibitors of 3-hydroxy-3-methylglutaryl coenzyme

A (HMG-CoA) reductase are very popular lipid-

lowering drugs with pleiotropic effects that are being

intensively examined [11, 32]. Statins exert a protec-

tive action on transplanted liver [19, 44]. We investi-

gated the effect of the HMG-CoA reductase inhibitor,

simvastatin (SV), on eNOS, iNOS, ADMA, symmet-

ric dimethylarginine (SDMA), and Arg levels in rat

livers under I/R conditions.

Materials and Methods

Animals

Studies were performed on adult male Wistar rats

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

tory of the Department of Pathological Anatomy, Medi-

cal University in Wroc³aw. Animals were housed indi-

vidually in chambers with a 12:12 h light-dark cycle

and a temperature maintained at 21–23°C. Before the

experiment, animals had free access to standard food

and water. Experiments were performed with the con-

sent of the First Local Ethics Commission for Experi-

ments on Animals in Wroc³aw.

Substances

SV (GZF ”Polfa”, Poland), heparin, amp. 25,000 U

(Biochemie, Austria), ketamine hydrochloride (Ve-

toquinol Biowet, Poland), medetomidine hydrochlo-

ride (CP-Pharma Handelsges., Germany), 0.9% so-

dium chloride solution (Polpharma S.A., Poland), and

Ringer solution (Polfa Lublin S.A., Poland) were used

in these studies.

Experimental design

The experimental animals were randomly divided into

four groups: C (n = 11) with untreated rats not sub-

jected to I/R conditions; C-IR (n = 8) with untreated

rats subjected to 40 min of warm ischemia followed

by 60 min of reperfusion; S (n = 11) with SV-treated

rats not subjected to I/R conditions; and S-IR (n = 8)

with SV-treated rats subjected to 40 min of warm

ischemia followed by 60 min of reperfusion. SV was

administered intragastrically in one daily dose of

25 mg/kg diluted in 4 ml/kg saline solution for 21

days. In the non-SV-treated groups, animals were

given only saline solution of the same volume. On the

day of liver surgery, blood samples (0.8 ml) were ob-

tained after catheterization of a tail vein to determine

the initial activities of alanine and asparagine amino-

transferase (ALT-INI, AST-INI) and initial concentra-

tions of ADMA, SDMA, and Arg (ADMA-INI,

SDMA-INI, Arg-INI).

Preparation of the liver I/R injury model

Rats were weighed and anesthetized with intramuscular

ketamine (70 mg/kg) and medetomidine (0.1 mg/kg).

After a suitable level of anesthesia was achieved, rats

underwent midline laparotomy. Seventy percent liver

ischemia (left lateral and median lobes) was achieved

by occluding the branches of the portal vein and he-

patic artery using a microvascular clip. The rats were

given heparin (200 U/kg) to prevent blood coagula-

tion. After 40 min of ischemia, the clip was removed

to allow reperfusion for 1 h [15]. The abdomen was

closed and the rats were observed during reperfusion.

Blood samples (0.8 ml) were obtained after catheteri-
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zation of the inferior caval vein, just after removing

the clip, and at 30 and 60 min of reperfusion, to meas-

ure ADMA, SDMA, and Arg concentrations (ADMA0,

SDMA0, Arg0; ADMA30, SDMA30, Arg30; and

ADMA60, SDMA60, Arg60), and at 15 and 45 min of

reperfusion to determine aminotransferase activities

(ALT15, AST15 and ALT45, AST45). All blood sam-

ples were replaced by the same volume of saline solu-

tion. The experiment was terminated and 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 then centrifuged at 4°C at 14,000 rpm for

25 min and the supernatants were collected [28].

Blood enzymes, arginine and its derivatives,

and tissue NOS analyses

eNOS and iNOS protein concentrations were ana-

lyzed in the supernatants by enzyme-linked immuno-

sorbent assay (ELISA) using Quantikine kits (R&D

Systems, Minneapolis, USA). These assays employ

the quantitative sandwich enzyme immunoassay tech-

nique. Monoclonal antibodies specific for eNOS or

iNOS were pre-coated onto microplates. Assessments

were carried out in optimal conditions. All samples

and standards were assayed in duplicate. The optimal

supernatant dilution was chosen. In each supernatant

sample, the protein level was measured. The results

were expressed per protein gram.

Arginine, ADMA, and SDMA concentrations were

measured simultaneously by high-performance liquid

chromatography (HPLC) with fluorescence detection

[2, 32]. The plasma samples and standards were ex-

tracted on a solid-phase extraction cartridge with SCX

50 columns (Varian, Palo Alto, USA). The analytes

were derivatized with o-phthaldialdehyde and sepa-

rated by isocratic reversed-phase chromatography on

a Symmetry C18 column (150 × 4.6 mm, 5 µm particle

size; Waters Corp., Milford, MA, USA). Potassium

phosphate buffer (50 mM, pH 6.6) containing 12%

v/v acetonitrile was used as the mobile phase at a flow

rate of 1.1 ml/min and a column temperature of 35°C.

Fluorescence detection was performed at the excitation

and emission wavelengths of 340 and 450 nm, respec-

tively.

The serum activities of ALT and AST and the con-

centration of protein in the homogenates were assayed

with a commercial enzymatic method in a certified

laboratory.

Statistical analysis

Data are expressed as the mean ± SD. Statistical

analysis of the effect of the drug and I/R on the con-

centrations of eNOS and iNOS was performed using

multivariate analysis of variance (MANOVA). The in-

fluence of drug administration on the initial values of

the liver enzymes (ALT, AST), Arg and arginine de-

rivatives (ADMA, SDMA), and the Arg/ADMA ratio

was analyzed by one-way ANOVA. Statistical analy-

sis of the effect of drug and the time of reperfusion on

ALT, AST, Arg, ADMA, and SDMA levels and the

Arg/ADMA ratio was performed using MANOVA

with repeats. Specific comparisons were made with

Tukey’s HSD test. Statistica 6.0 software was used.

Hypotheses were considered positively verified at p �

0.05.

Results

eNOS and iNOS

I/R caused a significant increase in eNOS protein con-

centration in both the untreated (C vs. C-IR, p < 0.001)

and SV-treated groups (S vs. S-IR, p < 0.05). An in-

fluence of the drug on eNOS level was observed only

after 3 weeks of treatment (S vs. C, p < 0.05). No effect

of SV on eNOS protein concentration was observed af-

ter I/R (S-IR vs. C-IR, p = NS (non-significant)). I/R

caused a significant increase in iNOS concentration

only in the non-SV-treated groups (C vs. C-IR, p < 0.05).

iNOS level insignificantly increased after I/R in the

SV-treated groups (S vs. S-IR, p = NS) (Fig. 1).

ADMA, SDMA, Arg and Arg/ADMA

After 3 weeks of SV administration, no significant

differences in ADMA-INI, Arg-INI, SDMA-INI, and

the Arg-INI/ADMA-INI ratio were found between the

groups (p = NS in all cases) (Tab. 1).

After warm ischemia, the Arg concentration was

significantly higher compared to the initial level be-

fore ischemia in the SV-treated group (Arg-INI vs.

Arg0, p < 0.05 in S-IR) (Fig. 2C). Values of ADMA,

SDMA and Arg/ADMA ratio after ischemia period

were not different from the values before ischemia in

both SV-treated and non-treated groups (ADMA-INI

vs. ADMA0, SDMA-INI vs. SDMA0 and Arg-INI/
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ADMA-INI vs. Arg0/ADMA0 in groups C-IR and

S-IR, p = NS in all cases) (Fig. 2A, 2B, 2D).

No differences in Arg, ADMA, SDMA, and the

Arg/ADMA ratio were found at 0, 30, and 60 min of

reperfusion between the SV-treated and untreated

groups (Fig. 2).

A significant decrease in Arg concentration was

observed during the first 30 min of reperfusion in both

the SV-treated and untreated groups; Arg levels after

30 and 60 min of reperfusion were significantly lower

than Arg levels after warm ischemia (Arg0 vs. Arg30

and Arg0 vs. Arg60 in C-IR and S-IR, p < 0.001 in all

cases) (Fig. 2C).

Similarly, during the same period, a significant de-

crease in the Arg/ADMA ratio was observed in the

untreated and SV-treated groups (Arg0/ADMA0 vs.

Arg30/ADMA30 and Arg0/ADMA0 vs. Arg60/AD-

MA60, p < 0.005 in C-IR in both cases and p < 0.001

in S-IR in both cases). A significant difference in the

Arg/ADMA ratio between the SV-treated groups was

also observed before ischemia, and after 30 and 60 min

of reperfusion (Arg-INI/ADMA-INI vs. Arg30/AD-

MA30 and Arg-INI/ADMA-INI vs. Arg60/ADMA60

in S-IR, p < 0.05 in both cases) (Fig. 2D).

After I/R, a significant increase in ADMA concen-

tration was observed in the SV-treated and untreated

groups (ADMA-INI vs. ADMA60 in C-IR and S-IR,

p < 0.05 in both cases). A significant increase in

ADMA concentration in the SV-treated group was

also found after 60 min of reperfusion compared with

the value obtained just after ischemia (ADMA0 vs.

ADMA60 in S-IR, p < 0.05) (Fig. 2A).

No significant differences in SDMA level were ob-

served during ischemia and reperfusion in the SV-

treated and untreated groups (Fig. 2B).

Biochemical analyses

No significant increases in liver aminotransferase

(ALT and AST) activity were observed in the SV-

treated rats after 3 weeks of drug administration com-

pared with the untreated groups (p = NS in all com-

parisons) (Tab. 1). A significant increase in ALT ac-

tivity was observed after 45 min of reperfusion com-

pared with pre-I/R ALT activity in the SV-treated and

untreated groups (ALT-INI vs. ALT45, p < 0.05 in

C-IR and p < 0.005 in S-IR) (Fig. 3A). Similar results

were obtained for AST (AST-INI vs. AST45, p < 0.05
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Group C Group S Group C-IR Group S-IR

ADMA-INI [µmol/l] 0.5 ± 0.2 0.6 ± 0.4 0.5 ± 0.1 0.6 ± 0.3

SDMA-INI [µmol/l] 0.5 ± 0.1 0.6 ± 0.3 0.4 ± 0.1 0.6 ± 0.3

Arg-INI [µmol/l] 36.3 ± 23.3 49.4 ± 15.3 41.6 ± 24.9 48.4 ± 18.9

Arg-INI/ADMA-INI 75.3 ± 36.9 141.0 ± 121.0 86.2 ± 44.0 114.8 ± 90.8

ALT-INI [U/l/g] 6.48 ± 2.8 8.32 ± 2.2 6.83 ± 1.8 7.65 ± 1.1

AST-INI [U/l/g] 19.46 ± 9.9 22.93 ± 3.9 19.15 ± 6.6 24.04 ± 3.2
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in C-IR and p < 0.001 in S-IR) (Fig. 3B). No signifi-

cant difference in ALT or AST activity was revealed

between the SV-treated and untreated groups at any

time during the experiment (Fig. 3).

Discussion

Because of conflicting results concerning the influ-

ence of SV on liver function under I/R conditions, our

experiments were designed to assess the effects of this

drug on nitric oxide synthase levels after I/R and on

the concentrations of Arg and its derivatives at vari-

ous time points of I/R. The results of these studies in-

dicate that I/R may modulate NO synthesis by de-

creasing Arg levels and the Arg/ADMA ratio, and by

increasing eNOS, iNOS, and ADMA concentrations.

The increased activity of ALT and AST during I/R

confirmed that the function of liver cells was affected.

A preventive action of SV on the liver may be ob-

served under normal conditions because the eNOS

protein concentration was significantly higher in SV-
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treated group than in the untreated group. Such pro-

tective action was also observed just after the warm

ischemia period, because the Arg concentration was

significantly higher in the SV-treated group than the

values obtained before ischemia. SV may also exert

its protective action after I/R by causing a lower

(compared with the untreated groups) and insignifi-

cantly increased iNOS level.

Large-scale clinical trials of statin safety revealed

hepatotoxicity. Liver dysfunction is usually mild and

asymptomatic, and liver failure is extremely rare [37].

Conversely, some studies demonstrated hepatoprotec-

tive properties of these drugs. For example, in

cisplatin-induced rat liver damage [17], after hepatec-

tomy, or in liver transplantation, statins were hepato-

protective [19, 44]. In our study, I/R caused liver in-

jury with a significant increase in liver enzyme acti-

vity (ALT, AST) after 45 min of reperfusion. No

hepatotoxic influence of SV was seen, because ALT

and AST activity were similar in the SV-treated and

untreated groups after 3 weeks of treatment and dur-

ing reperfusion.

Many different factors may influence NO level in

the liver. NO is synthesized mainly from L-arginine

by NOS. However, increased NO concentration is at

least partly NOS independent and involves a pathway

with S-nitrosothiol, nitroprotein, and nitrosylhemo-

globin formation [22]. Low NO levels after ischemia

may be related to a low intracellular level of the re-

duced form of nicotinamide adenine dinucleotide

phosphate (NADPH) and tetrahydropterin (eNOS co-

factors), limited oxygen support, increased argininase

activity which removes Arg required for NO synthe-

sis, and increased release of NOS inhibitors from the

ischemic organ during reperfusion [27, 34].

Endogenous NO produced by eNOS may protect

liver cells from I/R injury [9, 23]. The protective

properties of NO include inhibition of cellular me-

tabolism and oxygen consumption, inhibition of glu-

cose and protein synthesis, and inhibition of electro-

lyte transport [3]. NO is stored in tissues and mobi-

lized during ischemia. Overproduction of NO may

damage liver function [24]. Extensive production of

NO is cytotoxic because it can react with superoxide

to form toxic peroxynitrite [9]. iNOS can aggravate

liver injury. Upregulation of this isoform plays a great

role in the inflammatory process in the liver and the

inhibition of iNOS reduces liver injury [9, 12].

In our study, we demonstrated that after 40 min of

ischemia and a short period (60 min) of reperfusion,

both eNOS and iNOS protein concentrations were in-

creased. These results are similar to previous reports

[23]. However, there are also other studies in which

increase in protein level of only iNOS and iNOS

mRNA expression [15, 40, 42] or no increase in iNOS

expression has been observed [25]. Such differences

may result from different experimental conditions, for

example, different ischemia or reperfusion times, or

different methods for enzyme activity assessment. It

is worth emphasizing that changes in NOS activity

have been observed after 12–24 h of reperfusion [16,

40]. In our experiment, the reperfusion period was only
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1 h, which may have been too short to inhibit eNOS

synthesis. Lin et al. [23] have observed an increase in

both isoforms of NOS after 40 min of ischemia fol-

lowed by only 90 min of reperfusion. Moreover,

changes in synthase protein concentrations may not

directly reflect increased or decreased enzyme activ-

ity. Hines et al. [13] have suggested that a reduction in

NO synthesis during reperfusion may occur through

inhibition of enzyme function, not its concentration.

In some reports, statins increased eNOS expression

and activity in vascular endothelial cells [36, 41]. The

enhanced expression of eNOS mRNA evoked by pra-

vastatin was associated with attenuated hepatocellular

injury and increased survival of mice subjected to

reduced-size liver ischemia and reperfusion injury

[11]. SV also increased eNOS mRNA expression and

eNOS protein concentration in human vein endothe-

lial cells and could prevent hypoxia-dependent inhibi-

tion of eNOS synthesis [20]. In our study, eNOS pro-

tein concentration was increased after 3 weeks of SV

treatment, which may suggest a protective effect of

this drug on NO synthesis. However, eNOS levels in

the SV-treated and untreated groups were comparable

after I/R. However, the action of SV is not so obvious.

Parker et al. have shown that SV inhibited endothe-

lial-dependent vascular relaxation in aorta and in-

creased reactive nitrogen and oxygen species. More-

over, SV elevated eNOS protein concentration in the

Golgi/mitochondria fraction, but not in plasma mem-

brane. Translocation of eNOS to the intracellular

structures could be responsible for increased per-

oxynitrite formation. They suggested that lipophilic

HMG-CoA reductase inhibitors could promote oxida-

tive stress [32]. The inducible isoform of NOS is re-

sponsible for liver damage after I/R [9, 35]. In our

study, the beneficial action of SV on liver may have

resulted from the inhibition of increased iNOS levels

after I/R that were observed in the untreated groups.

Decreased NO synthesis is also caused by NOS in-

hibitors, such as ADMA [39]. Physiologically, eNOS

activity is inhibited by only 10%. Under such patho-

logical conditions as blood vessel injury, the concen-

tration of methylated arginine derivatives is 3–9 times

higher and eNOS activity inhibition reaches 30–70%

[4]. With altered liver function, for example under

oxidative stress, ADMA concentration is increased

due to increased synthesis and/or inhibited degrada-

tion [5, 30]. With I/R injury, protein methylation is

upregulated to remove altered proteins [38]. Con-

versely, oxidative stress inhibits the activity of the

ADMA metabolizing enzyme dimethylarginine di-

methylaminohydrolase (DDAH) by modifying a criti-

cal cysteine in the enzyme’s active center [21, 29].

Correlation between the concentrations of methylated

arginine derivatives, liver function and survival after

liver transplantation has been observed [27]. Under

pathological conditions, the relationship between the

concentrations of ADMA and Arg is very important

and, therefore, not only ADMA levels, but also the

Arg/ADMA ratio needs to be assessed. Improvement

in endothelium-dependent vasodilation is observed

after L-arginine administration to patients with in-

creased ADMA levels. Such effect was not seen in pa-

tients with low ADMA levels [14]. In our study, the

concentrations of Arg and its derivatives were deter-

mined just after ischemia and during the reperfusion

period. No changes in ADMA level were observed

just after ischemia compared with the values obtained

before ischemia. However, ADMA production can be

increased during 40 min of warm ischemia and re-

leased to the blood during reperfusion when the liver

blood flow is restored. In I/R, a significant increase in

ADMA synthesis and a decrease in Arg concentration

were revealed. The Arg level after 30 min of reperfu-

sion was significantly lower than just after warm

ischemia, and no further changes were observed until

the end of reperfusion (30 min later). The changes in

the Arg/ADMA ratio were similar to those in the Arg

level. An increase in ADMA and a decrease in Arg in

various pathological states have been reported [7, 10,

18]. However, in our study, we attempted to observe

changes of these parameters during ischemia and

reperfusion, which could broaden our knowledge

about the metabolism of Arg as one of the aspects of

NO synthesis modulation in this kind of injury.

In recent years, many studies have focused on as-

sessing novel properties of both old and newly intro-

duced drugs on ADMA inhibition in various patho-

logical states, such as hyperlipidemia, hyperhomocys-

teinemia, and arterial hypertension [1, 6, 26, 43]. In

some of these studies, no influence of statins, such as

SV, atorvastatin [8, 31], and pravastatin [8], on

ADMA concentration was revealed. Simvastatin also

has no effect on ADMA level, although it decreases

tumor necrosis factor � (TNF�) concentration and

improves endothelium function in hypercholestero-

lemia [18]. Similarly, in our study, SV treatment did

not decrease ADMA concentration after 3 weeks of

therapy or after I/R. A slight protective action of SV

was observed only after warm ischemia, when the Arg
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concentration was increased significantly in the SV-

treated groups.

In summary, I/R conditions evoked NO synthesis

disturbance, manifest through a decrease in Arg level

and an increase in both ADMA and nitric oxide syn-

thase levels. Many studies have focused on the influ-

ence of different drugs and xenobiotics commonly

used by patients, who could be potential organ do-

nors, on liver function. We examined the action of the

hypolipemic drug, SV, on rat liver under I/R. The

present study demonstrated that SV did not decrease

ADMA concentration in non-ischemic and ischemic

livers. During ischemia, this drug produced an in-

crease in Arg concentration, which could be a source

of NO. However, after 30 min of reperfusion the Arg

concentration fell. SV’s protective action is likely to

be related to the modulation of eNOS and iNOS con-

centrations. Similar to previous reports, we demon-

strated that SV increased eNOS protein concentration

in normal livers. Additionally, we observed that this

action vanished after I/R. In the case of iNOS, the im-

pact of SV treatment was revealed after I/R. SV may

protect the liver from NO overproduction by inhibit-

ing an iNOS increase after I/R.
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