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Purpose: Hepatotoxicity is one of the most important side effects of the statins therapy
as lipid-lowering agents. However, the mechanism(s) of hepatotoxicity induced by these
drugs is not clearly understood yet, and no hepatoprotective agent has been developed
against this complication.

Methods: The protective effect of N-acetylcysteine (NAC) against statins-induced
cytotoxicity was evaluated by using freshly isolated rat hepatocytes. Hepatocytes were
prepared by the method of collagenase enzyme perfusion via portal vein. This technique
is based on liver perfusion with collagenase after removal of calcium ion (Ca2+) with a
chelator (ethylene glycol tetra acetic acid (EGTA) 0.5 mM). The level of parameters
such as cell death, ROS formation, lipid peroxidation, mitochondrial membrane
potential (MMP) in the statins-treated hepatocytes were determined. Additionally, the
mentioned markers were assessed in presence of NAC.

Results: Incubation of hepatocytes by the statins resulted in cytotoxicity characterized
by an elevation in cell death, increasing ROS generation and consequently lipid
peroxidation and impairment of mitochondrial function. Administration of NAC caused
reduction in amount of ROS formation, lipid peroxidation and finally, cell viability and
mitochondrial membrane potential (MMP) were improved.

Conclusion: This study confirms that oxidative stress and consequently mitochondrial
dysfunction is one of the mechanisms underlying the statins-induced liver injury and
treating hepatocytes by NAC (200 uM) attenuates cytotoxicity.

Introduction
Statins

statins  involving

hepatotoxicity are not

in vitro models.®’

(3-hydroxy-3-methylglutaryl
reductase inhibitors) are the most prescribed agents for
cholesterol lowering and consequently prevention of
obstructive cardiovascular events in the world.® These
pharmaceuticals block the mevalonic acid pathway by
inhibition of the rate limiting step in the hepatic de novo
cholesterol biosynthesis.® Severe adverse effects of the
myopathy
sometimes limit their usage as lipid lowering agents.
Hepatotoxicity characterized by elevation of plasma
transaminases is most common and the frequency of
elevation is 0.5-5% and dose dependent.*> However the
precise molecular mechanisms underlying statins cause
understood.?
metabolized by cytochrome P450 (3A4) enzymes.' The
dose- and time-dependent impairment of mitochondrial
function caused by statins has been observed in different

Different antioxidants administration has been shown to
be useful in reducing oxidative stress and cell death in
hepatocytes. Efficacy of N-acetylcysteine (NAC)
administration as a free radical scavenger in multiple
models of oxidative stress induction has been studied.?

In the present study, isolated rat hepatocytes were
exploited to gain insight into statins hepatotoxicity and
to investigate the role of supplementation with NAC in
reducing toxicity. Markers like reactive oxygen species
(ROS), lipid peroxidation, mitochondrial membrane
potential and cell death in the statins-treated freshly
isolated rat hepatocytes were assessed and the results
were compared to those in NAC-treated hepatocytes.
The hepatoprotective properties of NAC(200 pM)
supplementation against the statins-induced
hepatotoxicity were related to the reduction of ROS
generation, lipid peroxidation and maintenance of
mitochondrial membrane potential.

co-enzyme A

and  hepatotoxicity

statins are
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Material and Methods

Chemicals

Atorvastatin, Simvastatin and Lovastatin were
purchased from sigma-aldrich. NAC was provided
from Acros (New Jersey, USA). 2-vinyl pyridine,
Triethanolamineand (4-(2-hydroxyethyl) 1-
piperazine-ethanessulfonic acid (HEPES) were
obtained from Acros (New Jersey, USA). Albumine
bovine type was purchased from Roche diagnostic
corporation (Indianapolis USA). Rhodamine 123,
5,5’-dithio-bis(2-nitro-benzoicacid)(DTNB), 2,7-
Dichlorofluorescin diacetate (DCFDA) and
clostridium histolyticum extracted Collagenase (Type
I1), were obtained from Sigma Aldrich (St. Louis,
USA). Trichloroacetic acid (TCA), Ethyleneglycol-
bis (p-aminoethylether)-N,N,N’,N'-tetra acetic acid
(EGTA), and Trypan blue were obtained from Merck
(Darmstadt, Germany). Thiobarbituric acid (TBA)
was obtained from SERVA (Heidenberg, New York).
All salts used for preparing buffer solutions were of
analytical grade and obtained from Merck (Darmstadt,
Germany).

Animals

Male Sprague—Dawley rats (weight range: 250-300g)
were provided from Tabriz University of Medical
Sciences, Tabriz, Iran, The animals were housed in an
animal house unit (temperature 21-23°C and 50-60%
relative humidity, fed a standard chow diet and water
ad libitum were used. The animals were handled and
used according to the animal handling protocol of
Tabriz University of Medical Sciences, Tabriz, Iran
which was approved by a local ethic committee.

Hepatocytes isolation

Hepatocytes were isolated from male Sprague—
Dawley rats by a two-step collagenase perfusion as
described previously.® Approximately 85-90% of
hepatocytes excluded Trypan blue (0.1%, w/v) at the
time of isolation. The cells were suspended (1x10°
cell/ml) in Krebs—Henseleit buffer containing 12.5
mM HEPES and incubated under a stream of 95% O,
and 5% CO, in continuously rotating round-bottomed
50 ml flasks at 37°C water bath. Hepatocytes were
kept under the relevant atmosphere for 30 minute to
achieve equilibrium between gas and liquid phases
before the addition of chemicals.

Cell viability

After hepatocyte isolation process, cell viability was
assessed by the extent of plasma membrane intactness
as determined by Trypan blue exclusion test.™
Viability was determined immediately after isolation
and after one, two and three hours after statins
incubation. In experiments NAC (200 uM) and statins
were added contemporarily (There were no significant
difference between before and co-adding of
chemicals).

Reactive oxygen species (ROS) formation

To assess the rate of hepatocytes ROS formation during
statins metabolism, 2, 7-dichlorofluorescein diacetate
(DCF-DA) 1.6 uM was added to the hepatocyte
incubate. DCFH-DA became hydrolyzed to non-
fluorescent dichlorofluorescein (DCFH) in hepatocytes.
Dichlorofluorescin then reacted with reactive oxygen
species to  form  the  highly  fluorescent
dichlorofluorescein. One ml (10° cells) of hepatocytes
was taken and the fluorescence intensity was measured
using a Jasco® FP-750 spectrofluorometer with
excitation and emission wavelengths of 500 and 520 nm,
respectively.'!

Lipid peroxidation

Hepatocyte lipid peroxidation was determined by
measuring the amount of thiobarbituric acid-reactive
substances (TBARS) such as malondialdehyde (MDA),
formed during the decomposition of lipid hydroperoxides
by following the absorbance at 532 nm in a Pharmacia
Biotech Ultrospec 2000 spectrophotometer after treating a
1.0 ml aliquot of hepatocyte suspension (10° cells/ml)
with trichloroacetic acid (70%, w/v) and boiling the
supelr?atant with thiobarbituric acid (0.8%, wiv) for 20
min.

Mitochondrial membrane potential assay

Mitochondrial membrane potential (MMP) in hepatocytes
was assessed by monitoring the uptake of rhodamine 123,
a cationic dye, as described.®™ Isolated cells were
extracted, and then resuspended in original media
containing 1.5uM rhodamine 123. After 10 min of
incubation, the cells were centrifuged and the supernatant
was measured with a Jasco FP-750 spectrofluorimeter.
The amount of dye remaining in the supernatant was
inversely proportional to the membrane potential of the
cells. The results are reported as the difference in
fluorescence intensity between control and treated cells
and expressed as percentage of control.

Statistical analysis

The results are shown as mean +SD, measured at least for
3 different batches of hepatocytes. The differences among
the control and experimental groups were determined by
one way ANOVA followed by Tukey’s post hoc analysis
and a p<0.05 was considered significant.

Results

By adding different concentrations of atorvastatin,
simvastatin and lovastatin to isolated rat hepatocytes and
by use of trypan blue exclusion test, the LCxes of statins
(the statin concentration that caused 50% death after 120
minutes) were found as 450uM for atorvastatin,
simvastatin 200uM and lovastatin 200uM (data not
shown). As shown in Table 1, simvastatin 200uM is the
most cytotoxic statin, because the amount of dead cell in
third hour is more noticeable. Additionally, an optimum
effective dose for NAC that provided an appropriate
protection was found as 200uM. Hepatocytes were treated
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with NAC at the same time that statins were added. It was
found that NAC (200uM) effectively prevented cell death
induced by the statins (Table 1). Markers such as ROS
formation, lipid peroxidation, and mitochondrial
membrane potential were assessed to investigate the
mechanism by which NAC protects hepatocytes against
statins-induced toxicity and elucidate the cause of cell

death induced by statins. A significant amount of reactive
oxygen species were formed when hepatocytes were
treated with atorvastatin (Figure 1), simvastatin (Figure 2)
and/or lovastatin (Figure 3) and supplementation with
NAC (200uM) significantly reduced the statins-induced
ROS generation (Figure 1-3).

Table 1. Prevention of statins cytotoxicity by NAC.

Cytotoxicity (% Trypan blue uptake)

Addition Incubation time (min) 60 120 180
Control (only hepatocytes) 18+1 22+2 2411
+NAC(N-acetylcysteine) 200 uM 15+1 171 21+1
+Atorvastatin 450 pM 36%1° 5242° 68+1°
+NAC200 pM 23+1° 29+1° 38+2°
+Simvastatin 200 uM 38+2° 54+2° 88+2°
+NAC200 uM 25+1° 332" 47+2°
+Lovastatin 200 pM 39+2° 52+2° 74%3°
+ NAC200 uM 28+2° 38+2° 4544

Statin doses are LDs, (The statins concentration caused 50% death after 120 minutes).
NAC (200 pM) was added at the time of statins addition.

Data represent Mean+SE for three independent experiments.

& Significantly different from control group (P<0.05).

b. Significantly different from statins-treated group (P<0.05).
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Figure 1. Atorvastatin- induced ROS formation in isolated rat
hepatocytes and the protective effect of NAC.

NAC (200 pM) was added at the time of Atorvastatin(450 uM)
addition.

Data are shown as MeantSE for three independent
experiments.

& significant VS control group(p<0.05).

P significant VS Atorvastatin treated group(p<0.05).

It has been shown that ROS formation is usually
followed by lipid peroxidation.” Lipid peroxidation
was determined after 120 and 180 minutes after the
statins treatment and it was found that NAC (200uM)
significantly prevented lipid peroxidation in the statins-
treated hepatocytes (Figure 4-6).

The effect of statins on mitochondria as an essential
organelle in energy production was assessed. It was
found that statins caused mitochondrial membrane
potential (MMP)depression (Figure 7-9). NAC

supplementation showed a significant elevation of
mitochondrial membrane potential.
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Figure 2. Simvastatin- induced ROS formation in isolated rat

hepatocytes and the protective effect of NAC.

NAC (200 pM) was added at the time of Simvastatin (200 pM)

addition.

Data are shown as Mean+SE for three independent

experiments.

a: significant VS control group(p<0.05).

b: significant VS Simvastatin - treated group(p<0.05).

Discussion

The results of our study showed the beneficial
protective effects of NAC against statin-induced
hepatotoxicity. Inhibition of the respiratory chain
(complex I and IlI), depolarization of mitochondrial
membrane’ and releasing of Ca®*, are known as the
results of statins exposure.’® The statins are
metabolized by liver cytochrome P450 (CYP 3A4)
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enzymes.® The cytochrome P450 include a superfamily
of monooxygenases whose members function critically
in xenobiotics catabolism.'” The major metabolic
reactions include oxidation of aliphatic carbons,
alkenyl groups and aromatic rings. After oxidation,
subsequent  reactions  involve  N-dealkylations,
dehydration to form C=C double bonds,
dehydrogenation of primary alcohols to an aldehyde
and then a carboxylic acid, and finally glutathione
conjugation of epoxides.'® Mitochondria or cytochrome
P450-dependent metabolism act as ROS production
systems and participate in cell death processes.’® Our
data showed that treating hepatocytes with the statins
produces a significant amount of ROS, induces lipid
peroxidation, reduces mitochondrial membrane
potential and promotes cytotoxicity as compared to the
control group and these effect are dose- and time-
dependent (different doses of the statins were assessed
but data are not shown). Our results are in accordance
with the previous study.” The amount of ROS
formation by Simvastatin was more than that with the
others. The intracellular ROS generation is
accompanied with cell death in cultured hepatocytes.”
The efficacy of N-acetylcysteine (NAC) administration
as a free radical scavenger in multiple models of
oxidative stress induction has been studied.®*? The
administration of N-acetylcysteine (NAC), as an
excellent source of intracellular cysteine and free
radical scavenger, has been shown to have clinical
applications in conditions such as HIV infection,
cancer, heart disease, as well as in smoking, kidney and
liver diseases.” Adding NAC to the cells incubated
with the statins resulted in prevention of ROS
formation, lipid peroxidation, mitochondrial
dysfunction, and finally improving the cells survival.
Therefore, reactive oxygen species formed during the
statins metabolism are scavenged by NAC and this may
have a role in its protective effects in statins
cytotoxicity.
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Figure 3. Lovastatin- induced ROS formation in isolated rat
hepatocytes and the protective effect of NAC.
NAC(200 pM) was added at the time of Lovastatin(200 uM)
addition.
Data are shown as Mean+SE for three independent
experiments.
a : significant VS control group(p<0.05).
b: significant VS Lovastatin - treated group(p<0.05).
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Figure 4. Atorvastatin-induced lipid peroxidation and the
protective effect of NAC.

NAC (200 uM) was added at the time of Atorvastatin(450 pM)
addition.

Data are shown as MeantSE  for three independent
experiments.

a : significant VS control group(p<0.05).

b : significant VS Atorvastatin treated group(p<0.05).
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Figure 5. Simvastatin- induced lipid peroxidation and the
protective effect of NAC.

NAC (200 pM) was added at the time of Simvastatin(200 pM)
addition.

Data are shown as MeantSE for three independent
experiments.

2 - significant VS control group(p<0.05).

®: significant VS Simvastatin - treated group(p<0.05).
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Figure 6. Lovastatin- induced lipid peroxidation and the
protective effect of NAC.

NAC (200 uM) was added at the time of Lovastatin (200 uM)
addition.

Data are shown as MeantSE for three independent
experiments.

a : significant VS control group(p<0.05).

b :significant VS Lovastatin - treated group(p<0.05).
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Figure 7. Effect of Atorvastatin on mitochondrial membrane
potential and the protective role of NAC.
NAC (200 uM) was added at the time of Atorvastatin (450 pM)
addition.
Data are shown as Mean+SE for three independent
experiments.
a : significant VS control group(p<0.05).
b: significant VS Atorvastatin -treated group(p<0.05).
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Figure 8. Effect of simvastatin on mitochondrial membrane
potential and the protective role of NAC.
NAC (200 uM) was added at the time of Simvastatin(200 uM)
addition.
Data are shown as Mean+tSE for three independent
experiments.
a : significant VS control group(p<0.05).
b:significant VS Simvastatin -treated group(p<0.05).
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Figure 9. Effect of lovastatin on mitochondrial membrane
potential and the protective role of NAC.
NAC (200 pM) was added at the time of lovastatin (200 pM)
addition.
Data are shown as Mean+tSE for three independent
experiments.
a : significant VS control group(p<0.05).
b: significant VS lovastatin -treated group(p<0.05).

Conclusion

In summary, in accordance with a previous study’, we
have shown that, statins act as the inducers of oxidative
stress that severely inhibits mitochondria respiration
and decreases mitochondrial membrane potential in rat
hepatocytes. They also promote peroxidation of lipids
and subsequently induce cytotoxicity and cell death.
The treatment of hepatocytes with NAC protected cells
from the statins-induced ROS production, lipid
peroxidation, mitochondrial impairment and cell death.
Hence, supplementation with NAC may be an effective
therapeutic strategy for the prevention and treatment of
clinical conditions caused by statins.
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