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Abstract
Background and objective
The hypolipidemic statins have been associated with various side effects, and in some cases, adverse
reactions in humans and experimental animals, such as myotoxicity, neurobehavioral toxicity, as well as
liver and kidney injuries. The purpose of the present study was to examine the possibility of the induction of
oxidative stress in the brain and plasma of mice dosed with single or repetitive doses of three statins
(atorvastatin, simvastatin, and rosuvastatin).

Methods
Male Swiss-origin mice were dosed orally with single doses of each of the three statins at 500 or 1000 mg/kg
of body weight. Other groups of mice were dosed orally with repeated daily doses of each of the statins at
200 mg/kg of body weight/day for 14 or 28 consecutive days. These doses of statins were chosen to not
produce overt toxicity in mice within the time frame allocated for each experiment. Brain and plasma
glutathione (GSH) and malondialdehyde (MDA) levels, as well as liver enzymes activities alanine
transaminase (ALT) and aspartate transaminase (AST), were determined using commercial kits.

Results
Single-dose treatments of the mice with the statins at either 500 or 1000 mg/kg significantly and dose-
dependently (p < 0.05) reduced the GSH level in the plasma and the whole brain when compared with
respective control values. Atorvastatin was the least effective statin, as only the high dose achieved a
significant reduction in brain GSH level in comparison with the respective control value. Repetitive
administration of the three statins at 200 mg/kg of body weight/day for 14 or 28 consecutive days
significantly and time-dependently reduced plasma and brain GSH levels in comparison with respective
control values. The oxidative stress biomarker MDA level significantly increased in the plasma and brain of
mice following single or repetitive treatments with the three statins, and the most effective one was
rosuvastatin. In association with these changes, activities of the liver enzymes ALT and AST were also
increased in the plasma with single and repetitive statin treatments, and the most effective one was
rosuvastatin.

Conclusion
The data suggest an association of high doses of three statins (atorvastatin, simvastatin, and rosuvastatin)
with the induction of oxidative stress manifested as GSH reduction and MDA elevation as adverse effects in
the brain and plasma of mice, which suffered from the additional burden of liver injury. These effects could
be the basis of an in-depth exploration of statin adverse effects in experimental animals and to find an
animal model, probably the mice, for the induction of adverse effects of statins that target the brain, as well
as to shed light on potential statin intolerance outcomes following single-dose treatments in this species.

Categories: Therapeutics
Keywords: hypolipidemic drugs, brain injury, liver injury, liver enzymes, glutathione, malondialdehyde, rosuvastatin,
simvastatin, atorvastatin

Introduction
Many statins with varying structures and chemical and physical properties are clinically used to treat
hypercholesterolemia by blocking the synthesis of cholesterol in the liver following the inhibition of the
rate-limiting enzyme hydroxyl-methyl-glutaryl-CoA reductase [1,2]. Statins are characterized by a wide
margin of safety; however, side effects or even adverse outcomes in association with acute and chronic
treatment regimens have been reported clinically [1,3-5]. These adverse effects include but are not limited to
myotoxicity, neurotoxicity, liver and kidney toxicity, as well as many biochemical alterations [3-7]. Many
studies in experimental animals have also supported and documented adverse effects of statins, such as
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neurobehavioral and locomotive changes [8-11], impairment of neuromuscular function [12], and alterations
in the cholinergic system [10,13]. More recently, we have found adverse effects of statins to be associated
with diverse neurobehavioral changes and reduced brain and blood cholinesterase activity in mice [14].
Within this context, examining statins' toxicity or adverse effects became warranted in light of the
withdrawal of one statin from clinical use [15] and the actual clinical or perceived statin adverse effects [1,3-
5], as well as statin intolerance among certain hyperlipidemic patients [16,17].

Various mechanistic investigations have indicated the involvement of several exacerbated biochemical
events in the induction of statin intolerance, adverse effects, and toxicity. For example, adverse/toxic
outcomes of statins may include reduced blood or tissue cholinesterase activities [10,13,14], hyperkalemia
[18], impaired mitochondrial function [19], and generation of reactive oxygen species causing oxidative
stress [20]. Hepatocellular liver injury with concomitant elevations of alanine transaminase (ALT), aspartate
transaminase (AST), and alkaline phosphatase have been seen during various therapeutic applications of
statins irrespective of the duration of therapy [21]. However, it has been argued that the therapeutic benefits
of statins could be related to their antioxidant actions, which are also implicated in the pleiotropic effects of
these drugs [22,23]. In light of the complex features of statins' effects, whether therapeutic or adverse
outcomes, with regards to their prooxidant-antioxidant impacts [20-23], the present study was undertaken
in mice to examine adverse effects of three commonly used statins (atorvastatin, simvastatin, and
rosuvastatin) on the levels of brain and plasma malondialdehyde (MDA), a metabolic biomarker of oxidative
stress, and the antioxidant glutathione (GSH). Liver enzymes ALT and AST were also determined in the
plasma of the statin-treated mice.

Materials And Methods
Animals and ethics
In this experimental study, we used male Swiss-origin adult mice (age 100-120 days) with body weights
ranging from 30 to 35 g. Animal housing conditions were standardized at temperatures between 20 to 24 ºC
and a 12-h light/dark cycle, with free access to water and laboratory rodent food. This research project was
reviewed and approved by the Departmental Scientific Committee on Research and Animal Care and Use. We
also obtained the approval of the Committee of Postgraduate Studies at the College of Veterinary Medicine,
University of Mosul, Iraq, to conduct the study in mice according to the institutional regulations and ethics
on the use of laboratory animals and their handling in biomedical research, in compliance with the
guidelines of Animal Research: Reporting of In Vivo Experiments (ARRIVE)
(https://www.nc3rs.org.uk/arrive-guidelines) and the Guide for the Care and Use of Laboratory Animals [24].
The Institutional Review Board approval was granted by the College of Veterinary Medicine, University of
Mosul (No. 2144, November 2, 2022), after the University of Mosul provided permission (No. 4S/29927,
October 30, 2022). Human participants or tissues were not used in the present study.

Drugs used
The statins used, atorvastatin, simvastatin, and rosuvastatin, were kindly donated by the State Company for
Drugs Industry and Medical Appliances, Samarra, Iraq. The required drug concentrations were freshly
prepared in distilled water as a vehicle for oral dosing by a gavage needle at a volume of 10 mL/kg of body
weight. Figure 1 outlines the experimental protocol and allocation of 128 mice to different statin treatment
regimens (n= 96) and their appropriate control counterparts treated with distilled water (n= 32). The doses
and treatment regimens of the three statins were as follows: Single-dose treatments consisted of oral dosing
of eight mice per group with each of the three statins at 500 or 1000 mg/kg of body weight. Eight control
mice were treated with distilled water concurrently with each statin dose level. Repeated doses with each of
the statins were at 200 mg/kg of body weight/day for 14 or 28 consecutive days (8 mice/dose group of each
statin/14 days or /28 days), and two control groups of eight mice each were used for each time period.
According to a previous study [14] and our own preliminary experiments, these doses of statins did not
produce overt toxicity in mice within the time frame allocated for each experiment. The mice were randomly
allocated to treatment groups.
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FIGURE 1: The integrated experimental design of the study and
allocation of mice to single or repeated doses of three statins, while
distilled water treatment groups were used as controls.
n: numbers of mice used within each treatment regimen or control group; GSH: glutathione; MDA:
malondialdehyde; ALT: Alanine transaminase; AST: aspartate transaminase.

Samples and measurements
Blood samples were withdrawn from the retro-orbital plexus under terminal anesthesia with ether into
heparinized capillary tubes two hours after the single-dose treatments with the three statins or with distilled
water (control), as well as 24 hours after repetitive statin or distilled water (control) dosing for 14 and 28
days. Thereafter, blood samples were centrifuged at 3000 rpm for 15 minutes to separate the plasma. The
whole brain was dissected out and homogenized with normal saline (1:9) using a homogenizer (OMNI Bead
Ruptor, OMNI International, United States) at a speed of 400 rounds/second.

Brain and plasma GSH and MDA levels were determined by commercial kits purchased from Elabscience
Biotechnology Inc., Houston, Texas, United States. Plasma ALT and AST were determined using commercial
kits obtained from BIOLABO S.A.S., Les Hautes Rives 02160 Maizy, France.

Statistics
The data were statistically analyzed by analysis of variance followed by the least significant difference test,
using IBM SPSS Statistics for Windows, Version 20 (Released 2011; IBM Corp., Armonk, New York). The level
of statistical significance was at p < 0.05.

Results
Single-dose statin treatments
Single-dose treatments with the statins atorvastatin, simvastatin, and rosuvastatin at 500 and 1000 mg/kg of
body weight significantly (p < 0.05) and dose-dependently reduced GSH levels in the plasma and the whole
brain when compared with respective control values (Table 1). The most effective statin in causing
significant reductions in plasma and brain GSH levels was rosuvastatin at 1000 mg/kg (mean ± SE, 36.533 ±
1.33 mg/L and 0.742 ± 0.03 mg/g protein, respectively) when compared with respective control values (69.7 ±
1.43 and 1.411 ± 0.02), and in comparison with the reductions caused by atorvastatin (56.49 ± 1.17 and 1.137
± 0.03) and simvastatin (50.303 ± 1.07 and 1.087 ± 0.03). Atorvastatin had the least effect on GSH since only
its high dose achieved a significant reduction in brain GSH level (1.137 ± 0.03) in comparison with the
respective control value (1.411 ± 0.02).
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Statin groups
Single statin dose

500 mg/kg p-value 1000 mg/kg p-value

Plasma GSH (mg/L)

Distilled water control 65.707 ± 1.66 - 69.700 ± 1.43 0.03†

Atorvastatin 54.131 ± 1.48 0.0001* 56.490 ± 1.17 0.0001*, 0. 192†

Simvastatin 48.930 ± 1.00 0.0001*, 0.005a 50.303 ± 1.07 0.0001*, 0.001a, 0.445†

Rosuvastatin 43.496 ± 0.70 0.0001*a, 0.0004b 36.533 ± 1.33 0.0001*ab†

Brain GSH (mg/g protein)

Distilled water 1.405 ± 0.03 - 1.411 ± 0.02 0.874†

Atorvastatin 1.327 ± 0.02 0.055* 1.137 ± 0.03 0.0001*†

Simvastatin 1.182 ± 0.02 0.0001*a 1.087 ± 0.03 0.0001*, 0.208a, 0.019†

Rosuvastatin 1.127 ± 0.03 0.0001*a, 0.166b 0.742 ± 0.03 0.0001*ab†

TABLE 1: Plasma and brain glutathione levels in mice two hours after a single dose oral treatment
with statins
Values are mean ± SE of 8 mice/group.

GSH = glutathione.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 500 mg/kg dose group of the same statin.

Analysis of variance: plasma GSH data, F= 75.038; brain GSH data, F= 61.319, p < 0.0001.

Statistically significant difference was set at p < 0.05.

The two single doses of each statin (500 and 1000 mg/kg) significantly increased the level of the oxidative
stress biomarker MDA in the plasma and brain of mice in a dose-dependent manner in comparison with
respective control values (Table 2). The statin that caused the highest significant increase in MDA level in
the plasma (983.4 ± 8.46 ng/mL) and whole brain (948.225 ± 5.17 ng/mg) was rosuvastatin at 1000 mg/kg
versus respective control values (75.916 ± 2.0 and 76.012 ± 2.09, respectively). These plasma and brain MDA
levels in rosuvastatin-treated mice were even significantly higher than those of the respective atorvastatin
(180.842 ± 3.69 and 172.875 ± 2.35) and simvastatin (573.780 ± 5.19 and 536.737 ± 5.19) groups. Single doses
of atorvastatin (500 and 1000 mg/kg) had the least effect on MDA level in the plasma (159.250 ± 3.17 and
180.842 ± 3.69) and brain (133.0 ± 1.81 and 172.875 ± 2.35) of mice versus respective plasma (72.075 ± 2.40
and 75.916 ± 2.0) and brain (69.167 ± 2.64 and 76.012 ± 2.09) control values.
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Statin groups
Single statin dose

500 mg/kg p-value 1000 mg/kg p-value

Plasma MDA (ng/mL)

Distilled water 72.075 ± 2.40 - 75.916 ± 2.00 0.548†

Atorvastatin 159.250 ± 3.17 0.0001* 180.842 ± 3.69 0.0001*†

Simvastatin 226.312 ± 2.63 0.0001*a 573.780 ± 5.19 0.0001*a†

Rosuvastatin 655.087 ± 4.80 0.0001*ab 983.400 ± 8.46 0.0001*ab†

Brain MDA (ng/mg)

Distilled water 69.167 ± 2.64 - 76.012 ± 2.09 0.184†

Atorvastatin 133.00 ± 1.81 0.0001* 172.875 ± 2.35 0.0001*†  

Simvastatin 222.812 ± 1.86 0.0001*a 536.737 ± 5.19 0.0001*a†

Rosuvastatin 652.875 ± 5.15 0.0001*ab 948.225 ± 5.17 0.0001*ab†

TABLE 2: Plasma and brain malondialdehyde levels in mice two hours after a single dose oral
treatment with statins
Values are mean ± SE of 8 mice/group.

MDA = malondialdehyde.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 500 mg/kg dose group of the same statin.

Analysis of variance: plasma MDA data, F = 5368.996; brain MDA data, F = 8076.438, p < 0.0001.

Statistically significant difference was set at p < 0.05.

Concomitantly with single-dose changes in GSH and MDA levels, the liver enzyme ALT in the plasma of mice
treated with single doses of the statins (500 and 1000 mg/kg) were significantly above the respective control
values (Table 3). On the other hand, at 500 mg/kg, only rosuvastatin significantly increased plasma AST
activity in comparison with the respective control value, whereas atorvastatin and simvastatin effects did
not attain statistically significant differences (p > 0.05). However, the three statins showed a dose-
dependent effect, as the 1000 mg/kg dose level significantly increased plasma AST activity in comparison
with the control value (Table 3). Additional statistical analysis revealed that the most prominent and
significant adverse effects on ALT and AST activities were due to rosuvastatin treatments at 500 mg/kg
(27.157 ± 0.51 and 37.446 ± 1.11 IU/L, respectively) and 1000 mg/kg (30.842 ± 0.62 and 53.661 ± 1.08,
respectively) when compared to respective plasma ALT (4.568 ± 0.21 and 4.802 ± 0.23) and AST (10.815 ± 0.56
and 10.701 ± 0.47) control values.
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Statin groups
Single statin dose

500 mg/kg p-value 1000 mg/kg p-value

Plasma ALT (IU/L)

Distilled water control 4.568 ± 0.21 - 4.802 ± 0.23 0.233†

Atorvastatin 12.187 ± 1.33 0.0001* 12.846 ± 0.41 0.0001*

Simvastatin 11.516 ± 0.42 0.0001* 0.439a 16.003 ± 0.32 0.0001*a†

Rosuvastatin 27.157 ± 0.51 0.0001*ab 30.842 ± 0.62 0.0001*†ab

Plasma AST (IU/L)

Distilled water 10.815 ± 0.56 - 10.701 ± 0.47 0.978†                                          

Atorvastatin 16.702 ± 0.48 0.153* 33.123 ± 0.90 0.0001*†

Simvastatin 17.096 ± 0.59 0.128* 0.923a 25.240 ± 0.64 0.001*, 0.058 a, 0.05†

Rosuvastatin 37.446 ± 1.11 0.0001*ab 53.661 ± 1.08 0.0001*†ab

TABLE 3: Plasma alanine transaminase and aspartate transaminase activities in mice two hours
after a single dose oral treatment with statins
Values are mean ± SE of 8 mice/group.

ALT = alanine transaminase; AST= aspartate transaminase.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 500 mg/kg dose group of the same statin.

Analysis of variance: ALT data, F = 245.973; AST data, F = 364.383, p < 0.0001.

Statistically significant difference was set at p < 0.05.

Repeated statin treatments
Repeated dosing of mice with each of the three statins at 200 mg/kg/day for 14- and 28 consecutive days
significantly and time-dependently reduced plasma and brain GSH levels in comparison with respective
control values (Table 4). Within these time frame treatment regimens, rosuvastatin had the most prominent
effect among statin treatment groups on reducing plasma (27.402 ± 0.96 and 19.908 ± 0.85) and brain (0.747
± 0.03 and 0.408 ± 0.03) GSH levels, respectively, when compared with concurrent control values in the
plasma (67.333 ± 1.04 and 68.070 ± 1.10) and the brain (1.417 ± 0.02 and 1.442 ± 0.03).
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Statin groups
Duration of statin treatment

14 days       p-value 28 days p-value

Plasma GSH (mg/L)

Distilled water control 67.333 ± 1.04 - 68.070 ± 1.10 0.626†

Atorvastatin 45.572 ± 1.18 0.0001* 51.756 ± 1.10 0.0001*†

Simvastatin 44.773 ± 1.21 0.0001* 0.597a 43.837 ± 1.00 0.0001*a, 0.536†

Rosuvastatin 27.402 ± 0.96 0.0001*ab 19.908 ± 0.85 0.0001*†ab

Brain GSH (mg/g protein)

Distilled water 1.417 ± 0.02 - 1.442 ± 0.03 0.731†

Atorvastatin 1.122 ± 0.03 0.0001* 0.857 ± 0.03 0.0001*, 0.001†  

Simvastatin 0.843 ± 0.12 0.0001*a  0.678 ± 0.03*†a 0.0001*, 0.017a, 0.0260†

Rosuvastatin 0.747 ± 0.03 0.0001*a, 0.189b 0.408 ± 0.03 0.0001*†ab  

TABLE 4: Plasma and brain glutathione levels in mice dosed orally with statins at 200 mg/kg of
body weight/day for 14 or 28 consecutive days
Values are mean ± SE of 8 mice/group. The mice were sacrificed 24 hours after the last 14- or 28-day consecutive treatments.

GSH = glutathione.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 14-day value of the same statin.

Analysis of variance: plasma GSH data, F= 254.242; brain GSH, F= 50.059, p < 0.0001.

Statistically significant difference was set at p < 0.05.

Similar to single-dose treatment regimens, the three statins after repetitive treatments for 14- and 28
consecutive days significantly and time-dependently increased plasma and brain MDA levels in comparison
with respective control values (Table 5). The effects of rosuvastatin treatments for 14- and 28 days on MDA
levels in the plasma (1134.153 ± 8.08 and 1234.221) and brain (566.712 ± 5.95 and 1082.00 ± 3.35) of mice
were the most prominent and significant ones among the statins when compared with respective control
values in the plasma (75.195 ± 1.64 and 81.812 ± 1.73) and the brain (64.190 ± 1.27 and 67.912 ± 2.22).
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Statin groups
Duration of statin treatment

14 days       p-value 28 days p-value

Plasma MDA (ng/mL)

Distilled water 75.195 ± 1.64 - 81.812 ± 1.73 0.378†

Atorvastatin 187.953 ± 4.25 0.0001* 187.568 ± 2.46 0.0001*, 0.959†

Simvastatin 268.850 ± 3.74 0.0001*a 620.487 ± 7.59             0.0001*a†

Rosuvastatin 1134.153 ± 8.08 0.0001*ab 1234.221 ± 7.42 0.0001*†ab

Brain MDA (ng/mg)

Distilled water 64.190 ± 1.27 0.747 67.912 ± 2.22 0.747†

Atorvastatin 134.00 ± 1.77 0.0001* 226.037 ± 4.37 0.0001*†  

Simvastatin 185.475 ± 2.20 0.0001*a 332.887 ± 3.51             0.0001*a†

Rosuvastatin 566.712 ± 5.95 0.0001*ab 1082.00 ± 3.35 0.0001*ab†

TABLE 5: Plasma and brain malondialdehyde levels in mice dosed orally with statins at 200 mg/kg
of body weight/day for 14 or 28 consecutive days
Values are mean ± SE of 8 mice/group. The mice were sacrificed 24 hours after the last 14- or 28-day consecutive treatments.

MDA = malondialdehyde.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 14-day value of the same statin.

Analysis of variance: plasma MDA data, F= 8004.814; brain MDA, F= 10270.293, p < 0.0001.

Statistically significant difference was set at p < 0.05.

Repetitive administration of the three statins at 200 mg/kg/day for 14 or 28 consecutive days caused liver
injury similar to that of single-dose statin treatments mentioned above. This was evident by significant and
time-dependent elevations in plasma ALT and AST activities in comparison with respective control values
(Table 6). The most injurious statin was rosuvastatin repetitive dosing for 14 and 28 consecutive days, as the
ALT (44.065 ± 1.15 and 55.317 ± 1.22) and AST (56.036 ± 1.10 and 71.065 ± 1.35) activities were significantly
elevated compared to those of respective control ALT (4.720 ± 0.20 and 4.638 ± 0.25) and AST (11.522 ± 0.49
and 13.037 ± 0.50) values.
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Statin groups
Duration of statin treatment

14 days p-value 28 days p-value

Plasma ALT (IU/L)

Distilled water 4.720 ± 0.20 - 4.638 ± 0.25 0.933†

Atorvastatin 12.682 ± 0.40 0.0001* 16.685 ± 0.38 0.0001*†

Simvastatin 16.670 ± 0.59 0.0001*a 21.311 ± 0.30 0.0001*a†

Rosuvastatin 44.065 ± 1.15 0.0001*ab 55.317 ± 1.22 0.0001*ab†

Plasma AST (IU/L)

Distilled water 11.522 ± 0.49 - 13.037 ± 0.50 0.225†

Atorvastatin 21.225 ± 0.68 0.001* 26.338 ± 0.75 0.0001*†

Simvastatin 25.581 ± 0.48 0.0001*, 0.001a 28.971 ± 1.14 0.0001*, 0.037a, 0.008†

Rosuvastatin 56.036 ± 1.10 0.0001*ab 71.065 ± 1.35 0.0001*†ab  

TABLE 6: Plasma alanine transaminase and aspartate transaminase activities in mice dosed orally
with statins at 200 mg/kg of body weight/day for 14 or 28 consecutive days
Values are mean ± SE of 8 mice/group. The mice were sacrificed 24 hours after the last 14- or 28-day consecutive treatments.

ALT = alanine transaminase; AST = aspartate transaminase.

*p-value for the statistical difference from the respective control group.

ap-value for the statistical difference from the respective atorvastatin dose group.

bp-value for the statistical difference from the respective simvastatin dose group.

†p-value for the statistical difference from the respective 14-day value of the same statin.

Analysis of variance: ALT data, F= 728.139; AST data, F= 577.321, p < 0.0001.

Statistically significant difference was set at p < 0.05.

Discussion
The present study is an experimental mouse model we used to assess the oxidative stress induced by three
statins (atorvastatin, simvastatin, and rosuvastatin) that differ in their pharmacokinetic and
pharmacodynamic effects [1,2,25]. The three statins treatment regimens we applied in mice, consisting of
single-day dosing and repetitive treatments for 14 or 28 days, produced unequivocal oxidative stress in the
form of reduction in the level of the oxidative defense tripeptide GSH in the plasma and brain with a
concomitant increase in the oxidative stress biomarker MDA. These antioxidant/oxidative changes induced
by statins might have resulted from the metabolic production of reactive oxygen species that subsequently
cause organ damage such as the liver at the cellular macromolecular level [20,26]. While the oxidative stress
of statins we reported in the present study further supports and ascertains previous studies in which statin
therapy was associated with stressful conditions at cellular and vital organ levels [20,21,26], caution should
be practiced in interpreting such results. This is because many clinical studies have highlighted the
documented beneficial antioxidant effects of statins in practice [22-25]. Nevertheless, in light of our
findings using relatively high doses of statins and other experimental findings about the adverse effects of
statins reported earlier [8-12,14], we can deduce that oxidative stress is a marker associated with statin
overdose and caution should be practiced clinically when treating patients with statins. This notion is
especially important as statins can produce liver damage [3] and oxidative stress-related myopathy [27]. Our
findings might be important to certain groups of patients such as those with liver failure and renal failure
since the kinetics of statins will be different in such patients predisposing them to higher serum
concentrations of statins and a higher incidence of side effects like oxidative ones. Therefore, based on our
current findings and those of others [20,26], we propose that oxidative stress induced by statins could be
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associated with liver damage, as the results have shown increased ALT and AST activities, which indicate
liver injury.

Additional significant specific organ insult caused by the statins could be the central nervous system since
elevated oxidative stress biomarker MDA and the reduction of the antioxidant GSH content were also found
in the whole brain of the treated mice in the present study. Albeit, these effects and the reported
cholinesterase activity reduction [10,13,14], myopathy [3,5], and the current evidence considering the brain
as a non-therapeutic (hypolipidemic) target for statins [28], could be related to neurobehavioral alterations
reported in experimental animals [8,14,28]. Keeping these adverse effects in mind, especially those of the
single statin doses, and in light of the possibility of statin intolerance [16,17] reported clinically, further in-
depth exploration of an animal model for single-dose statin intolerance is warranted. It is, however, difficult
to directly extrapolate experimental animal-based data to humans because of species variation, and the drug
dosages used clinically could vary considerably from those of the experimental studies in animals, in which
doses of statins could be up to 80 times higher than those applied in human beings [1,2,25,29]. This is
especially true when the endpoint effect is not the plasma cholesterol [14,28,29].

It should be stressed within the context of potential adverse effects of statins, that such effects could vary
among different types of statins since they have non-identical pharmacokinetic and pharmacodynamic
properties [1,2,25]. In the present study, atorvastatin (single and repetitive treatments) had the least effect
compared to simvastatin and rosuvastatin in producing MDA elevation or GSH reduction in the brain. This
outcome could be associated with the reported intrinsic variations in pharmacokinetic properties, together
with liver metabolism, neuronal effects, and tissue uptake of a particular statin [2,25,29,30].

Limitations of the study
We used the whole brain for measuring the GSH and MDA levels. However, statin treatments could produce
varying changes in GSH and MDA contents among different regions of the brain. In addition, we deduced
liver injury from the elevated ALT and AST activities without performing histopathological examinations,
which were out of the scope of the current research. It is also possible that statin treatments might have
affected other organ systems such as the kidney, as well as other biochemical variables such as the lipid
profile of the mice. Albeit, future studies would address these potential research areas.

Conclusions
The present findings suggest an association of high doses of three statins (atorvastatin, simvastatin, and
rosuvastatin) with the induction of oxidative stress, manifested as GSH reduction and MDA elevation, as
adverse effects in the brain and plasma of mice, which also suffered from the additional burden of liver
injury. These effects could form the basis for an in-depth exploration of the adverse effects of statins in
experimental animals and help in identifying a suitable animal model, possibly mice, for the induction of
adverse effects of statins that specifically target the brain. This study also highlights the need to further
investigate potential statin intolerance outcomes following single-dose treatments in this species. Future
studies should aim to examine and delineate any contradictions between the pro-oxidant and antioxidant
impacts of statins in experimental animals.
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