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Abstract

Statins are among the most widely used drugs in the management of hypercholesterolemia. In
addition to inhibiting endogenous cholesterol synthesis, however, statins decrease coenzyme Q10
(CoQ10) synthesis. CoQ10 has been reported to have antioxidant properties, and administration of
drugs that decrease CoQ10 synthesis might lead to increased oxidative stress in vivo. Our present
study examined the hypothesis that atorvastatin increased oxidative stress in hypercholesterolemic
patients due to its inhibition of CoQ10 synthesis. We investigated the effects of atorvastatin (10 mg/
d) administration for 5 months on lowering hypercholesterolemia and blood antioxidant status. The
study population included 19 hypercholesterolemic outpatients. Blood levels of lipid and antioxidant
markers, consisting of vitamin C, vitamin E, CoQ10, and glutathione (GSH), and urinary levels of 8-
hydroxy-2'-deoxyguanosine (8-OHdG) were examined pre- and postadministration of atorvastatin.
Atorvastatin administration resulted in a significant decrease in blood levels of total cholesterol,
triglycerides, low-density lipoprotein (LDL) cholesterol, vitamin E, and CoQ10 (P < .05); however,
a significant increase in the ratios of vitamin E/LDL cholesterol and CoQ10/LDL cholesterol was
noted (P < .05). Atorvastatin had no significant effect on red blood cell (RBC) level of GSH and
urinary 8-OHdG. The present study provides evidence that atorvastatin exerts a hypocholesterolemic
effect, but on the basis of the urinary level of 8-OHdG and the blood ratios of vitamin E/LDL
cholesterol and CoQ10/LDL cholesterol, has no oxidative stress-inducing effect.
© 2010 Published by Elsevier Inc.
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1. Introduction
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(ox-LDLs) are known to play a crucial role in the progression
of atherosclerosis [3]. Lipid-soluble antioxidants endowed in
LDLs can prevent or minimize lipid peroxidation.

Coenzyme Q10 (CoQ10) is an antioxidant present in
plasma and lipoproteins [4]. Despite its low concentration
compared with other antioxidants, CoQ10 possesses a high
antioxidant capacity [5], and its concentration in lipoproteins
and plasma has been suggested as a clinically important
index of oxidative stress [6]. Supplementation with CoQ10
inhibits in vivo lipoprotein oxidation and atherosclerosis in
animals [7] and improves endothelial function in some
subjects at risk of cardiovascular disease [8]. 8-Hydroxy-2'-
deoxyguanosine (8-OHdQG) is thought to come from repair of
oxidized DNA and the DNA precursor pool [9,10], and it is
considered to be one of the most reliable urinary biomarkers
of DNA damage because it cannot be absorbed through the
gut [11,12]. CoQ10 supplementation enhances in vitro DNA
resistance toward H,O;-induced oxidative DNA damage in
human lymphocytes [13] and inhibits in vivo DNA strand
breaks in lymphocytes [14].

Statins are among the most widely used drugs in the
management of hypercholesterolemia, and their mechanism
of action is through inhibition of 3-hydroxy-3-methylglu-
taryl-coenzyme A (HMG-CoA) reductase, the rate-limiting
enzyme in the biosynthesis of cholesterol. Several large
clinical trials have shown the efficacy of statins to decrease
coronary heart disease morbidity and mortality in hypercho-
lesterolemic patients in both primary and secondary
prevention [15,16]. A recent review showed that atorvastatin
is associated with greater reductions in LDL cholesterol and
total cholesterol than other statins administered at the same
dose, with the exception of rosuvastatin [17]. In addition to
lowering cholesterol, however, statins also decrease the
synthesis of nonsterol derivatives of mevalonate, including
CoQ10 [18].

The objective of the present study was to test the
hypothesis that administration of atorvastatin exerted lipid-
lowering effect and increased oxidative stress due to its
inhibition of CoQI10 synthesis in hypercholesterolemic
patients. The results of the present study will be helpful to
suggest hypercholesterolemic patients about antioxidant
supplementation when given statin therapy.

2. Methods and materials
2.1. Study subjects and sample collection

Nineteen subjects were recruited as outpatients from
Changhua Christian Hospital in Changhua, Taiwan. In-
formed consent for study enrollment was obtained from each
subject, and all human experimental procedures followed the
ethical standards of Changhua Christian Hospital. The
subjects were without diabetes (fasting blood glucose < 110
mg/dL), hypertension (systolic blood pressure < 135 mm Hg,
and diastolic blood pressure < 85 mm Hg), vitamin
supplementation use, and statin therapy experience. All

subjects had hypercholesterolemia with plasma concentra-
tions of LDL cholesterol greater than 130 mg/dL. The
smoking history and dietary habit of the subjects were
obtained by questionnaire, and 2 subjects were smokers.
Subjects were instructed not to change the lifestyle including
dietary habit and smoking at the initiation of statin therapy.
Atorvastatin (10 mg/d) was administered for 5 months to all
subjects. Urine and blood samples were collected in the
morning after the subjects had fasted overnight before and at
the end of the 5-month atorvastatin therapy. A 6-mL urine
sample was collected by centrifugation at 14 000g and 4°C
for 20 minutes, divided into several aliquots, and stored at
—80°C until analysis. A 10-mL quantity of whole blood was
withdrawn from an antecubital vein, 0.5 mL of red blood cells
(RBCs) was stored at —80°C until analysis, and the other
blood was collected into a heparin-containing plastic tube.
Plasma was collected by centrifugation at 1000g and 4°C for
10 minutes, divided into several aliquots, and stored at —80°C
until analysis or freshly used for vitamin C analysis.

2.2. Red blood cell acid-soluble glutathione measurement

The reduced glutathione (GSH) content of RBC was
determined by high-performance liquid chromatography
(HPLC) as described by Reed et al [19] with some
modification. Briefly, we prepared 10% RBC in phosphate-
buffered saline (PBS). Alkylation of GSH was performed by
adding 200 uL of 100 mmol/L of iodoacetic acid into the
200 uL of 10% RBC. After 15-minute reaction at dark,
400 uL of 0.5 mol/L perchloric acid containing 2 mmol/L
phenanthroline was added into each tube to precipitate
protein. The acid-soluble GSH and oxidized glutathione in
the cellular supernatant were prepared by centrifugation at
5500g for 10 minutes. The resultant pellets were used for total
protein assay. Potassium bicarbonate (KHCO;) was then
added to neutralize the acidic solution. After 15 minutes of
reaction in the dark, 440 uL of 3% 2,4-dinitrofluorobenzene
(in 100% ethanol) was added to each sample and then allowed
to react at 48°C for 8 hours. This was followed by
centrifugation, and GSH and oxidized glutathione were
then analyzed at 365 nm with an HPLC system.

2.3. Urinary 8-OHdG assay

Fifty-microliter aliquots of urine were taken and analyzed
for 8-OHdG by using a JalCA kit according to the
manufacturer’s instructions (JalCA, Nikken SEIL Corpora-
tion, Shizuoka, Japan).

2.4. Plasma CoQ10 measurement

The frozen samples of plasma were allowed to thaw at
4°C before analysis. The plasma level of CoQl0 was
determined according to the methods described by Kar-
pinska et al [20] and Li et al [21]. Briefly, plasma was
pipetted into Eppendorf microcentrifuge tubes and deprotei-
nized with methanol. Next, n-hexane was added. The
mixture was mixed by vortexing for 5 minutes and
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centrifuged at 2500g and 4°C for 15 minutes. Next, the clear
n-hexane layer was transferred to another tube, and the n-
hexane extraction procedure was repeated one more time.
The plasma extracts were combined and evaporated to
dryness under a stream of nitrogen gas. The dry residue was
dissolved in mobile phase, filtered through a membrane
(PVDF filter, 4 mm, 0.45 um; Millipore, Bedford, Mass),
and injected into the HPLC system. A microBondapak C-18
3.9 mm x 30-cm stainless steel column with a guard column
3 x 22 mm packed with microBondapak C-18 was used with
a mobile phase of methanol-n-hexane 85:15 (vol/vol). The
flow rate was 1 mL/min. The wavelength of the UV detector
was 276 nm. To determine the amount of CoQ10 in plasma,
a calibration curve was constructed by plotting the peak areas
vs. the concentration. Linearity was achieved in the
concentration range of 0.12 to 1.92 ug/mL.

2.5. Plasma lipoprotein measurement

Plasma levels of lipoproteins were measured from fasting
blood samples. Such measurements, along with liver
enzymes and the other laboratory measurements were
made by using an automated biochemical analyzer.

2.6. Plasma vitamin E and vitamin C measurements

Plasma vitamin E and vitamin C concentrations were
measured according to the method described in our previous
study [22].

2.7. Statistical analyses

Data are expressed as means + SD. All statistical
procedures were performed with the SPSS statistical
software package (SPSS, Chicago, IL). Multiple linear
regression analysis was applied to assess the importance of
various contributing factors to the blood ratios of vitamin E/
LDL cholesterol and CoQ10/LDL cholesterol. The signif-
icance of the difference between mean values before and
after treatment was determined by l-way analysis of
variance and paired ¢ test; P values < .05 were taken to be
statistically significant.

Table 1

Baseline demographic data of the hypercholesterolemic patients®
Variables Male (n = 11) Female (n = 8)
Age, y 67 £ 12 61 +10
Height, cm 165+ 6 156 £5
Weight, kg 68 £ 12 66 + 12
BMI, kg/cm? 249 +4.1 26.9 £ 43
Systolic blood pressure, mm Hg 134 £ 13 133+ 12
Diastolic blood pressure, mm Hg 85+ 12 85+7
Smoking index, * pack year 73+18.5 0
Smoking, % 18 0

Values are presented as means + SD.
* Smoking index, packs of cigarettes smoked per day x years of smoking.

Table 2
Multiple linear regression analysis of factors contributing to blood ratio of
vitamin E/LDL cholesterol

Independent variables B SE t P

Age, y —0.025 0.035 —-0.727 479
Sex 0.402 0.799 0.503 .623
Body mass index, kg/m> 0.036 0.096 0.376 13
Smoking 0.011 0.027 0.411 .687

* Smoking index, packs of cigarettes smoked per day x years of smoking.

3. Results
3.1. Baseline demographic data of subjects

The baseline demographic data of the 11 males and
8 females enrolled in this study are reported in Table 1.

3.2. Factors contributing to blood ratios of vitamin E/LDL
cholesterol and CoQ10/LDL cholesterol

To identify the factors contributing to the changes in
blood ratios of vitamin E/LDL cholesterol and CoQ10/LDL
cholesterol, multiple linear regression analyses of factors
contributing to blood ratios of vitamin E/LDL cholesterol
and CoQ10/LDL cholesterol are presented in Tables 2 and 3.
Age, sex, body mass index, and smoking did not contribute
significantly to the blood ratios of vitamin E/LDL cholesterol
and CoQ10/LDL cholesterol.

3.3. Effects of atorvastatin on blood and
urinary measurements

To determine the lipid-lowering effect of atorvastatin and
the possible side effect of atorvastatin treatment, the effects
of atorvastatin on blood lipid, glucose, blood urea nitrogen,
uric acid, myopathy indicator, liver function indicators, and
oxidative damage indicator urinary 8-OHdG were investi-
gated. The effects of atorvastatin on blood and urinary
measurements are presented in Table 4. Blood levels of total
cholesterol, triglycerides, and LDL cholesterol were signif-
icantly decreased by atorvastatin therapy (P <.05). However,
atorvastatin had no effect on the blood level of high-density
lipoprotein (HDL) cholesterol. Atorvastatin caused no
adverse liver events on the basis of blood aspartate
aminotransferase and alanine aminotransferase activities.
Atorvastatin showed no effect on fasting blood glucose, uric
acid, or creatinine levels or on blood creatine phosphokinase
activity. The reliable urinary biomarker of DNA repair

Table 3
Multiple linear regression analysis of factors contributing to blood ratio of
CoQ10/LDL cholesterol

Independent variables B SE t P

Age, y 0.0001 0.0001 0.789 438
Sex 0.0001 0.001 0.601 557
Body mass index, kg/m> 0.0001 0.0001 —-0.861 403
Smoking * 0.0001 0.0001 0.777 450

* Smoking index, packs of cigarettes smoked per day x years of smoking.
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Table 4
Effect of atorvastatin on blood and urinary measurements of subjects®

Variable Before dosing ~ After dosing P?
(n=19) (n=19)

Total cholesterol, mmol/L 6.16 £ 0.7 429+0.59 .001*%
Triglycerides, mmol/L 1.74 £ 0.62 1.21+0.28 .001*
HDL cholesterol, mmol/L 1.47 +£0.44 1.53+0.44 .122
LDL cholesterol, mmol/L 3.93 +£0.67 2.25+0.54 .001*
Glucose (AC), mg/dL 99 + 19 94 +7 322
Blood urea nitrogen, mg/dL 17+4 17+ 6 .000
Uric acid, mg/dL 6+1 6+1 722
Creatine phosphokinase, U/L 99 +43 116 + 45 .087
Creatinine level, mg/dL 1.07 £ 0.26 1.11 £0.31 .340
Aspartate aminotransferase, [U/L 26 £11 26+9 .625
Alanine aminotransferase, [U/L 28 £17 26 £ 11 599
8-OHdG/creatinine level, 11.30 + 7.07 13.13£9.13 461

ng/mg creatinine

Values are presented as means + SD. Glucose (AC) indicates fasting
blood glucose.

? One-way analysis of variance and paired ¢ test.

* P <.05.

expressed as 8-OHdG/creatinine was not associated with
atorvastatin therapy.

3.4. Effects of atorvastatin on blood antioxidants

To demonstrate the role of atorvastatin in the blood
antioxidants status, blood concentrations of vitamin C,
vitamin E, CoQ10, and glutathione were determined. The
effects of atorvastatin on blood antioxidants are summarized
in Table 5. Atorvastatin had no effect on blood water-soluble
antioxidants such as vitamin C and glutathione. Blood lipid-
soluble antioxidants such as vitamin E and CoQI10 were
significantly decreased by atorvastatin (P < .05); however,
atorvastatin showed no effect on these 2 parameters after
correction for the total cholesterol level. In contrast,
atorvastatin significantly increased the blood ratios of

Table 5

Effect of atorvastatin on blood antioxidants in subjects®

Variable Before dosing After dosing ~ P*
(mn=19) (m=19)

Vitamin C, umol/L 3523 +£11.93 375+125 429

RBC GSH, umol/L 597 £ 111 524 +179  .085

RBC oxidized glutathione, umol/L  58.8 + 17.4 59.2+264 954

Vitamin E, ymol/L 2647 +6.5 19.73 +7.89  .001*

CoQ10, umol/L 0.42 +0.17 0.25+0.07 .001*

Vitamin E/total cholesterol, 427 +0.75 454+129 133

umol/L/mmol
CoQ10/total cholesterol,
umol/L/mmol
Vitamin E/LDL cholesterol,
umol/L/mmol
CoQ10/LDL cholesterol,
umol/L/mmol

0.068 = 0.028 0.059 +0.014 .064
6.77 £ 1.43 898 £2.85 .001*

0.106 + 0.043 0.113 +£0.027 .032*

Values are presented as means + SD.
# One-way analysis of variance and paired 7 test.
* P <.05.

vitamin E/LDL cholesterol and of CoQ10/LDL cholesterol
(P <.05).

4. Discussion

In the present study, blood levels of total cholesterol,
triglycerides, and LDL cholesterol were significantly de-
creased by atorvastatin therapy (P < .05). The total
cholesterol- and LDL cholesterol-lowering effect of atorvas-
tatin was consistent with that of Nozue et al [23]. The
magnitude of decrease in blood LDL cholesterol is 39% in
Nozue et al [23] and 43% in ours, both are significant.
In addition to reducing cellular cholesterol and isoprenoid
levels, certain statins are reported to produce large (22%-45%)
reductions in triglyceride levels attributed to decreased hepatic
secretion of very low-density lipoprotein (VLDL) cholesterol
[24]. Statins have little effect on blood levels of HDL
cholesterol. In the present study, atorvastatin resulted in a
significant reduction in blood levels of triglycerides; how-
ever, it showed no effect on blood levels of HDL cholesterol.
These results are consistent with those of previous studies.

The effect of statins on redox status is paradoxical. In
addition to their lipid-lowering effect, statins exhibit
pleiotropic actions including antiinflammation, antithrom-
bosis, and antioxidation [25]. Oxidative stress is involved in
atherosclerosis, and the antioxidative effect of statins is a
concern. The GSH system, an important protective system
against oxidative damage, may be affected by statins. In one
study, plasma levels of GSH were significantly increased by
10 mg/d atorvastatin in hypercholesterolemic patients [26].
However, in a comparative dose-dependent study of
atorvastatin, simvastatin, and pravastatin, erythrocyte GSH
remained unchanged after statin treatment in hypercholes-
terolemic patients [27]. In the present study, 10 mg/d
atorvastatin did not affect the RBC GSH level. Urinary 8-
OHdG, a biomarker of oxidative stress, was significantly
decreased by 10 mg/d atorvastatin in diabetic persons with
hypercholesterolemia [28]; however, the same dosage of
atorvastatin in the present study showed no significant effect
on urinary 8-OHdG. The difference between these 2 studies
may be the presence of diabetes.

In apoEf/ " mice, vitamin E may positively counteract
atherosclerotic lesions, and the higher circulating levels of
vitamin E are, the lower the atherosclerotic progression [29].
In hypercholesterolemic men treated with simvastatin (20
mg/d) for 12 weeks, serum vitamin E decreased by 16.2%
(P <.001) and ubiquinol-10 by 22.0% (P < .001); however,
glucose and vitamin C levels remained unchanged [30]. In
men, approximately 30% of vitamin E is bound to HDL
cholesterol and 60% to LDL cholesterol in plasma [31].
Thus, the decrease of serum vitamin E is expected to occur
via lowering of LDL cholesterol by simvastatin. Simvastatin
not only changes the level of circulating LDL cholesterol but
also the composition of circulating LDL cholesterol [32].
The proportion of protein is increased; in contrast, the
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proportions of free cholesterol and cholesterol esters are
decreased. A more adequate expression of the circulating
vitamin E level is that corrected by the cholesterol level [33].

One study showed that statin-treated patients with
metabolic syndrome had higher plasma levels of vitamin E
(P = .02) than did statin-free patients after correction for
cholesterol levels [25]. Hypercholesterolemic patients trea-
ted with 10 mg/d atorvastatin showed a reduction of urinary
isoprostanes after only 3 days (—18.8%; P < .01); a stronger
reduction of urinary isoprostanes was noted after 30 days
(=37.1%; P < .01) [34]. Meanwhile, an increase in plasma
vitamin E (+42%; P < .01) and a decrease in total cholesterol
(—24.9%; P < .01) were observed after 30 days. Hypercho-
lesterolemic patients had enhanced oxidative stress and low
levels of vitamin E compared with controls, and these defects
were corrected after statin treatment [34]. These findings
have several possible clinical implications. Oxidative stress
is recognized to play a crucial role in atherosclerosis. First,
the possible antiatherosclerotic property of statins is
corroborated by the increase in the plasma antioxidant
vitamin E. Second, it is not necessary for statin-treated
patients to be supplemented with antioxidant vitamins
because no further increase in oxidative stress resulted.
This speculation is confirmed by a previous study showing
no further decrease of isoprostanes in statin-treated patients
given vitamin E concurrently [35].

Levels of lipid-soluble antioxidants such as vitamin E and
CoQ10 were significantly lower in subjects receiving
atorvastatin (P < .05). However, after correction for LDL
cholesterol, the plasma levels of these two antioxidants were
significantly greater in subjects receiving atorvastatin. These
results are consistent with that of a previous study performed
by Colquhoun et al [36]. In that study, simvastatin therapy of
20 mg/d significantly reduced plasma levels of vitamin E and
CoQI10 in hypercholesterolemic subjects after 6 months.
However, the plasma ratios of vitamin E/LDL cholesterol
and CoQ10/LDL cholesterol increased significantly. Blood
CoQ10 is mainly present in the plasma fraction (about 75%),
where it is associated with lipoproteins; the remaining 25% is
in cellular components [4].

It is reported that CoQ10 is secreted from the liver into
VLDL [37]. VLDL undergoes remodeling during circulation
in blood, and vitamin E and CoQ10 carried by VLDL are
likely transferred to LDL. As suggested by the previous
literature, atorvastatin did not cause any adverse effect on
plasma levels of vitamin E and CoQ10. It might be
inappropriate to express blood levels of lipid-soluble
antioxidants in microgram per milliliter because they are
carried by lipoproteins; however, their values should be
corrected for blood lipoproteins. In the present study, blood
level of water-soluble antioxidant vitamin C was not affected
by atorvastatin treatment. Based on the criteria of optimal
blood vitamin C range reported by Gey [38], the blood
vitamin C nutritional status of our subjects is suboptimal and
this may to due to the unhealthy dietary habits. However,
blood vitamin E nutritional status is acceptable according to

the criteria proposed by Horwitt et al [39] and Thurnham et al
[40], and plasma value of micromole of vitamin E per
micromole of cholesterol greater than 2.25 is believed to be
satisfactory. According to the level of blood antioxidants, the
vitamin E intake of the subjects is appropriate and the
vitamin C intake of the subjects needs to be improved.

Myopathy and asymptomatic but marked and persistent
increases in liver transaminases are the most serious
adverse effects of statin use [41]. In hypercholesterolemic
patients, 10 mg/d atorvastatin for 8 weeks resulted in a
significant increase in serum levels of aspartate amino-
transferase and alanine aminotransferase, and several
patients had serum concentrations higher than the upper
normal limits [41]. However, 10 mg/d atorvastatin for 5
months did not cause abnormal liver enzyme elevation in
hypercholesterolemic patients in the present study. This
result indicates the safety of the used atorvastatin dosage to
our subjects in the present study.

Myalgia is a disease related to statin therapy. However, no
patients in the present study reported myalgia. Myopathy is a
reversible adverse effect associated with all statins, and it is
defined as a serum creatine kinase (CK) level more than 10
times the upper limit of normal with muscle symptoms [42].
The CK elevation has been reported in humans [43] and
rabbits [44] receiving statins. Atorvastatin increased blood
levels of CK of subjects in the present study; however, the
effect was not significant. In the present study, fasting blood
levels of glucose, urea nitrogen, uric acid, and creatinine
were not affected by atorvastatin therapy.

In conclusion, treatment of hypercholesterolemic patients
with 10 mg/d atorvastatin for 5 months is safe according to
the effects on liver function, myopathy, urinary 8-OHdG,
and blood levels of lipid-soluble antioxidants. The atorvas-
tatin dose used in the present study is effective to lower
blood levels of lipoproteins and increase the blood ratios of
vitamin E/LDL cholesterol and CoQ10/LDL cholesterol that
indicate that administration of atorvastatin has no oxidative
stress-inducing effect and it is not necessary to give
antioxidants supplementation to subjects receiving atorvas-
tatin treatment. There are limitations of the study. The study
subjects were from a single outpatient service in the
Changhua Christian Hospital in Changhua, Taiwan, and
thus limited by a small sample size.
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