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Abstract

Background—Coenzyme Q10 (CoQ10) is a provitamin synthesized via the HMG-CoA reductase
pathway, and thus may serve as a potential marker of intrinsic HMG-CoA reductase activity. HMG-
CoA reductase inhibitors (statins) decrease CoQ10, although it is unclear whether this is due to
reductions in lipoproteins, which transport CoQ10.

Objectives—We evaluated whether baseline plasma CoQ10 concentrations predict the lipid-
lowering response to high-dose atorvastatin, and to what extent CoQ10 changes following
atorvastatin therapy depend on lipoprotein changes.

Methods—Individuals without dyslipidemia or known cardiovascular disease (n=84) received
atorvastatin 80 mg daily for 16 weeks. Blood samples collected at baseline and after 4, 8, and 16
weeks of treatment were assayed for CoQ10.

Results—Individuals with higher baseline CoQ10:LDL-C ratios displayed diminished absolute and
percent LDL-C reductions at 8 and 16 weeks of atorvastatin treatment (P<0.001 to 0.01). After 16
weeks of atorvastatin, plasma CoQ10 decreased 45% from 762+301 ng/ml to 374+150 ng/ml
(P<0.001). CoQ10 changes were correlated with LDL-C and apolipoprotein B changes (r=0.27-0.38,
P=0.001-0.02), but remained significant when normalized to all lipoproteins. CoQ10 changes were
not associated with adverse drug reactions.

Conclusion—Baseline CoQ10:LDL-C ratio was associated with the degree of LDL-C response to
atorvastatin. Atorvastatin decreased CoQ10 concentrations in a manner that was not completely
dependent on lipoprotein changes. The utility of CoQ10 as a predictor of atorvastatin response should
be further explored in patients with dyslipidemia.
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INTRODUCTION

HMG-CoA reductase inhibitors (statins) are commonly used to treat dyslipidemia. Atorvastatin
is the most commonly prescribed statin worldwide. We and others have described remarkable
interpatient variability in the lipid-lowering response to atorvastatin at both low and high doses,
1,2 an important consideration given that higher doses of statins are indicated in some patient
populations.3: 4 Attempts to define predictors of the lipid-lowering response or clinical
outcome, such as through use of genetic polymorphisms® or inflammatory markers,% have been
helpful but not completely informative. Identifying patients that might benefit from a statin
through the use of biomarkers could have significant implications for clinical outcomes, public
health, and resource utilization.

Much like cholesterol, coenzyme Q10 (CoQZ10) is a downstream product of the mevalonate
pathway (Figure 1). HMG-CoA reductase, the target of statins, is the rate-limiting enzyme of
the mevalonate pathway. The literature is replete with reports that statins reduce circulating
CoQ10,” presumably a consequence of inhibiting HMG-CoA reductase. Since cholesterol and
CoQ10 share the same biosynthetic pathway, circulating CoQ10 in untreated patients may
reflect intrinsic HMG-CoA reductase activity. Thus, patients with different levels of HMG-
CoA reductase activity, as evidenced by different baseline CoQ10 concentrations, may exhibit
variable lipid-lowering responses to HMG-CoA reductase inhibitors. The usefulness of
baseline plasma CoQ10 concentrations has not been investigated as a predictor of statin
efficacy.

Beyond the potential for CoQ10 to serve as a marker of effectiveness, several critical issues
remain concerning changes in CoQ10 following statin therapy. The effect of high-dose statins
on CoQ10 when used for prolonged duration is unknown. A recent survey of the effects of
statins on circulating CoQ10 revealed that the only study to test atorvastatin 80 mg, the highest
available dose, was 30 days in duration and enrolled 34 individuals, while the longest study (1
year) only investigated atorvastatin 10-20 mg.8: © Additionally, many studies have not
corrected for reductions in lipoprotein or apolipoprotein concentrations — an important
consideration given that a large percentage of circulating CoQ10 is transported by low-density
lipoprotein cholesterol (LDL-C) and other apolipoprotein B containing proteins, as well as
highdensity lipoprotein cholesterol (HDL-C).” Failure to account for these changes may
explain the inconsistent relationship between plasma CoQ10 levels and muscle side effects in
response to statins.

To address these issues surrounding statin efficacy and safety as related to CoQ10, we
investigated 1) the relationship between baseline CoQ10 and lipid-lowering responses to high-
dose atorvastatin, 2) CoQ10 responses to high-dose atorvastatin, corrected for lipid changes,
and 3) the relationship between CoQ10 changes and adverse drug reactions.

METHODS

Participants and Study Protocol

The study population and protocol have been previously described.! Briefly, individuals were
eligible for participation if they did not have any of the following: known coronary disease,

symptomatic carotid artery disease, peripheral vascular disease, diabetes, history of aneurysm,
dyslipidemia requiring drug therapy, Framingham 10-year risk > 20%, malignancy, pregnancy,

J Clin Lipidol. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pacanowski et al.

Page 3

liver transaminases > 2 times the upper limit of normal, active alcohol abuse, history of
unexplained muscle pain, or previous treatment with prescription lipid-lowering drugs. Women
of child bearing potential had to agree to a reliable form of birth control throughout the study,
and pregnancy tests were performed at every study visit.

Once eligibility was met, participants underwent a 2-week control phase in which no
atorvastatin was administered. Subsequently, participants received atorvastatin 80 mg daily
for 16 weeks. Participants were counseled to maintain current levels of diet and activity at
every study visit. Participants were seen every 4 weeks during the treatment phase and blood
was drawn for biochemical analysis of the early (4-week), intermediate (8-week), and late (16-
week) effects of atorvastatin on various biomarkers. Study visits were performed at
approximately the same time each visit (~8:00 am to 10:30 am) to minimize diurnal variation
in biomarker concentrations. Furthermore, baseline, 8-week, and 16 week lipoprotein analyses
were performed in the fasting state. All visits were performed at the University of Florida
General Clinical Research Center (GCRC). All participants provided written informed consent,
and the study protocol was approved by the University of Florida institutional review board
and GCRC Scientific Advisory Committee.

Measurement of Plasma CoQ10

The concentrations of CoQ10 in plasma were measured by liquid chromatography tandem mass
spectrometry (LC/MS/MS) by modification of the method described by Hansen and colleagues.
10 Briefly, plasma samples were mixed with internal standard (ubiquinone-9, CoQ9) and a
solution of 1,4-benzoquinone, which was used to completely oxidize ubiquinol (CoQ10H2) to
ubiquinone (CoQ10). After 15 minutes, 1-propanol (1 mL) was added and the samples were
vortex-mixed for 2 minutes and centrifuged (2000 x g) for 10 minutes at 4°C. The supernatant
was transferred to autosampler vials and 10 pL was injected into the system. Chromatography
was performed on a Thermo Scientific Hypersil Gold C18 column (50 x 2.1 mm, 5 pum) using
a mobile phase of isopropanol and methanol (20:80, v/v) delivered isocratically at a flow rate
of 0.5 mL/min. The LC/MS/MS system consisted of a Thermo TSQ Quantum mass
spectrometer, Surveyor autosampler, and Surveyor MS pump (Thermo, San Jose, CA). The
LC/MS/MS was equipped with an atmospheric pressure chemical ionization source operated
in the positive ionization mode. The ion transitions selectively monitored were mass-to-charge
ratio (m/z) 863.7 to 197 and m/z 795.6 to 197 for CoQ10 and CoQ9, respectively. The lower
limit of quantitation was 50 ng/ml. The respective within and between assay variability was
7.8% and 7.5% at 150 ng/ml and 8.7% and 7.5% at 1500 ng/ml.

Statistical Analysis

Data are presented as means and standard deviations unless otherwise stated. Baseline CoQ10
measurements were calculated as the averaged CoQ10 concentration from the beginning and
end of the 2-week run-in period to serve as a control on differences within subjects. Repeated
measures analysis of variance (RANOVA) was performed to test the effect of atorvastatin on
changes in CoQ10, total cholesterol, LDL-C, HDL, triglycerides, apolipoprotein A, and
apolipoprotein B concentrations over the course of the study. Changes in the ratio of CoQ10
to each apo-/lipoprotein fraction were also evaluated using RANOVA. Correlation between
changes in CoQ10 concentrations and apo-/lipoprotein fractions were evaluated using
Spearman’s correlations. Spearman’s correlations and multivariable linear regression were
performed to determine whether baseline CoQ10 concentrations and CoQ10:LDL-C ratios
(normalized by 104 to be unitless) predicted the LDL-C-lowering response (percent and
absolute changes) to atorvastatin at 8 weeks and 16 weeks. Percent and absolute changes in
LDL-C were assessed as dependent variables, as there is epidemiological support that both
surrogate endpoints are important depending on the clinical outcome studied.11: 12 The
multivariable model was constructed from the following variables using the stepwise procedure
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(entered if P<0.1, retained if P<0.05): baseline CoQ10, LDL-C, CoQ10:LDL-C ratio,
triglycerides, HDL-C, total cholesterol, apolipoprotein A, apolipoprotein B, age, sex, race,
body mass index (BMI), and smoking. Analyses were based on intention to treat and were
performed with the last observation carried forward in the presence of missing data. The
threshold for significance was P<0.05. All statistical analyses were performed using SAS
version 9.1 (SAS Institute, Cary, NC).

Of the 84 enrolled participants, the majority of patients had complete biochemistry data on
lipoprotein concentrations and plasma CoQ10 concentrations at all time points of interest. A
schematic of reasons for incomplete data is shown in Figure 2. The mean age (£SD) of study
participants was 31+13 years, 63% were women, and 71% were white. Baseline lipid profiles
and changes in these parameters over 16 weeks are shown in Table 1.

Treatment with atorvastatin 80 mg significantly modulated all parameters of the lipid profile
except for HDL-C and apolipoprotein A concentrations. Specifically, atorvastatin resulted in
the following changes after 8 weeks: total cholesterol -18.6%, LDL-C -54.9%, HDLC -0.3%,
triglycerides -18.6%, apolipoprotein A -1.2%, and apolipoprotein B -42.2%. Similar changes
were observed after 16 weeks of therapy, which are shown in Table 1.

Absolute and relative changes in individuals’ plasma CoQ10 concentrations over time are
shown in Figure 3A-B. Changes in plasma CoQ10 concentrations were seen as early as 4
weeks, and persisted at lower levels than baseline in almost all individuals thereafter. Average
plasma CoQ10 concentrations at baseline, and after 4, 8, and 16 weeks of atorvastatin 80 mg
daily were 762+301, 414+182, 392+150, and 374+150 ng/mL corresponding to reductions of
44+18%, 46+15%, and 45+20% from baseline (P<0.0001).

Baseline CoQ10 and baseline LDL-C were correlated (r=0.31, P=0.004). The percent
reductions in LDL-C after 8 weeks and 16 weeks of atorvastatin treatment were significantly
correlated with baseline CoQ10:LDL-C ratio (8 week: r=0.42, P<0.0001; 16 week: r=0.29,
P=0.01), such that higher baseline CoQ10:LDL-C ratio was associated with diminished
response (Figure 4A-B). This relationship was likewise significant for the 8 week absolute
change (r=0.56, P<0.001) and 16 week absolute change (r=0.49, P <0.001) in LDL-C (Figure
4C-D).

Multivariable linear regression examining baseline CoQ10, LDL-C, CoQ10:LDL-C ratio, and
other clinical variables, revealed that baseline CoQ10:LDL-C ratio was the only predictor of
percent reduction in LDL-C after 8 weeks and 16 weeks of atorvastatin therapy (Table 2).
Multivariable regression for the absolute reduction in LDL-C revealed that baseline LDL-C
and CoQ10 were independently associated with the LDL-C response at 8 weeks. Baseline LDL-
C and body mass index were predictive of the absolute change at 16 weeks (Table 2).

The correlation between absolute and percent changes in CoQ10 concentrations with changes
in lipid parameters were examined, revealing no significant correlations between 8-week
changes in CoQ10 concentrations and changes in any lipid parameter (data not shown).
However, the absolute and percent changes in CoQ10 at 16 weeks were significantly correlated
with changes in LDL-C cholesterol and apolipoprotein B at 16 weeks (Figure 5A-D).
Specifically, the correlation coefficients between 16-week percent changes in CoQ10 and
LDL-C, and CoQ10 and apolipoprotein B, respectively, were 0.27 (P=0.02) and 0.29 (P=0.02).
The correlation coefficients between 16-week absolute changes in CoQ10 and LDL-C, and
CoQ10 and apolipoprotein B, respectively, were 0.30 (P=0.01) and 0.38 (P=0.001).
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Because CoQ10 is partially transported by lipoproteins, changes in plasma CoQ10 corrected
for changes in lipid parameters are shown in Figure 6. Of note, atorvastatin effects on CoQ10
adjusted for lipid parameter changes were all significant. However, the magnitudes and
directions of the effects differed depending on the lipid parameter of interest. For example,
while the ratio of CoQ10 to total cholesterol, HDL-C, triglycerides, apolipoprotein A, and
apolipoprotein B decreased significantly, the ratio of CoQ10 to LDL-C increased significantly.
In addition, there was wide variability in the magnitude of CoQ10 change (%) depending on
the lipid parameter included (-47 to +30%; Figure 6).

Atorvastatin therapy was generally well-tolerated. Liver transaminases increased to greater
than 3 times the upper limit of the reference range resulting in study discontinuation in 4
participants. Transaminases returned to baseline within 1 month of discontinuation in all 4
patients. Myalgia requiring discontinuation of treatment occurred in 1 person; there was no
concurrent elevation in circulating CK in this participant. CoQ10 was lowered to 729 ng/ml at
4 weeks and 882 ng/ml at 8 weeks, corresponding to 46% and 34% reductions in this individual,
which was similar to the rest of the sample. Asymptomatic CK elevation leading to
discontinuation by the physician monitor occurred in 1 participant. Moderate diarrhea
prompting discontinuation occurred in 1 patient 9 weeks after initiation of atorvastatin.

DISCUSSION

Studies have consistently demonstrated that statin therapy decreases circulating CoQ10
concentrations, signaling a potential relationship between HMG-CoA reductase, CoQ10, and
statin therapy.” The relationship between baseline CoQ10 concentrations and likelihood for
therapeutic efficacy in statin-treated patients has not previously been described. Furthermore,
the effect of high-dose statin therapy on CoQ10 levels is not well known, and it is unclear if
reductions in CoQ10 are meaningful when considering concomitant changes in lipoproteins,
given that circulating CoQ10 is transported by LDL-C and other lipoproteins. We investigated
these questions in the current study.

No study to date of which we are aware has investigated baseline plasma CoQZ10 concentrations
as a potential predictor of likelihood of response to statins. We hypothesized that pre-treatment
CoQ10 levels may be a surrogate for upstream HMG-CoA reductase activity in vivo. To the
extent that statins work to lower LDL-C through inhibition of HMG-CoA reductase, we
investigated whether baseline CoQ10 was independently associated with LDL-C response after
treatment with atorvastatin 80 mg at either 8 weeks or 16 weeks. Interestingly, it was found
that higher pre-treatment CoQ10:LDL-C ratios were associated with a diminished LDL-C
lowering effect of atorvastatin. This relationship suggests that higher CoQ10 levels at baseline
relative to LDL-C may signal a mevalonate pathway that is preferentially shunted toward
prenylation protein biosynthesis (e.g., geranylgeranyl pyrophosphate pathway predominance)
rather than cholesterol biosynthesis (Figure 1), resulting in attenuated inhibition of hepatic
cholesterol production. This finding could provide mechanistic insight into the variability
around statin responses. The clinical relevance of statin response variability is tremendous
considering that even in large, well-conducted clinical studies in which adequate LDL-C levels
are achieved; the relative risk reduction in clinical endpoints is similar to placebo in
approximately 70% of statin-treated patients.13

We also demonstrated that atorvastatin 80 mg daily lowered average plasma CoQ10
concentrations by approximately 45% over the course of 16 weeks. To our knowledge, only
one other study has investigated the effect of maximally dosed atorvastatin on circulating
CoQ10 and demonstrated a comparable reduction at 30 days (52% reduction).® Interestingly,
the longer duration of our study also demonstrated that the effect of high-dose atorvastatin on
CoQ10 was evident as early as 1 month after treatment (44% lower) and remained at a
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consistently lower level at 8 weeks (46% lower) and 16 weeks (45% lower) relative to baseline.
While the relationship between CoQ10 changes and statin myopathy has been equivocal, it is
important to note that the majority of studies to explore this relationship have been of short
duration. Our data demonstrate that no attenuation in the early effects of atorvastatin on CoQ10
concentrations occurs over time; the long-term impact of these changes on muscle physiology
is unknown.

In this investigation, we also observed a significant correlation between 16-week absolute and
percent changes in CoQ10 and LDL-C and apolipoprotein B. The 16-week correlations
between CoQ10 and percent changes in these lipid parameters were of similar magnitude
(r=0.27 to 0.29). Correlations with absolute changes were slightly stronger (r=0.30 to 0.38).
These findings are consistent with previous observations that LDL-C (the major apolipoprotein
B-containing lipoprotein) is a major carrier of circulating CoQ10.14 Of particular interest, there
were no significant correlations between CoQ10 changes and any lipid parameter at 8 weeks
of treatment, suggesting an early disconnect between the CoQ10- and lipid-modifying effects
of atorvastatin that converges over time. This divergence may have some relevance to the early
“pleiotropic” effects of statins and should be further investigated.

Finally, it has been proposed that decreases in CoQ10 are merely a consequence of reduced
lipoprotein concentrations because CoQ10 is shuttled by various lipoproteins. Thus, we
explored the effect of high-dose atorvastatin on CoQ10 concentrations “corrected” for
lipoprotein and apolipoprotein concentrations. Of interest, atorvastatin still significantly
modulated CoQ10 concentrations when corrected for lipid changes. However, both the
magnitude and directions of these effects were highly variable depending on the lipid parameter
tested. Corrected CoQ10 changes ranged from a nearly 50% decrease to a 30% increase. Of
particular relevance, the CoQ10:LDL-C ratio was significantly raised after statin therapy,
perhaps highlighting a more significant LDL-C-lowering effect of atorvastatin vis-a-vis effects
on CoQ10.

Several studies suggested that CoQ10 changes following statin therapy are negligible when
normalized to circulating lipoproteins, particularly LDL-C and total cholesterol, implying that
CoQ10 changes are dependent on lipoprotein changes.1>-23 However, 2 studies described
increases in the CoQ10:LDL-C ratio, similar to the changes we observed, although CoQ10 did
not decrease in 1 of these studies.?4-2” We also observed a lower level of correlation between
CoQ10 and lipoprotein changes than other studies, perhaps as a result of the higher dose used
in this study.16: 25 Our findings have particular relevance given that even recent studies of the
effect of statins on plasma CoQ10 do not adjust for changes in other lipid parameters,28 and
the ability of these “corrected” CoQ concentrations to predict statin myopathy is unknown. We
were not able to assess the relationship between lipid-corrected CoQ10 changes and muscle
toxicity as only 1 participant experienced myalgia requiring discontinuation (CK negative).

Because circulating CoQ10 is transported by lipoporteins, it is possible that baseline CoQ10
is notamarker of intrinsic HMG-CoA reductase activity or specific predictor of statin response.
Rather, it may just be a marker of lipoprotein concentrations, and changes in CoQ10 may be
a predictable consequence of lipid lowering through non-specific upregulation of hepatic LDL
receptors. If this were the case, non-statin agents that influence LDL receptor expression
through HMG-CoA reductase-independent mechanisms should have similar effects on CoQ10
concentrations as statins. However, in a study evaluating ezetimibe, simvastatin, and the
combination, no CoQ10 changes were observed in the ezetimibe group despite a reduction in
LDL-C, while the simvastatin and combination groups demonstrated significant CoQ10
reductions.2> Similarly, fibrates also did not seem to affect CoQ10, but in the absence of a
major effect on LDL-C, it is difficult to draw conclusions regarding fibrates in particular.2?
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Taken in sum, these findings suggest basal CoQ10 to be a potential marker of HMG-CoA
reductase activity and likely predictor of statin-specific responses.

Several limitations of our study should be acknowledged. First, our study investigated the
effects of atorvastatin on circulating CoQ10 in healthy individuals. While this allowed for
characterization of atorvastatin effects with minimal confounding by concomitant disease or
drug use, patients with cardiovascular disease often have concomitant conditions (e.g.,
advanced age, renal dysfunction, interacting medications) that increase predisposition to
myopathic syndromes when treated with statins. Therefore, while our study remains the largest
and longest study of atorvastatin 80 mg effects on plasma CoQ10 levels to date, investigation
of these effects in a cardiovascular disease population is warranted. Secondly, as with most
statin studies of CoQ10 we did not measure muscle CoQ10 or mitochondrial dysfunction in
the population. CoQ10 plasma concentrations do not necessarily reflect skeletal muscle or liver
tissue concentrations of CoQ10. Nonetheless, muscle biopsies to examine effects of
atorvastatin on CoQ10 were beyond the scope of the present investigation, and are likely to be
too cumbersome for clinical translation. Thirdly, while CoQ10 is in part endogenously
produced, dietary intake contributes to total CoQ10 concentrations. While we did not quantify
dietary CoQ10 intake through questionnaires, participants in our study were instructed to
maintain a consistent diet at every visit over the 16-week duration. Finally, the mechanism of
our finding that baseline CoQ10 concentrations associate with LDL-C response to atorvastatin
is unknown. While we hypothesize that higher pre-treatment plasma CoQ10 concentrations
reflect a molecular predominance of prenylation protein production (over cholesterol
production) that could explain attenuated cholesterol-response to maximally dosed
atorvastatin, this hypothesis should be tested in other prospective studies with various statins
and doses. Validation of this hypothesis in hypercholesterolemic populations is warranted.

CONCLUSION

Baseline CoQ10:LDL-C ratio may represent a novel biomarker for statin response, based on
our observation that patients with higher pretreatment CoQ10:LDL-C ratio demonstrated a
diminished reduction in LDL-C. Additionally, treatment with high-dose atorvastatin
significantly decreases plasma CoQ10 concentrations. This effect is not fully explained by
changes in circulating lipoproteins, suggesting that atorvastatin may inhibit endogenous
CoQ10 production. Taken together, these findings may have important implications for statin
safety and effectiveness.
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Figure 2. Overview of Data Flow for Study Duration
Abbreviations: LFT, liver function test; ULN, upper limit of normal; CK, creatine kinase; d/
¢, discontinuation
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The ratio of CoQ10 to apo-/lipoprotein concentrations are depicted for each time point
(baseline, 8 weeks, and 16 weeks). Percentages reflect the mean of individual percent changes
in the normalized CoQ10 concentration from baseline to 16 weeks.
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Table 1
Lipid Profile Changes in Response to Atorvastatin 80 mg

Page 16

Baseline Week 8 Week 16 P-value
Total cholesterol, mg/dL 183439 119+26 117+26 <0.0001
LDL-C, mg/dL 102+31 46+18 45+20 <0.0001
HDL-C, mg/dL 61+17 59+15 58+16 0.25
Triglycerides, mg/dL 10057 72437 70+44 <0.0001
Apolipoprotein A, mg/dL 149434 147426 143427 0.54
Apolipoprotein B, mg/dL 83+24 49+15 47+15 <0.0001

Data expressed as mean+SD
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