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Simvastatin improves 
mitochondrial respiration 
in peripheral blood cells
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Tine Lovsø Dohlmann3, Steen Larsen3,4, Jørn Wulff Helge3, Maria Angleys1, 
Alba Muniesa‑Vargas1, Jens R. Bundgaard5, Ian David Hickson6, Flemming Dela3,7, 
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Statins are prescribed to treat hypercholesterolemia and to reduce the risk of cardiovascular disease. 
However, statin users frequently report myalgia, which can discourage physical activity or cause 
patients to discontinue statin use, negating the potential benefit of the treatment. Although a 
proposed mechanism responsible for Statin-Associated Myopathy (SAM) suggests a correlation with 
impairment of mitochondrial function, the relationship is still poorly understood. Here, we provide 
evidence that long-term treatment of hypercholesterolemic patients with Simvastatin at a therapeutic 
dose significantly display increased mitochondrial respiration in peripheral blood mononuclear cells 
(PBMCs), and platelets compared to untreated controls. Furthermore, the amount of superoxide is 
higher in mitochondria in PBMCs, and platelets from Simvastatin-treated patients than in untreated 
controls, and the abundance of mitochondrial superoxide, but not mitochondrial respiration trends 
with patient-reported myalgia. Ubiquinone (also known as coenzyme Q10) has been suggested as 
a potential treatment for SAM; however, an 8-week course of oral ubiquinone had no impact on 
mitochondrial functions or the abundance of superoxide in mitochondria from PBMCs, and platelets. 
These results demonstrate that long-term treatment with Simvastatin increases respiration and the 
production of superoxide in mitochondria of PBMCs and platelets.

Hypercholesterolemia is a major risk factor of atherosclerosis leading to cardiovascular disease (CVD) includ-
ing heart attack, and stroke1. Statins are a class of drugs that inhibit 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase, which effectively reduce hypercholesterolemia1, and associated CVD and CVD-related 
mortality2–4. Statins are some of the most commonly prescribed drugs worldwide and more than 10% of the 
population is treated with statins in both Scandinavia and the US5–7. Statins are generally well-tolerated, despite 
some notable adverse effects including the very rare, but fatal rhabdomyolysis8. A more frequent side effect is 
myalgia, which is reported by 10–15% of statin users9,10. Statin-Associated Myopathy (SAM) takes the form 
of mild to moderate symptoms of skeletal muscle discomfort, pain, and cramps, as reported in a number of 
observational studies9,10. There are several mechanisms in the skeletal muscle proposed and demonstrated to be 
involved in SAM which have been reviewed in detail elsewhere11–13. SAM can discourage physical activity, which 
in itself may result inadvertently result in an increase in cholesterol levels14. Furthermore, adverse side effects and 
concern over statin-induced side effects can lead to discontinuation of the treatment, which is associated with 
an increased risk of myocardial infarct, and CVD-related death10,15. Therefore, it is imperative to understand the 
mechanism underlying SAM, so it can be mitigated or appropriately managed.

It has been suggested that statin use impairs mitochondrial respiration in muscle, blood, and liver16–23, which 
in turn has been suggested as the underlying cause of the myalgia23. Statins intended biological target is cho-
lesterol by inhibition of HMG-CoA reductase in the mevalonate pathway. This inhibition also leads to reduced 
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biosynthesis of mevalonate, farnesyl pyrophosphate, and ubiquinone (UQ). UQ, also known as coenzyme Q10, 
mediates the transport of electrons from complex I, and II to complex III in the electron transport chain (ETC)24. 
One hypothesis suggests that lower levels of UQ found in plasma, peripheral blood mononuclear cells (PBMCs), 
and skeletal muscle of statin users result in an impairment of the ETC, thereby reducing the rate of mitochondrial 
respiration17,25–27.

Here, we provide evidence that is not consistent with this hypothesis. On the contrary, we demonstrate that 
long-term Simvastatin therapy has the opposite effect, significantly improving mitochondrial respiration in 
patient-derived platelets, and PBMCs. We argue that the hypothesis of a negative relationship between statin 
usage, and mitochondrial function is based on suboptimal experimental setups, and we demonstrate that short-
term Simvastatin therapy at a dose vastly exceeding the pharmacologically relevant dose does in fact impair 
mitochondrial respiration in human hepatocarcinoma cells cultured in vitro. Therefore, the effect of statins on 
mitochondrial respiration appears to be context-, and dose-dependent.

In this study, mitochondrial parameters were evaluated in patient-derived platelets, and PBMCs, with the 
aim to investigate statin-induced mitochondrial alterations. We used blood cells in this study because it is less 
invasive to access compared to muscle cells obtained from muscle biopsies. Moreover PMBCs and platelets are 
well-characterized surrogate models for assessing pharmacological effects on skeletal muscle mitochondrial 
function28–33. In addition to increasing mitochondrial respiration, we observed that Simvastatin increases produc-
tion of mitochondrial superoxide, a representative reactive oxygen species (ROS) by-product of mitochondrial 
respiration, and that patient-reported myalgia increases with increasing abundance of superoxide, but does 
not trend with oxygen consumption rate (OCR) in mitochondria from patient-derived peripheral blood cells.

Results
Short term in vitro exposure to high concentration Simvastatin decreases mitochondrial res‑
piration in Huh‑7 cells.  To investigate the effects of high dose Simvastatin treatment, the human hepato-
cyte-derived Huh-7 cell line was selected, as the effects of Simvastatin treatment are well described for this cell 
line34,35. In the present study, Huh-7 cells were exposed to 2.5–10 µM Simvastatin for 72 h in vitro, as this dose is 
widely used in the literature describing pleiotropic effects of Simvastatin treatment36. After 72 h of Simvastatin 
treatment, the effect on mitochondrial respiration was determined by evaluating basal respiratory rate, ATP 
turnover, reserve respiratory capacity, and maximal respiratory capacity (Fig. 1A,B,F). Basal respiratory rate is 
a measure of the rate of oxygen consumed by the cells when kept in media lacking inhibitors added (Fig. 1C). 
ATP turnover is measured as the decrease in rate of oxygen consumption after inhibition of the ATP synthase 
(Fig. 1D). This decrease is relative to ATP produced by oxidative phosphorylation. The reserve respiratory capac-
ity is a measure of a theoretical extra capacity to produce ATP as a response to an increased energetic demand 
(Fig. 1E), and this has previously been correlated with the ability of cells to withstand periods of stress37. Reserve 
respiratory capacity is measured as the difference in OCR at basal, and that at maximal activity. Maximal respira-
tory capacity is a measure of total oxygen consumption possible by oxidative phosphorylation and it is measured 
as the difference in OCR following uncoupling by FCCP and after ETC inhibition by antimycin A (Fig. 1F).

Our results show that basal OCR in Huh-7 cells decreased significantly with increasing concentrations of 
Simvastatin, being 30% (P = 0.0126) or 75% (P < 0.0001) lower than control cells in the presence of 2.5 µM or 
10 µM Simvastatin, respectively. ATP turnover (P = 0.0011), reserve respiratory capacity (P = 0.0005), and maxi-
mal respiratory capacity (P = 0.0002) were significantly decreased compared to controls in the presence of 10 µM 
Simvastatin but showed no effect at lower concentrations of Simvastatin. These results demonstrate that short 
term in vitro exposure to high-dose Simvastatin significantly impairs mitochondrial respiration in Huh-7 cells.

Short term in vitro exposure to high dose Simvastatin increases production of mitochondrial 
superoxide production in Huh‑7 cells.  Mitochondrial superoxide was 1.35–1.50 fold higher in Huh-7 
cells exposed to 2.5–10 µM Simvastatin than in untreated controls (Fig. 1G) (P = 0.01; P < 0.0021, and P = 0.0007 
for 2.5, 5, and 10 µM Simvastatin, respectively). In cells exposed to 10 µM Simvastatin, superoxide production 
increased to 30% of the level induced by exposure to menadione, a level that could cause significant oxidative 
damage to nucleic acids, and other cellular macromolecules. These results indicate that in vitro exposure to high 
dose Simvastatin has the potential to cause significant respiratory and oxidative alterations.

Establishment of the cohort.  The effect of Simvastatin on mitochondrial respiration in human subjects 
was investigated in a cohort of 40 patients with at least 6 months history of Simvastatin use (20–40 mg per day), 
and 12 matched age-, weight-, BMI-, and body fat matched control subjects (Table 1). The concentration of white 
blood cells (WBC), neutrophils and monocytes were slightly, but significantly increased in Simvastatin users 
compared to controls (P = 0.034; P = 0.047, and P = 0.027 respectively) (Table 1). There was no difference in VO2 
max levels between Simvastatin users and controls, indicating similar levels of fitness (data not shown).

Simvastatin usage is correlated with increased mitochondrial respiration.  Mitochondrial 
parameters were measured in PBMCs, and platelets from the cohort of Simvastatin users and controls. The 
results show a 63% decrease in basal OCR in platelets, but not in PBMCs, from Simvastatin users (P = 0.0003) 
(Fig. 2A,G). Reserve respiratory capacity was 1.37 fold higher in platelets, and 1.43 fold higher in PBMCs, respec-
tively (P = 0.0038 and P = 0.0027) (Fig. 2C,I) in Simvastatin users than in controls. This indicates an improved 
ability to accommodate energy demand. No difference in ATP turnover rate was detected in platelets or PMBCs 
(Fig. 2B,H), demonstrating equivalent levels of oxygen used for ATP production. A significant increase in maxi-
mal OCR was observed in platelets (1.33 fold, P = 0.0071), and PMBCs (1.30 fold, P = 0.0004) (Fig. 2D,J) dem-
onstrating an overall increase of mitochondrial respiration. extracellular acidification rate (ECAR) values were 
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similar in platelets, and PBMCs from Simvastatin users, and controls (Fig. 2E,K), while glycolytic reserve was 
2.82 fold, and 1.53 fold higher in platelets and PBMCs, respectively (P = 0.0007 and P = 0.0015) (Fig. 2F,L). Gly-
colytic reserve is the difference in ECAR in the presence and absence of an ATP synthase inhibitor. The glycolytic 
reserve is, therefore, a measure of the glycolytic capability of a cell to respond to an inhibition of oxidative phos-
phorylation. Assuming that the glycolytic capacity is unaltered, a higher glycolytic reserve indicates a higher 
dependence on oxidative phosphorylation in platelets and PBMCs from Simvastatin users than controls. Sim-
vastatin users were stratified into users with (N = 14), and without (N = 17) self-reported myalgia. We found no 
significant association between myalgia, and any measured parameter of mitochondrial respiration or glycolysis 
(Figure S1).

Complex I and complex IV activity is higher in Simvastatin users.  To describe the functional back-
ground for the measured mitochondrial attributes, a dipstick assay was used to quantify the activity of ETC 
complexes I and IV in platelets. This assay detected 1.70 fold, and 1.94 fold more active ETC complex I and 
complex IV, respectively, in Simvastatin users than in controls (P < 0.0001) (Fig. 2M,N). These data are consistent 
with above results, showing higher OCR, and reserve respiratory capacity in Simvastatin users than in controls 
(Fig. 2I,J).

A B

C D E

F G

Figure 1.   Oxygen consumption was quantified in Huh-7 cells in the presence of 0, 2.5, 5 or 10 µM Simvastatin, 
as indicated. OCR was measured before and after addition of the ATP synthase inhibitor oligomycin and 
complex III inhibitor, antimycin A (A), or before and after addition of the uncoupler FCCP and antimycin A 
(B); the data were used to calculate basal respiratory rate (C), ATP turnover (D), reserve respiratory capacity (E) 
and maximal respiratory capacity (F). Mitochondrial superoxide was quantified in Huh-7 cells treated with 0, 
2.5, 5 or 10 µM Simvastatin; values were normalized to control (0 µM Simvastatin) and menadione was used as 
a positive control (G). Panels A–F show mean OCR ± standard deviation. Panel G shows the mean superoxide 
level ± standard deviation. At least three biological replicates were performed.
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Table 1.   Characteristics. Values are mean ± SEM. BMI body mass index, WBC white blood cells. (*) Indicates 
a significant difference P < 0.05.

Control (n = 12) Simvastatin (n = 40)

Male/female 6/6 (20/20)

Age (years) 61 ± 2 62 ± 1

Weight (kg) 83 ± 4 85 ± 3

BMI (kg/m2) 27 ± 1 28 ± 2

Body fat (%) 36 ± 3 36 ± 1

Cholesterol (mM) 6.0 ± 1.1 4.1 ± 0.5

WBC (109 cells/L) 5.0 ± 0.3 5.8 ± 0.2 (*)

Platelets (109 cells/L) 232 ± 12 238 ± 8

Neutrophils (109 cells/L) 2.7 ± 0.2 3.3 ± 0.1 (*)

Lymphocytes (109 cells/L) 1.7 ± 0.5 1.8 ± 0.4

Monocytes (109 cells/L) 0.41 ± 0.03 0.50 ± 0.02 (*)

Figure 2.   Platelets and PBMCs were isolated from Simvastatin users and controls as described in the text, and 
scatter plots are shown for the following mitochondrial respiratory parameters: basal OCR (A and G), ATP 
turnover (B and H), reserve respiratory capacity (C and I), maximal respiratory capacity (D and J), ECAR 
(E and K), and glycolytic reserve (F and L). Values for OCR were normalized to the basal OCR, and ECAR 
was normalized to control acidification rate. All values are shown ± standard error of the mean. Individual 
data points correspond to 13 controls and 58 Simvastatin users. An antibody-based dipstick assay was used to 
quantify active forms of complex I and complex IV subunits in platelets from Simvastatin users and controls (M 
and N). Individual data points correspond to eleven biological replicates.
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Mitochondrial DNA content is similar in PBMCs from Simvastatin users and controls.  The 
amounts of mitochondrial and nuclear DNA (mtDNA, nDNA) were quantified by real-time quantitative PCR 
(qPCR) in PBMCs from 20 Simvastatin users, and eight controls (Figure S2) and the mtDNA:nDNA ratio was 
calculated. There was no significant difference in this ratio in PBMCs from Simvastatin users and controls. The 
mtDNA, and nDNA content was not quantified in platelets, because platelets are anuclear.

Mitochondrial superoxide is higher in Simvastatin users than in controls.  Mitochondrial super-
oxide was measured as a representative of mitochondrial produced ROS in platelets and PBMCs from Simvas-
tatin users and controls. The results indicated a 2.52-fold (P = 0.0003) increase in superoxide in platelets, but no 
significant difference in superoxide was detected in PBMCs from Simvastatin users, and controls (Fig. 3A,C). 
Superoxide level was compared in Simvastatin users with myalgia (N = 12), and Simvastatin users without myal-
gia (N = 22). The results revealed that the elevated superoxide levels are strongly associated with reported myal-
gia, with a 3.43- and 1.58-fold higher level of superoxide in platelets and PBMCs, respectively in Simvastatin 
users with SAM than in Simvastatin users without (Fig. 3B,D) (P < 0.0001; and P = 0.0075). Similarly, there was 
a significant decrease in superoxide in platelets and PBMCs when comparing Simvastatin users not reporting 
SAM to Simvastatin users reporting myalgia (P < 0.0035; and P = 0.045) (Fig. 3B,D).

Ubiquinone has no effect on mitochondrial respiration or mitochondrial superoxide.  To inves-
tigate the effects of UQ on mitochondrial respiration, 13 Simvastatin users were treated with 2 × 200 mg UQ per 
day for eight weeks, while 9 Simvastatin users were given a placebo38. Mitochondrial OCR, basal respiratory rate, 
ATP turnover, and reserve respiratory capacity were quantified before and after treatment with either UQ or 
placebo; however, the results revealed no significant differences in these mitochondrial parameters (Figure S3).

Similarly, the abundance of mitochondrial superoxide in platelets, and PBMCs was not significantly different 
before, and after dosing with UQ or placebo (Fig. 3E,F,H,I), irrespective of the presence or absence of SAM. These 
data strongly suggest that UQ, under the conditions tested here, has no impact on the level of mitochondrial 
superoxide in platelets or PMBCs (Fig. 3G,J).

Discussion
Statins reduce hypercholesterolemia and are important for the prevention of CVD. However, statin use is fre-
quently associated with myalgia leading to non-compliance with the recommended treatment protocol. To 
better understand the mechanisms underlying SAM, we assessed mitochondrial parameters and the abundance 
of superoxide in Simvastatin users, and matched controls, using platelets and PBMCs as a surrogate model for 
skeletal muscle28–33.

In contrast to previous studies16–23, we report here that statin usage is correlated with improved oxidative 
phosphorylation properties of a tissue. We demonstrate that reserve respiratory capacity, maximal capacity, 
glycolytic reserve, and complex I and IV activity are higher in platelets and PBMCs from Simvastatin users than 
in control subjects. At the same time, basal OCR was similar or lower in Simvastatin users than in controls, and 
cells of Simvastatin users demonstrated a higher glycolytic reserve. These results are consistent with our proposal 
that platelets and PBMCs from Simvastatin users demonstrate higher respiratory efficiency than control cells, 
in that they produce more ATP molecules for each oxygen molecule consumed. An increase of reserve respira-
tory capacity of PBMCs has been associated with gait speed, physical performance, muscle strength and muscle 
quality in adults and older adults28,39. The biological role of the increased reserve respiratory capacity as well as 
other increased aspects of mitochondrial respiration is unclear.

A previous study of hyperlipidemic patients treated for four weeks with 40 mg Simvastatin per day, demon-
strated an approximately 50% increase of celullar oxidative consumption and a 25% increase of mitochondrial 
membrane potential of their polymorphonuclear leukocytes40. This supports our findings of a positive correlation 
between Simvastatin usage and ability of blood cells to perform mitochondrial respiration. However, it is not 
clear why we see an increased capacity for respiration. The complexes of the ETC can assemble into structures 
called supercomplexes, which modulates electron transport and ROS production (reviewed in41). Supercomplex 
formation is believed to be a very dynamic process and of great importance for regulation of mitochondrial 
respiration42,43. Recently, it has been demonstrated that endothelial cells changed their supercomplex formation in 
response to atorvastatin44. Supercomplex formation can be mediated by increased levels of ROS45. Conversely, it 
has been demonstrated that a change of supercomplex conformation resulting in a dissociation of complex I from 
the supercomplex results in an increased mitochondrial ROS production46. In this study we find an increased 
production of mitochondrial superoxide in platelets and PBMCs of Simvastatin users, and we can demonstrate 
an increased activity of complex I in these cells. Both factors support our suggestion of a regulatory involvement 
of supercomplexes, however, an elucidation to this requires a dedicated study.

As a caveat to this study, we acknowledge evidence for differential effects of statins on different tissues as 
has been seen demonstrated by others47; it is therefore possible that statin use improves various functions of 
mitochondria in blood cells, as reported here, while decreasing these in skeletal muscle. We and others, have 
reported a decrease of inflammation markers in response to long term statin treatment38,48. It is therefore possible 
that the altered mitochondrial characteristica of PBMCs is linked to lower levels of inflammation. This decrease 
is not reflected in levels of WBC, neutrophils and monocytes which are slightly elevated in Simvastatin users, 
but more work is needed to describe the role of statin modulated mitochondria in inflammation. Nevertheless, 
even though other reports suggest that mitochondrial respiration is impaired in muscle, blood, and liver of 
Simvastatin users18–22, we argue that these discrepancies could reflect different experimental approaches, and 
conditions used in previous studies. For example, the majority of published in vivo studies on mitochondrial 
function in statin users involved shorter periods of treatment (24 h–4 weeks), or in vitro exposures at doses up to 
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Figure 3.   Mitochondrial superoxide was quantified in platelets and PBMCs from Simvastatin users (N = 34) and controls (N = 15) (A 
and C). Where indicated, Simvastatin users were stratified according to presence (N = 12) or absence (N = 22) of self-reported myalgia 
(B, D). Values shown are mean ± S.E.M. A subset of 24 Simvastatin users were dosed with placebo (E, H; N = 11) or Q10 (F, G, I, J; 
N = 13) for 8 weeks. Platelets (E–G) and PBMCs (H–J) were isolated and analyzed for mitochondrial superoxide before and after 
treatment, as indicated. Q10-treated patients were stratified according to the presence (N = 6) or absence of myalgia, as indicated (G, J). 
Mitochondrial superoxide was measured in arbitrary units (A.U.) and values shown are mean ± S.E.M.
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1000-fold higher than the physiologically-relevant dose, e.g. 2.5 to 10 µM vs. 1.6–4.3 nM Simvastatin36,49. Using 
Huh-7 cells exposed to 2.5–10 µM Simvastatin for 72 h, we also observed impaired respiration and increased 
production of mitochondrial superoxide, as reported previously by others. We therefore argue that there is an 
unmet need to investigate the mitochondrial respiration of both muscle and blood cells in persons receiving 
Simvastatin. Preferably in a cohort that is monitored since before the first Simvastatin administration and at 
least 6 month into the treatment.

Importantly, we report here that increased myalgia trend with a significant increase in mitochondrial superox-
ide in PBMCs and platelets from statin users, while myalgia did not trend with other measures of mitochondrial 
respiration. This finding agrees with a recent study demonstrating a 41% increase in mitochondrial superoxide 
in mouse skeletal myotubes exposed to atorvastatin50. The study also demonstrated a statin-induced increase in 
glutamate efflux mediated by the xC- cysteine/glutamate antiporter, and argues that these factors could explain 
SAM50.

In a previous study on the same cohort, we demonstrated a five-fold increase in serum levels of UQ51. How-
ever, here we report that mitochondrial respiration and the abundance of superoxide in blood cells were similar 
in Simvastatin users dosed with UQ or placebo for 8 weeks independent of the presence or absence of SAM. 
Admittedly, the sample size for this experiment is very small (N = 7 Simvastatin users with myalgia); therefore, 
it remains possible that a beneficial effect of UQ on myalgia could be observed in a future study on a larger 
patient cohort. Nevertheless, other studies generally agree with our findings, indicating limited benefit of UQ 
towards SAM38,52.

In conclusion, this study demonstrates that long-term treatment with Simvastatin increases mitochondrial 
respiratory capacity in PBMCs and platelets. Reported side effects of Simvastatin usage are correlated to increased 
levels of mitochondrial superoxide and do not correlate with any mitochondrial respiratory parameters measured 
to date. Therefore, elevated mitochondrial superoxide in peripheral blood cells has potential as a biomarker for 
SAM.

Methods
Cell lines.  The hepatocarcinoma cell line Huh-7 was cultured in a humidified 37 °C, 5% CO2 incubator, and 
maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 10% foetal bovine serum (FBS), 1% penicillin, 
and streptomycin. Upon treatment with Simvastatin, cells were seeded in 6-well plates at 2 × 105 cells/well 24 h 
before addition of Simvastatin. Cells were washed and incubated for 72 h in growth media containing 0, 2.5, 5 or 
10 μM Simvastatin (Sigma-Aldrich, cat. No S6196).

Participants.  This study is part of the interdisciplinary project “Living with statins” (LIFESTAT)7. The par-
ticipants used in this study were also examined in other studies53–55 including a study by Dohlman et al., where 
muscle tissue was studied in detail16. Informed consent have been obtained from all participants in this study. 
The experiments presented in this study was conducted based on two sub-studies from LIFESTAT; A cross-
sectional study, and an interventional study. In the cross-sectional study statin-users with or without myalgia 
were compared to hypercholesteraemic controls (no therapy). The intervention consisted of eight weeks of UQ-
therapy in Simvastatin-users, and controls, as described previously38. For practical reasons, the various cellular 
tests were performed on different population sizes. All procedures were approved by the Scientific Ethics Com-
mittee for the Capital Region of Denmark (H-2-2013-164), registered in Clinical Trials (NCT02250677), and 
conducted in accordance with the Helsinki Declaration.

Platelet and PBMC purification.  Venous blood was sampled in 6.0 mL BD Vacutainer blood collection 
tubes containing EDTA (BD Biosciences). The participants were fasted overnight and sampled the following 
morning. PBMCs were isolated as previously described56 with minor changes, including a platelet purification 
step as described57. Platelets, and PBMCs were used immediately for extracellular flux assay, and mitochondrial 
superoxide measurement, or cryopreserved in freezing medium (70% FBS, 25% Roswell Park Memorial Institute 
(RPMI) 1640, (Thermo Fisher Scientific- Life tech.), 5% DMSO) for later testing of ETC complex I, and complex 
IV activity as well as mtDNA levels by qPCR.

SYSMEX haematology analyser.  Blood samples were analysed for complete blood cell count, red blood 
cells, leukocytes, and platelets using a Sysmex XN automated haematology analyser XN (Sysmex Corporation, 
Kobe, Japan). Furthermore, platelets, and PMBCs were purified, and monocytes, lymphocytes, and neutrophils 
were counted in whole blood, and the PBMC fraction.

Determination of mitochondrial respiration and extracellular acidification rate.  OCR and 
ECAR were quantified using Agilent Seahorse Extracellular Flux (XF) technology on an XF Analyzer (Agilent 
Technologies). Cells were seeded in a Seahorse XF plate using Cell-Tak adherent (Corning) with 4 × 104 Huh-7 
cells, 2 × 107 platelets or 6 × 105 PBMCs per well, and resuspended in Seahorse assay media (Seahorse Bioscience, 
Agilent) containing 25 mM glucose, 2 mM pyruvate, 2 mM glutamine, adjusted to pH 7.4. OCR and ECAR was 
measured in the presence of oligomycin (1 µM for Huh-7 cells, and 0.5 µM for platelets and PBMCs) or Carbonyl 
Cyanide-4-(triFluoromethoxy) Phenylhydrazone (FCCP) (0.75 µM for Huh-7 cells, 0.9 µM for platelets, and 
0.6 µM for PBMCs). All samples were then treated with 2 µM antimycin A as a control. Samples were measured 
as the median of 4 or 5 technical replicates.
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Determination of the specific activity of electron transport chain complex I and complex 
IV.  Complex I (rotenone insensitive NADH-dehydrogenase specific), and complex IV dipstick assays (Abcam 
kits 109720, and 109876) were performed using cryopreserved platelets, as described previously58.

Determination of mitochondrial produced superoxide.  Mitochondrial superoxide production was 
quantified by flow cytometry (FACScalibur, BD Bioscience) using MitoSOX Red (Molecular Probes, Invitrogen). 
PBMCs and platelets were resuspended in 5 µM MitoSOX Red. After 10 min of incubation, cells were washed 
three times with PBS. MitoSOX Red was excited at 488 nm and data collected at FSC, SSC and 585/42 nm. The 
geometric mean fluorescence intensity values of the samples were obtained by subtracting the fluorescence of 
50.000 control cells (not stained with MitoSOX) from the fluorescence of 50.000 MitoSOX stained cells. Mena-
dione was used as a positive control (Sigma-Aldrich, cat. No M5750).

Determination of relative mitochondrial DNA levels by quantitative PCR.  Genomic DNA was 
extracted from 1 × 106 cryopreserved PBMCs from Simvastatin-treated subjects with or without myalgia, and 
from controls. Extraction was performed using the GeneJET genomic DNA purification kit (Thermo Fish. Sci. 
Life). mtDNA to nDNA ratio was analyzed by qPCR using the StepOnePlus real-time PCR system (Applied Bio-
systems, and threshold (double delta Ct) values, as described previously59). tRNALeu (UUR) was the reference 
mitochondrial gene, and β-2-microglobulin (β2M) was the nuclear reference gene, as described previously60,61. 
The mtDNA/nDNA ratio was determined by threshold (double delta Ct) values as described59. All assays were 
performed in technical triplicate on a MicroAmp Fast Optical 96-Well Reaction Plate with MicroAmp Optical 
Adhesive Film (Thermo Sci.).

Statistics.  For comparison of mitochondrial respiration, ECAR, complex I, and IV activity, mtDNA content, 
and mitochondrial superoxide, significant difference between controls, and Simvastatin users was calculated 
using two-tailed unpaired Student’s t-test. For comparison of effect of increasing Simvastatin treatment on mito-
chondrial respiration, and superoxide levels, as well as between controls, Simvastatin users experiencing myalgia, 
and Simvastatin users not experiencing myalgia, single classification analysis of variance (ANOVA) was used. 
Assumptions of normality were checked by visual inspection prior to ANOVA. When the ANOVA indicated 
significant differences, Dunnett’s (mitochondrial respiration) or Tukey’s (mitochondrial superoxide) honestly 
significant method was used to test for differences. P values below 0.05 were considered significant. Results from 
Huh-7 cells are presented as mean ± SD, while results from human subjects are presented as mean ± SEM. Statis-
tical analyses were performed using GraphPad Prism version 8.3 (GraphPad Software, La Jolla California USA).

Data availability
The authors declare that the data supporting the findings of this study are available within the article and its 
Supplementary Information files. The raw data for the figures and supplementary figures is presented in the 
Source Data file.

Received: 24 May 2020; Accepted: 21 September 2020

References
	 1.	 Grundy, S. M. HMG-CoA reductase inhibitors for treatment of hypercholesterolemia. N. Engl. J. Med. 319, 24–33 (1988).
	 2.	 Prospective Studies Collaboration. Blood cholesterol and vascular mortality by age, sex, and blood pressure: a meta-analysis of 

individual data from 61 prospective studies with 55,000 vascular deaths. Lancet 370, 1829–1839 (2007).
	 3.	 Taylor, F. et al. Statins for the primary prevention of cardiovascular disease. Cochrane Database Syst. Rev. 104, CD04816 (2013).
	 4.	 Tramacere, I. et al. Comparison of statins for secondary prevention in patients with ischemic stroke or transient ischemic attack: 

a systematic review and network meta-analysis. BMC Med. 17, 67–72 (2019).
	 5.	 Kantor, E. D., Rehm, C. D., Haas, J. S., Chan, A. T. & Giovannucci, E. L. Trends in prescription drug use among adults in the United 

States from 1999–2012. JAMA 314, 1818–1831 (2015).
	 6.	 Salami, J. A. et al. National trends in statin use and expenditures in the US adult population from 2002 to 2013: insights from the 

medical expenditure panel survey. JAMA Cardiol. 2, 56–65 (2017).
	 7.	 Christensen, C. L. et al. LIFESTAT—living with statins: an interdisciplinary project on the use of statins as a cholesterol-lowering 

treatment and for cardiovascular risk reduction. Scand. J. Public Health 44, 534–539 (2016).
	 8.	 Alfirevic, A. et al. Phenotype standardization for statin-induced myotoxicity Vol. 96, 470–476 (Wiley, Hoboken, 2014).
	 9.	 Bruckert, E., Hayem, G., Dejager, S., Yau, C. & Bégaud, B. Mild to moderate muscular symptoms with high-dosage statin therapy 

in hyperlipidemic patients—the PRIMO study. Cardiovasc. Drugs Ther. 19, 403–414 (2005).
	10.	 Thompson, P. D., Panza, G., Zaleski, A. & Taylor, B. Statin-associated side effects. J. Am. Coll. Cardiol. 67, 2395–2410 (2016).
	11.	 Ganga, H. V., Slim, H. B. & Thompson, P. D. A systematic review of statin-induced muscle problems in clinical trials. Am. Heart 

J. 168, 6–15 (2014).
	12.	 Selva-O’Callaghan, A. et al. Statin-induced myalgia and myositis: an update on pathogenesis and clinical recommendations. Expert 

Rev. Clin. Immunol. 14, 215–224 (2018).
	13.	 Marcoff, L. & Thompson, P. D. The role of coenzyme Q10 in statin-associated myopathy: a systematic review. J. Am. Coll. Cardiol. 

49, 2231–2237 (2007).
	14.	 Crichton, G. E. & Alkerwi, A. Physical activity, sedentary behavior time and lipid levels in the observation of cardiovascular risk 

factors in Luxembourg study. Lipids Health Dis. 14, 87–89 (2015).
	15.	 Nielsen, S. F. & Nordestgaard, B. G. Negative statin-related news stories decrease statin persistence and increase myocardial infarc-

tion and cardiovascular mortality: a nationwide prospective cohort study. Eur. Heart J. 37, 908–916 (2016).
	16.	 Dohlmann, T. L. et al. Statin treatment decreases mitochondrial respiration but muscle coenzyme Q10 levels are unaltered: the 

LIFESTAT Study. J. Clin. Endocrinol. Metab. 104, 2501–2508 (2019).
	17.	 Larsen, S. et al. Simvastatin effects on skeletal muscle: relation to decreased mitochondrial function and glucose intolerance. J. 

Am. Coll. Cardiol. 61, 44–53 (2013).



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17012  | https://doi.org/10.1038/s41598-020-73896-2

www.nature.com/scientificreports/

	18.	 Kaufmann, P. et al. Toxicity of statins on rat skeletal muscle mitochondria. Cell Mol. Life Sci. 63, 2415–2425 (2006).
	19.	 Vevera, J. et al. Statin-induced changes in mitochondrial respiration in blood platelets in rats and human with dyslipidemia. Physiol. 

Res. 65, 777–788 (2016).
	20.	 Dai, Y.-L. et al. Mitochondrial dysfunction induced by statin contributes to endothelial dysfunction in patients with coronary 

artery disease. Cardiovasc. Toxicol. 10, 130–138 (2010).
	21.	 Uličná, O. et al. Liver mitochondrial respiratory function and coenzyme Q content in rats on a hypercholesterolemic diet treated 

with atorvastatin. Physiol. Res. 61, 185–193 (2012).
	22.	 Mohammadi-Bardbori, A. et al. Coenzyme Q10 remarkably improves the bio-energetic function of rat liver mitochondria treated 

with statins. Eur. J. Pharmacol. 762, 270–274 (2015).
	23.	 Schirris, T. J. J. et al. Statin-induced myopathy is associated with mitochondrial complex III inhibition. Cell Metab. 22, 399–407 

(2015).
	24.	 Goldstein, J. L. & Brown, M. S. Regulation of the mevalonate pathway. Nature 343, 425–430 (1990).
	25.	 Avis, H. J. et al. Rosuvastatin lowers coenzyme Q10 levels, but not mitochondrial adenosine triphosphate synthesis, in children 

with familial hypercholesterolemia. J. Pediatr. 158, 458–462 (2011).
	26.	 Berthold, H. K. et al. Effect of ezetimibe and/or simvastatin on coenzyme Q10 levels in plasma. Drug Saf. 29, 703–712 (2006).
	27.	 Watts, G. F. et al. Plasma coenzyme Q (ubiquinone) concentrations in patients treated with simvastatin. J. Clin. Pathol. 46, 1055–

1057 (1993).
	28.	 Tyrrell, D. J. et al. Respirometric profiling of muscle mitochondria and blood cells are associated with differences in gait speed 

among community-dwelling older adults. J. Gerontol. A Biol. Sci. Med. Sci. 70, 1394–1399 (2015).
	29.	 Zeng, Y. et al. Peripheral blood mononuclear cell metabolism acutely adapted to postprandial transition and mainly reflected 

metabolic adipose tissue adaptations to a high-fat diet in minipigs. Nutrients 10, 1816 (2018).
	30.	 Tyrrell, D. J., Bharadwaj, M. S., Jorgensen, M. J., Register, T. C. & Molina, A. J. A. Blood cell respirometry is associated with skeletal 

and cardiac muscle bioenergetics: implications for a minimally invasive biomarker of mitochondrial health. Redox Biol. 10, 65–77 
(2016).

	31.	 Avila, C. et al. Platelet mitochondrial dysfunction is evident in type 2 diabetes in association with modifications of mitochondrial 
anti-oxidant stress proteins. Exp. Clin. Endocrinol. Diabetes 120, 248–251 (2012).

	32.	 Widlansky, M. E. et al. Altered mitochondrial membrane potential, mass, and morphology in the mononuclear cells of humans 
with type 2 diabetes. Transl. Res. 156, 15–25 (2010).

	33.	 Zharikov, S. & Shiva, S. Platelet mitochondrial function: from regulation of thrombosis to biomarker of disease. Biochem. Soc. 
Trans. 41, 118–123 (2013).

	34.	 Kah, J. et al. Selective induction of apoptosis by HMG-CoA reductase inhibitors in hepatoma cells and dependence on p53 expres-
sion. Oncol. Rep. 28, 1077–1083 (2012).

	35.	 Christie, C. F. et al. Statin-dependent modulation of mitochondrial metabolism in cancer cells is independent of cholesterol content. 
FASEB J. 33, 8186–8201 (2019).

	36.	 Björkhem-Bergman, L., Lindh, J. D. & Bergman, P. What is a relevant statin concentration in cell experiments claiming pleiotropic 
effects?. Br. J. Clin. Pharmacol. 72, 164–165 (2011).

	37.	 Desler, C. et al. Is there a link between mitochondrial reserve respiratory capacity and aging?. J Aging Res. 2012, 192503–192509 
(2012).

	38.	 Hansen, M. et al. Inflammatory biomarkers in patients in Simvastatin treatment: no effect of co-enzyme Q10 supplementation. 
Cytokine 113, 393–399 (2019).

	39.	 Tyrrell, D. J. et al. Blood-cell bioenergetics are associated with physical function and inflammation in overweight/obese older 
adults. Exp. Gerontol. 70, 84–91 (2015).

	40.	 Hernandez-Mijares, A. et al. Effects of simvastatin, ezetimibe and simvastatin/ezetimibe on mitochondrial function and leukocyte/
endothelial cell interactions in patients with hypercholesterolemia. Atherosclerosis 247, 40–47 (2016).

	41.	 Dudkina, N. V., Kouril, R., Peters, K., Braun, H.-P. & Boekema, E. J. Structure and function of mitochondrial supercomplexes. 
Biochim. Biophys. Acta 1797, 664–670 (2010).

	42.	 Maranzana, E., Barbero, G., Falasca, A. I., Lenaz, G. & Genova, M. L. Mitochondrial respiratory supercomplex association limits 
production of reactive oxygen species from complex I. Antioxid. Redox Signal. 19, 1469–1480 (2013).

	43.	 Jang, S. & Javadov, S. Association between ROS production, swelling and the respirasome integrity in cardiac mitochondria. Arch. 
Biochem. Biophys. 630, 1–8 (2017).

	44.	 Broniarek, I., Dominiak, K., Galganski, L. & Jarmuszkiewicz, W. The influence of statins on the aerobic metabolism of endothelial 
cells. Int. J. Mol. Sci. 21, 1485 (2020).

	45.	 Guarás, A. et al. The CoQH2/CoQ ratio serves as a sensor of respiratory chain efficiency. Cell Rep. 15, 197–209 (2016).
	46.	 Lopez-Fabuel, I. et al. Complex I assembly into supercomplexes determines differential mitochondrial ROS production in neurons 

and astrocytes. Proc. Natl. Acad. Sci. U. S. A. 113, 13063–13068 (2016).
	47.	 Bouitbir, J. et al. Opposite effects of statins on mitochondria of cardiac and skeletal muscles: a ‘mitohormesis’ mechanism involving 

reactive oxygen species and PGC-1. Eur. Heart J. 33, 1397–1407 (2011).
	48.	 Albert, M. A., Danielson, E., Rifai, N., Ridker, P. M. & PRINCE Investigators. Effect of statin therapy on C-reactive protein levels: 

the pravastatin inflammation/CRP evaluation (PRINCE): a randomized trial and cohort study. JAMA 286, 64–70 (2001).
	49.	 Keskitalo, J. E., Pasanen, M. K., Neuvonen, P. J. & Niemi, M. Different effects of the ABCG2 c.421C>A SNP on the pharmacokinetics 

of fluvastatin, pravastatin and simvastatin. Pharmacogenomics 10, 1617–1624 (2009).
	50.	 Rebalka, I. A., Cao, A. W., May, L. L., Tarnopolsky, M. A. & Hawke, T. J. Statin administration activates system xC- in skeletal 

muscle: a potential mechanism explaining statin-induced muscle pain. Am. J. Physiol. Cell Physiol. 317, C894–C899 (2019).
	51.	 Hansen, M. et al. Corrigendum to ‘Inflammatory biomarkers in patients in simvastatin treatment: no effect of co-enzyme Q10 

supplementation’ [Cytokine 113 (2019) 393–399]. Cytokine 126, 154941 (2020).
	52.	 Bookstaver, D. A., Burkhalter, N. A. & Hatzigeorgiou, C. Effect of coenzyme Q10 supplementation on statin-induced myalgias. 

Am. J. Cardiol. 110, 526–529 (2012).
	53.	 Asping, M. et al. The effects of 2 weeks of statin treatment on mitochondrial respiratory capacity in middle-aged males: the LIFES-

TAT study. Eur. J. Clin. Pharmacol. 73, 679–687 (2017).
	54.	 Morville, T. et al. Aerobic exercise performance and muscle strength in statin users—the LIFESTAT study. Med. Sci. Sports Exerc. 

51, 1429–1437 (2019).
	55.	 Morville, T. et al. Glucose homeostasis in statin users—the LIFESTAT study. Diab. Metab. Res. Rev. 35, e3110 (2019).
	56.	 Desler, C. et al. Increased deoxythymidine triphosphate levels is a feature of relative cognitive decline. Mitochondrion 25, 34–37 

(2015).
	57.	 Kramer, P. A. et al. Bioenergetics and the oxidative burst: protocols for the isolation and evaluation of human leukocytes and 

platelets. J. Vis. Exp. https​://doi.org/10.3791/51301​ (2014).
	58.	 Lauridsen, P. E., Rasmussen, L. J. & Desler, C. Mitochondrial oxidative phosphorylation capacity of cryopreserved cells. Mitochon-

drion 47, 47–53 (2019).
	59.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) method. Methods 25, 402–408 (2001).

https://doi.org/10.3791/51301


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17012  | https://doi.org/10.1038/s41598-020-73896-2

www.nature.com/scientificreports/

	60.	 Venegas, V., Wang, J., Dimmock, D. & Wong, L.-J. Real-time quantitative PCR analysis of mitochondrial DNA content. Curr. Protoc. 
Hum. Genet. 68, 1971–19712 (2011).

	61.	 Xing, J. et al. Mitochondrial DNA content: its genetic heritability and association with renal cell carcinoma. J. Natl. Cancer Inst. 
100, 1104–1112 (2008).

Acknowledgements
This work was supported by research grants from Nordea-fonden (L.J.R., J.W.H., I.D.H., F.D.), Olav Thon Founda-
tion (L.J.R), Novo Nordisk Foundation Challenge Programme: Harnessing the Power of Big Data to Address the 
Societal Challenge of Aging NNF17OC0027812 (L.J.R.), University of Copenhagen 2016 Center of Excellence 
grant (LIFESTAT) (L.J.R., J.W.H., I.D.H., F.D.). LJR is a member of the Clinical Academic Group: Recovery 
Capacity After Acute Illness in And Aging Population (RECAP).

Author contributions
J.A.D., C.D., S.H., T.M, A.B.K., T.L.D., S.L., M.A., A.M.V. and J.R.B. carried out experiments and interpretation of 
the data. L.J.R, C.D., J.W.H., I.D.H, and F.D. contributed to the design of experiments. C.D. and L.J.R. conceived 
the project, J.A.D., C.D. and L.J.R analysed data, and wrote the manuscript with input from all co-authors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-73896​-2.

Correspondence and requests for materials should be addressed to C.D. or L.J.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-73896-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Simvastatin improves mitochondrial respiration in peripheral blood cells
	Results
	Short term in vitro exposure to high concentration Simvastatin decreases mitochondrial respiration in Huh-7 cells. 
	Short term in vitro exposure to high dose Simvastatin increases production of mitochondrial superoxide production in Huh-7 cells. 
	Establishment of the cohort. 
	Simvastatin usage is correlated with increased mitochondrial respiration. 
	Complex I and complex IV activity is higher in Simvastatin users. 
	Mitochondrial DNA content is similar in PBMCs from Simvastatin users and controls. 
	Mitochondrial superoxide is higher in Simvastatin users than in controls. 
	Ubiquinone has no effect on mitochondrial respiration or mitochondrial superoxide. 

	Discussion
	Methods
	Cell lines. 
	Participants. 
	Platelet and PBMC purification. 
	SYSMEX haematology analyser. 
	Determination of mitochondrial respiration and extracellular acidification rate. 
	Determination of the specific activity of electron transport chain complex I and complex IV. 
	Determination of mitochondrial produced superoxide. 
	Determination of relative mitochondrial DNA levels by quantitative PCR. 
	Statistics. 

	References
	Acknowledgements


