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Myopathy is themost common side effect of statins, but it has not been addressed
effectively. In anticipation of its wider use as a small molecule to complement the
current COVID-19 management, a pharmacological solution to statin-associated
muscle symptoms (SAMS) is warranted. Statins act by suppressing the mevalonate
pathway, which in turn affects the downstream synthesis of isoprenoids required
for normal physiological functions. CoQ10 and geranylgeraniol (GG) syntheses are
reduced by statin use. However, CoQ10 supplementation has not been shown to
reverse SAMS. GG is an obligatory substrate for CoQ10 synthesis, an endogenous
nutrient critical for skeletal muscle protein synthesis. Multiple studies showed GG
supplementation is effective in reversing SAMS. This opinion paper proposes
employing GG to prevent SAMS in pleiotropic statin use, including usage in the
post-COVID-19 pandemic era.
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1 Introduction

Statins are classic drugs to treat hypercholesterolemia and dyslipidemia (Adhyaru and
Jacobson, 2018; Shojaei et al., 2020). Statin’s success in controlling these conditions has
gained a statutory body of support from the American Heart Association (AHA), American
College of Cardiology, European Society of Cardiology and European Atherosclerosis
Society. These societies have promulgated guidelines for atherosclerosis and
cardiovascular disease (CVD) risk reduction through lipid management (Feldman et al.,
2020). The United States targets LDL of 70–189 mg/dL to reduce CVD risk by 30%, and LDL
of >190 mg/dL to reduce CVD risk by 50% (American College of Cardiology/American
Heart Association Task Force on Clinical Practice Guidelines, 2019). Europe has a more
aggressive “lower-the-better” four-step management targets of “low risk” (LDL <116 mg/
dL), “moderate risk” (LDL <100 mg/dL), “high risk” (LDL <70 mg/dL), and “very high risk”
(LDL <55 mg/dL) (Mach et al., 2020). In addition, statins have been recommended to
patients with diabetes since more than a decade ago in the United States (Eldor and Raz,
2009; American Diabetes Association Professional Practice Committee, 2021). A 10-year-
long Veterans Association-Harvard study of >300,000 elderly (>75 years) on statins reported
that CVD risk and all-cause mortality were reduced significantly for statin users. Statin
consumption can potentially benefit 25 million elderly age >75 years or 45 million elderly
age >65 years in the United States. Inflammation reduction by statin in the elderly was the
suggested mechanism (Orkaby et al., 2020).
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There has been a renewed interest in statins in the pandemic era
of Coronavirus disease 2019 (COVID-19). Statins are among the
small molecules repurposed to fortify our immune system, along with
vaccines, to shield the public against the threat of COVID-19.
Retrospective and observational studies have exhaustively
demonstrated the benefits of statins among patients with COVID-
19 (Table 1). Of note, a CVD/COVID-19 study derived from the
AHA/CVD registry of >105,000 patients from >100 hospitals was
conducted in 2020. The study reported that Covid-19-related severity
for patients previously on statins was reduced by 25% and Covid-19-
related death was reduced by 45%. Other researchers found statin use
was associated with a reduced risk (by 30%–50%) of developing severe
COVID-19 symptoms while speeding up recovery (Daniels et al.,
2021; Gupta et al., 2021; Maric et al., 2021). A year later, numerous
meta-analyses unequivocally supported that statins reduced the
severity and mortality of patients with COVID-19 (Table 2).
Nothing in recent history has had statin studies produced at such
a rapid pace and in such a narrow time bandwidth. Much larger
population groups continued to show statins improved clinical
outcomes of patients with COVID-19 [Rivera et al. (2023)
with >15,500; Crimi et al. (2023) with >38,800; Wang et al. (2023)

with >800,000]. The pandemic threat has accelerated the speed of
research. The conclusions and recommendations of the studies
presented in Table 1, Table 2 were summarized in Table 3.

The therapeutic function of statin in inhibiting COVID-19 is
compelling in two instances—the prior use of statin before COVID-
19 infection and the statin treatment initiation after COVID-19
infection. In a recent interventional study byMemel et al. (2022), the
risk of death was reduced by 43% for patients who initiated statin
treatment recently. This association held up in patients with statin
use (risk of death reduction by 73%) and without statin use (risk of
death reduction by 51%) before hospitalization. Benefits were
greater with longer exposure to statin before COVID-19, possibly
because statin blunts inflammatory response. The authors proposed
antecedent statin usage interfered with viral infection via inhibition
of cholesterol-rich or lipid-rich cell membranes (Memel et al., 2022).

With such positive pleiotropic benefits of statins, it is easy to
overlook their side effects. The first US commercial statin
(lovastatin) was introduced in 1987, and rhabdomyolysis was
reported among patients a year later (East et al., 1988; Norman
et al., 1988) (Figure 1). This severe form of muscle damage has
resurfaced in the current pandemic. Statin users with COVID-19

TABLE 1 Retrospective and observational studies of the effects of statin on COVID-19 outcomes.

References Study type Main
effectsa

Findings

Zhang et al. (2020) Retrospective ↑ In-hospital statin use was associated with 44.7%↓ of all-cause mortality

Statin benefits may be due to immunomodulation; at 28 d hospital admission C-reactive protein (CRP)
(42%↓), interleukin-6 (41%↓), and neutrophil (23%↓) for statin vs. non-statin survivors

Tan et al. (2020) Retrospective ↑ Statin use was independently associated with 49%↓ of ICU admission

These dyslipidemia patients have a higher innate immune response (white blood cells ↑8.2% and
neutrophils ↑13.8%)

Saeed et al. (2020) Observational ↑ In-hospital patients with diabetes and COVID-19 on statins had lower CRP (21%↓) and mortality (38.5%↓)

Patients with diabetes had a 2–3 × greater risk of death with COVID-19; this study was on sicker patients

Chacko et al. (2021) Retrospective ↑ Antecedent statin use was associated with reduced in-hospital mortality (OR 0.14)

These were very sick patients on admission (65 years, borderline obese; body mass index (29.5 kg/m2), high
blood pressure (88%), type 2 diabetes (64%), coronary artery disease (CAD) (34%), end-stage renal disease
(ESRD) (14%)

Worst odds (OR) for in-hospital mortality; Intubation > ESRD > Age > CAD > Male

Umakanthan et al.
(2021)

Retrospective ↑ Patients with COVID-19 on statin had lower mortality (44.8%↓) and need of mechanical ventilator (17.4%↓),
CRP (17.4%↓) and WBC (8.2%↓)

Statin use in patients with COVID-19 lowered total cholesterol (6.3%↓) and low-density lipoprotein
cholesterol (14%↓), and improved survival and severity

Lee et al. (2021) Observational ↑ Prior statin use in patients with COVID-19 had 26.3% less severe clinical outcomes and 9.5% shorter hospital
stay

El-Solh et al. (2022) Observational ↓ Statin was not associated with decreased mortality nor ICU admission nor mechanical ventilator use

A high proportion of statin users were older (66 years) men (91%) known to have higher comorbidities and
higher risk of mortality

Shen et al. (2021) Retrospective ↑ Statin use in patients with COVID-19 had a lower risk of in-hospital mortality (87%↓) than non-users

This benefit is true for patients with coronary heart disease (CHD) as well as non-CHD patients

Bergqvist et al. (2021) Observational ↑ Statin treatment had preventive effects on COVID-19 mortality

Kuno et al. (2022) Observational ↑ In-hospital statin use decreased in-hospital mortality compared to patients who discontinued (34%↓)
aRetrospective and observational studies that improved (↑) and did not improve (↓) in patient severity and death.
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had more severe and intense muscle pain (≥5%) than non-statin
users with COVID-19 (Schetz et al., 2022). In a case study, statin was
singled out to cause toxic myopathy and liver damage among other
medications (Sabljic and Basic-Juki, 2022). Patients developed
proximal muscle weakness (arms and legs) with elevated liver
enzymes, whereupon statin cessation normalized enzymes and
regression of muscle symptoms. Furthermore, 30%–62% of
patients prescribed statins discontinued therapy because of
muscle fatigue, weakness and pain (Zaleski et al., 2018).

As yet, statutory bodies have not approved statin use for
COVID-19 management. If and when statin is approved for
COVID-19, a dramatic rise in statin-associated muscle symptoms
(SAMS) will occur. When SAMS are encountered, doctors often

advise patients to discontinue statin temporarily until muscle
symptoms stop, resume statin at the same or reduced dosage,
change to another statin (often lipid-soluble to water-soluble
one), use intermittent dosing (taking statin on alternate days) or
prescribe non-statin cholesterol-reducers (Altmann et al., 2004;
Julius, 2017). These are “bandage” solutions to an unmet
problem. Not only is the rate of voluntary discontinuation of
statin therapy high, patients often do not consult their doctors
on discontinuance. Statin cessation may bring detrimental
consequences to patients, including COVID-19 patients as
complementary management (Toth et al., 2018; Fedson, 2021).

Given its significance, potential pharmacological agents to
address SAMS should be investigated. We propose

TABLE 2 Meta-analyses of statin benefits in COVID-19 cases.

References Main effecta Comments

Gupta et al. (2021) ↑ Antecedent statin use was associated with inpatient mortality

Those on statins had lower C-reactive protein

Wu et al. (2021) ↑ Statin use showed a reduction in mortality (29%↓) and a need for invasive
mechanical ventilators (19%↓)

Yetmar et al. (2021) ↑ Prior statin use was associated with a lower risk of mortality or severity in
patients with COVID-19

Severity is defined by advanced ventilator support, ICU admission, acute
respiratory distress syndrome (ARDS)

Zein et al. (2022) ↑ Statin was associated with a lower risk of mortality (28%↓)
This association was not affected by age, male gender, diabetes and
hypertension

Chow et al. (2021) ↑ Patients given statin de novo after COVID-19 diagnosis were at a lower risk
for mortality

Among non-ICU patients, statin users were at a lower risk of mortality
relative to non-statin users

Kollias et al. (2021) ↑ Statin therapy was associated with a lower risk of in-hospital
mortality (35%↓)

12 studies (65 years) with comorbidities—hypertension (66%), diabetes
(43%), statin use (30%)

Kow and Hasan (2022) ↑ Statin was associated with a lower risk of all-cause mortality and severe
illness in patients with COVID-19

Gutierrez-Mariscal et al. (2021) ↑ Statin use was associated with a lower risk of mortality in patients with
COVID-19

Most common comorbidities—hypertension (51%) dyslipidemia (41%),
diabetes (33%)

Only chronic use of statins reduced mortality in patients with COVID-19

Ayeh et al. (2021) ↓ Statin use had no effect on COVID-19-related mortality

Statin use increased COVID-19-related severity by 18%

The divergent findings may be due to different demographics and prevalent
comorbidities

Choi et al. (2022) ↑ Statin use was associated with a reduction in in-hospital mortality (21%↓)

Higher-intensity statin use had even more protection than low-to-medium
statin use

Vahedian-Azimi et al. (2021) ↑ Antecedent statin use reduced tracheal intubation (27%↓)

Statin use after hospitalization was associated with 46%↓ mortality

aMeta-analysis studies with statins that improved (↑) and did not improve (↓) in patient severity and death.
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geranylgeraniol (GG) as a suitable candidate. To explain the
rationale for proposing GG, this paper aims to summarise the
basic mechanisms of how statins cause SAMS, and the specific
role of GG in countering SAMS.

2 The molecular mechanism of statins
in inducing SAMS

The effectiveness of statins in treating hyperlipidemia is well
acknowledged, but the en route damage is unappreciated. Statin is an
indiscriminate cholesterol reducer, by which it reduces endogenous

essential isoprenoids besides cholesterol. These isoprenoids are
obligatory for the synthesis of other molecules required for
normal physiological processes and their decrease would have
many downstream ramifications (Verdaguer et al., 2022).
Reduction of isoprenoids and the subsequent decimation of
skeletal muscle protein and CoQ10 synthesis could be responsible
for statin’s side effects (Mollazadeh et al., 2021).

CoQ10 is biosynthesised as an essential nutrient within our body
for energy production. The impact of statins on reducing
CoQ10 production is well communicated. This CoQ10 reduction
is caused by the inhibition of GG synthesis because GG is an
intrinsic part of the chemical structure of CoQ10 (Paiva et al.,
2005). The health benefits of CoQ10, particularly in cardiovascular
health have been documented in many reviews (Martelli et al., 2020;
Gutierrez-Mariscal et al., 2021; Rabanal-Ruiz et al., 2021).
CoQ10 improves fatigue recovery of elite athletes (Mizuno et al.,
2008), and exerts protective effects on the nervous system (Testai
et al., 2021) and male fertility (Salvio et al., 2021). Importantly,
CoQ10 prevents LDL oxidation (to the atherogenic oxLDL) because
ubiquinol (reduced form of CoQ10) is uniquely situated inside LDL
particles. All these studies amply underscore the importance of
CoQ10 in cardiovascular health and non-cardiovascular health.

Mechanistic studies have variously hypothesised that
CoQ10 helps to prevent statin myopathy. However, this CoQ10-
SAMS narrative cannot be clinically substantiated as trials and meta-
analyses nearly all failed to support the mitigating effects of
CoQ10 on SAMS (Table 4). Supplemental CoQ10 that drives
serum CoQ10 levels up after being lowered by statin implies
CoQ10 could mitigate SAMS. A specific trial was designed to test
this hypothesis. In this study, statin users with confirmed myalgia
were supplemented with 600 mg CoQ10 per day for 8 weeks. Their
serum CoQ10 rose from 1.3 μg/mL to 5.2 μg/mL, an impressive
400% increase above baseline (Taylor et al., 2015; Zaleski et al.,

TABLE 3 Conclusions and recommendations for statin usage to mitigate
COVID-19.

Conclusions

1 Antecedent statin use is associated with a lower risk of severity and mortality

2 Severity decreased and mortality dropped for those on statins

3 Prior chronic use of statin and non-ICU patients fared better

4 Benefits were seen in COVID-19 patients with high cholesterol and
inflammation after COVID-19 diagnosis lowered mortality risk

Recommendations

1 Continue statin in patients with COVID-19 who were already on them

2 Continue statin in CVD and Lipidemia patients without COVID-19

3 Initiate statin therapies among patients at risk of COVID-19

4 Initiate of statin therapies among patients hospitalized with COVID-19

5 Initiate statin therapies among diabetics, especially minorities

FIGURE 1
Statin history and landmarks.
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2018). There is no CoQ10 “bioavailability” issue in this trial.
However, CoQ10 did not improve skeletal muscle symptoms or
performance in patients with SAMS. Thus, statin-associated
myopathy could not be effectively managed by
CoQ10 supplementation.

3 Role of GG in managing SAMS

The biochemical and biological pathway of GG to mitigate muscle
cell damage due to statins was elegantly studied >25 years ago (Raiteri
et al., 1997) and confirmed >15 years ago (Johnson et al., 2004). Statin
causes apoptosis of muscle cells with a concomitant loss of GG.
Cholesterol, CoQ10 and menaquinone-4 (MK4) were all decreased
by statin. GG is the “building block” isoprenoid for the synthesis of
CoQ10 andMK4 in animals (Nakagawa et al., 2010; Hirota et al., 2015)
and also for the synthesis of ubiquitous phytonutrients in plants
(Figure 2). The adverse effects of statins on muscle are mainly
through inhibition of protein geranylgeranylation, but not by
ubiquinone suppression (Johnson et al., 2004). GG add-back studies
showed increased CoQ10 production without blocking statin’s

inhibition of cholesterol synthesis (Campia et al., 2009). Both
farnesol (F) and geranylgeraniol (GG) are isoprenoids central to the
mevalonic acid pathway. Cholesterol biosynthesis is derived from F.
Statin’s inhibition of this pathway is much upstream at the
C5 mevalonate site for which F (at C15) and GG (at C20) both
undergo downstream obligate inhibition (Figure 3). This
mevalonate-isoprenoid pathway is rendered more plausible because
CoQ10, ezetimide, and statin—all related to cholesterol synthesis—were
summarily associated with reduced COVID-19 hospitalization risk
(Israel et al., 2021; Sumbalova et al., 2022). Since a higher
CoQ10 level was associated with reduced hospitalization, the authors
suggested that isoprenoid GG reduction is responsible for
hospitalisation. GGPP (activated form of GG) is required for the
synthesis of CoQ10. Interestingly, Health Canada has required
myopathy warnings on statin labels for more than 15 years (Health
Canada, 2005) (Figure 2).

One novel mechanism for which statin inhibits COVID-19 is via
the mevalonate-isoprenoid reduction of FPP/cholesterol. There is a
remarkable similarity to the pleiotropic statin effects on the
cardiovascular system (Oesterle et al., 2017). GG is uniquely
required for the synthesis of skeletal muscle protein. GG increases

TABLE 4 The effects of CoQ10 supplementation on statin-associated muscle symptoms (SAMS).

References Study Main
effectb

Comments on CoQ10 in patients on statins

Banach et al. (2015a) Meta-analysis ↓ CoQ10 did not cause any difference in muscle pain

Banach et al. (2015b) No change in phosphocreatine kinase (PCK)

Taylor et al. (2015)a Clinical trial ↓ Patients with confirmed myalgia

Zaleski et al. (2018)a CoQ10 (600 mg/d for 8 weeks); serum CoQ10 increased 400% (1.3 μg/mL to 5.2 μg/mL)

CoQ10 did not improve skeletal muscle symptoms nor performance in patients with confirmed SAMS

PCK fluctuated too widely to be useful

Qu et al. (2018) Meta-
Analysis

↑ Twelve studies were included in the analysis

CoQ10 ameliorated SAMS

Supplementation as a complementary approach

No reduction of PCK

Kennedy et al. (2020) Meta-
Analysis

↓ Seven studies were included in the analysis

CoQ10 did not improve myalgia symptomsCoQ10 did not improve adherence to statin therapy; patients
discontinued medication

Durhuus et al. (2020) Clinical trial ↓ Statin patients with and without myalgia on CoQ10 (8 weeks with 400 mg/d)

CoQ10 had no impact on mitochondrial functions nor was it bioavailable (platelets and PMBC)

ROS increased in platelets of statin takers with SAMS (250%↑) and without SAMS (100%↑)

Wei et al. (2022) Meta-
Analysis

↓ Eight studies were included in the analysis; 4 evaluated CoQ10 on muscle pain

CoQ10 did not improve statin-induced myopathy

PCK increased NS

Chen et al. (2022) Retrospective ↓ 12.5% of statin takers (n = 511) also supplemented CoQ10 (n = 64)

The frequency of SAMS resolution was similar between groups

CoQ10 did not improve their muscle symptoms

aThis study is considered the most rigorous in defining SAMS, to study with CoQ10 supplementation.
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the differentiation of muscle cells and suppresses the expression of
skeletalmuscle atrophy-related ubiquitin ligases (Matsubara et al., 2018)
(Figure 3). Statins obligatorily inhibit this GG isoprenoid and prevent
the prenylation of skeletal muscle protein, thus myopathy occurs. GG is
a non-terminal nutrient, the “missing piece” in skeletal muscle protein.
Several in vivomodels have showcased the potential ofGG in improving
muscle health. First, GG prevents statin-induced muscle fatigue by
increasing force production and muscle performance (Irwin et al.,
2020). Second, GG prevents denervation-induced reduction in
muscle fibres (Miyawaki et al., 2020). Third, GG prevents
degenerations of soleus muscle in diabetic animals by improving
mitochondrial quality and autophagy (Jiwan et al., 2022). In a
related in vitro study, GG also rescues mitochondrial respiration in
monocytic cells suppressed by statins, likely due to GG being used for

CoQ10 synthesis (Campia et al., 2009). In addition, GG interacts with
the prenyltransferase UbiA prenyltransferase domain-containing
protein l, which converts menadione to menaquinone (MK4)
(Schumacher et al., 2015). MK4 is important for the maintenance of
a healthy musculoskeletal system (Azuma and Inoue, 2019). However,
there is a lack of direct evidence suggesting GG promotes
MK4 synthesis. Overall, the accumulated evidence suggests the
beneficial effects of GG in protecting muscle health.

The extreme case of statin-induced muscle problem,
rhabdomyolysis, was noted in 1988, merely a year after the first
statin was introduced in the United States. The decimation of
endogenous GG was identified as the responsible cause (Raiteri
et al., 1997; Johnson et al., 2004). Yet, it would take another 25 years
to readdress GG as being responsible for skeletal muscle protein and its

FIGURE 2
GG as a building block of biomolecules in plants (green) and mammals (red).

FIGURE 3
Mevalonic acid pathway (A) and statin myotoxicity (B).
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deterioration by statins. Arguably, the most prevalent side effect of
statins is muscle problems, and this damage can be studied through the
development of muscle atrophy. Muscle atrophy is the loss of skeletal
muscle mass, decrease in force production and increase in fatigue.
Atrophy can happen with neuromuscular andmusculoskeletal diseases,
aging (loss of testosterone), immobility/sarcopenia (use-it-or-lose-it),
and exercise-induced muscle injury.

Loss of CoQ10 causes fatigue, and myalgia, but the loss of GG goes
beyond energy deficits to muscle damage and atrophy. Supplemental
CoQ10 compensates for CoQ10 loss caused by statins. However,
supplemental GG reverses SAMS and regenerates CoQ10 (Campia
et al., 2009; Sanvee et al., 2021a; Sanvee et al., 2021b). These functions of
GG are summarized in Table 5. Put together, GG is the critical
isoprenoid responsible for skeletal muscle protein synthesis. GG and
F are isoprenoids used in the cell membranes to prenylate proteins.
Hanai et al. (2007) first noted that atrogin-1 is the critical mediator of
muscle damage (muscle fibre breakdown) caused by statin. Later, the
same group discovered that GG—but not F—specifically rescued
muscle damage from statins (Cao et al., 2009). Statin reduced
myofibers by 60% and only GG completely reversed it. Furthermore,
GG reduced statin-induced atrogin-1 by 65%, a mechanism responsible
formuscle atrophy. The authors suggested that geranylgeranylation was
required for the synthesis of the long CoQ10 sidechain. CoQ10 plays an
integral part in the mitochondrial respiratory complex and statin
suppresses mitochondrial function (Apostolopoulou et al., 2015).
The decrease in the latter was responsible for muscle atrophy.

Additionally, MK4 and GG improve mitochondrial functions by
increasing mitochondrial membrane potential, mitochondrial
respiratory capacity, ATP production, and spare respiratory capacity.
The authors remarked that MK4 and GG both contribute to the
inhibition of insulin resistance in skeletal muscles (Su et al., 2021;
Wang et al., 2022). This statin-damage work has also been substantiated
in animal studies (Goodman et al., 2015; Irwin et al., 2018). Oral
administration of GG rescues muscle atrophy through atrogin-1
suppression (Miyawaki et al., 2020) and reverses skeletal muscle
atrophy that includes oral frailty such as oral conversation and food
mastication (Shirakawa et al., 2021). In muscles, statin increased
atrogin-1 by about 100%–150%, followed by a consequent reduction
of 30%–35% muscle force production for which GG completely
abrogated. The translated dose for a 70 kg person is approximately
170 mg/d of GG. GG supplementation increased force production in
muscle (Irwin et al., 2020). In an ex vivo human study, statin caused the
induction of atrogin-1 by ≥ 400%, an indication of muscle damage and
muscle atrophy (Gouni-Berthold et al., 2013). These studies showedGG
reduced atrogin-1 to reverse muscle atrophy.

4 Conclusion

The existing pleiotropic reach of statin is already large. The potential
utility of statin to mitigate COVID-19 makes the extended reach of this
drug enormous. Assuming a generous two-third overlap of all the

TABLE 5 Functions of geranylgeraniol (GG) in muscles and muscle cells.

Studies Effects of GG

Sanvee et al. (2021a) GG prevented toxicity (caused by statin) in myoblasts (by 400%) and myotubes (by 100%)

GG improved energy production (decreased by statin) in myoblasts (by 50%) and myotubes (by 30%)

Statin inhibited cellular respiration and increased superoxide production; GG completely prevented statin-associated membrane toxicity

Sanvee et al. (2021b) Isoprenoid replenishment (especially by GG) prevented the cytotoxicity associated with statin

GG prevented cytotoxicity presented by toxic effects of statin in skeletal muscle cells

GG restored phosphorylation and prevented ATP depletion completely of muscle cells caused by statin

Statin impaired mitochondrial respiration and caused reactive oxygen species (ROS) production; GG prevented ROS completely, likely
interfering with ROS generation

Ownby and Hohl (2002) Statin led to visible muscle and muscle cell damage; GG reversed and restored myotube and myofiber morphology, inhibition of muscle
atrophy via atrogin-1 reduction

Cao et al. (2009)

Marcuzzi et al. (2016)

Irwin et al. (2020) Statin reduced force production of hind legs; GG completely abrogated this effect

Miyawaki et al. (2020) GG increased shinbone muscle force, reversed skeletal muscle fatigue and improved cardiac muscle contraction/relaxation

TABLE 6 Projected number of statin users for its pleiotropic benefits by 2030.

Condition/Situation (usage) Reach in United States

Lipidemia (Cholesterol ↑) 40 m Recommended by American Heart Association

Diabetes (Sugar ↑) Eldor and Raz, (2009) 35 m Recommended by American Diabetes Association

Elderly (75+) Orkaby et al. (2020) 25 m (45 m if the age is 65+ years) No recommendation by American Gerontology Society

CVD with COVID-19 Daniels et al. (2021) 120 m (CHD, HF, Stroke, HBP) Study supported by American Heart Association; no recommendation made
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possible 240 million statin takers, it is expected that by 2030, 80 million
Americans may be on statins (Table 6). Statins stand to topple the most-
used drug paracetamol or acetaminophen (CHPA, 2020). With the off-
label prescribed statins to the elderly and use in the diabetic population,
SAMS is expected to increase. Furthermore, if statins are approved for
use in COVID-19 patients, and for patients with post-acute sequelae of
COVID-19 (PASC) or simply long-haul COVID-19, muscle problems
are staged to multiply. GG addresses this unmet need. CoQ10 is, at best,
a partial statin solution, whereas GGmay be a better solution to address
SAMS. CoQ10 and GG combination may be used as a “statin
companion” to satisfy the unmet need generated by statin’s usage.
The current NIH guidelines recommend continued use of statins
during COVID-19 but do not recommend initiation pending
completion of randomized controlled trials. The perspectives put
forward in this paper will have to be validated in future studies.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

BT drafted the manuscript. K-YC provided a critical review and
edited the manuscript. All authors contributed to the article and
approved the submitted version.

Funding

The publication of this article is made possible by American
River Nutrition. K-YC is funded by the Malaysian Ministry of
Higher Education through the Fundamental Research Grant
Scheme (FRGS/1/2022/SKK10/UKM/02/3).

Acknowledgments

The authors thank Universiti Kebangsaan Malaysia and
American River Nutrition for supporting the research.

Conflict of interest

BT is the President of American River Nutrition. K-YC declares
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adhyaru, B. B., and Jacobson, T. A. (2018). Safety and efficacy of statin therapy. Nat.
Rev. Cardiol. 15, 757–769. doi:10.1038/s41569-018-0098-5

Altmann, S. W., Davis, H. R., Jr., Zhu, L. J., Yao, X., Hoos, L. M., Tetzloff, G., et al.
(2004). Niemann-Pick C1 like 1 protein is critical for intestinal cholesterol absorption.
Science 303, 1201–1204. doi:10.1126/science.1093131

American College of Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines (2019). Correction to: 2018 AHA/ACC/AACVPR/AAPA/ABC/
ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the management of blood
cholesterol: a report of the American College of Cardiology/American heart association
Task force on clinical Practice guidelines. Circulation 139, e1182–e1186. doi:10.1016/j.
jacc.2018.11.002

American Diabetes Association Professional Practice Committee (2021). 10.
Cardiovascular disease and risk management: standards of medical care in
diabetes—2022. Diabetes Care 45, S144–S174. doi:10.2337/dc22-S010

Apostolopoulou, M., Corsini, A., and Roden, M. (2015). The role of mitochondria in
statin-induced myopathy. Eur. J. Clin. Invest. 45, 745–754. doi:10.1111/eci.12461

Ayeh, S. K., Abbey, E. J., Khalifa, B. a.A., Nudotor, R. D., Osei, A. D., Chidambaram,
V., et al. (2021). Statins use and COVID-19 outcomes in hospitalized patients. PLoS One
16, e0256899. doi:10.1371/journal.pone.0256899

Azuma, K., and Inoue, S. (2019). Multiple modes of vitamin K actions in aging-related
musculoskeletal disorders. Int. J. Mol. Sci. 20, 2844. doi:10.3390/ijms20112844

Banach, M., Serban, C., Ursoniu, S., Rysz, J., Muntner, P., Toth, P. P., et al. (2015b).
Statin therapy and plasma coenzyme Q10 concentrations--A systematic review and
meta-analysis of placebo-controlled trials. Pharmacol. Res. 99, 329–336. doi:10.1016/j.
phrs.2015.07.008

Banach, M., Serban, C., Sahebkar, A., Ursoniu, S., Rysz, J., Muntner, P., et al. (2015a).
Effects of coenzyme Q10 on statin-induced myopathy: a meta-analysis of randomized
controlled trials. Mayo Clin. Proc. 90, 24–34. doi:10.1016/j.mayocp.2014.08.021

Bergqvist, R., Ahlqvist, V. H., Lundberg, M., Hergens, M. P., Sundstrom, J., Bell, M.,
et al. (2021). HMG-CoA reductase inhibitors and COVID-19 mortality in Stockholm,
Sweden: a registry-based cohort study. PLoS Med. 18, e1003820. doi:10.1371/journal.
pmed.1003820

Campia, I., Lussiana, C., Pescarmona, G., Ghigo, D., Bosia, A., and Riganti, C. (2009).
Geranylgeraniol prevents the cytotoxic effects of mevastatin in THP-1 cells, without
decreasing the beneficial effects on cholesterol synthesis. Br. J. Pharmacol. 158,
1777–1786. doi:10.1111/j.1476-5381.2009.00465.x

Cao, P., Hanai, J., Tanksale, P., Imamura, S., Sukhatme, V. P., and Lecker, S. H. (2009).
Statin-induced muscle damage and atrogin-1 induction is the result of a
geranylgeranylation defect. Faseb J. 23, 2844–2854. doi:10.1096/fj.08-128843

Chacko, S. R., Dejoy, R., 3rd, Lo, K. B., Albano, J., Peterson, E., Bhargav, R., et al.
(2021). Association of pre-admission statin use with reduced in-hospital mortality in
COVID-19. Am. J. Med. Sci. 361, 725–730. doi:10.1016/j.amjms.2021.03.001

Chen, W., Ochs-Balcom, H. M., Ma, C., Isackson, P. J., Vladutiu, G. D., and Luzum,
J. A. (2022). Coenzyme Q10 supplementation for the treatment of statin-associated
muscle symptoms. Future Cardiol. 18, 461–470. doi:10.2217/fca-2021-0106

Choi, D., Chen, Q., Goonewardena, S. N., Pacheco, H., Mejia, P., Smith, R. L., et al.
(2022). Efficacy of statin therapy in patients with hospital admission for COVID-19.
Cardiovasc Drugs Ther. 36, 1165–1173. doi:10.1007/s10557-021-07263-2

Chow, R., Im, J., Chiu, N., Chiu, L., Aggarwal, R., Lee, J., et al. (2021). The protective
association between statins use and adverse outcomes among COVID-19 patients: a
systematic review and meta-analysis. PLoS One 16, e0253576. doi:10.1371/journal.pone.
0253576

Crimi, E., Rumana, U., Ang, D. N., Cintron, C., Kapisoda, K., Zeleznak, W., et al.
(2023). Beneficial effects of prehospital use of statins in a large United States cohort of
hospitalized coronavirus disease 2019 patients. J. Cardiovasc Med. Hagerst. 24, 172–183.
doi:10.2459/JCM.0000000000001441

Daniels, L. B., Ren, J., Kumar, K., Bui, Q. M., Zhang, J., Zhang, X., et al. (2021).
Relation of prior statin and anti-hypertensive use to severity of disease among patients
hospitalized with COVID-19: findings from the American Heart Association’s COVID-
19 Cardiovascular Disease Registry. PLoS One 16, e0254635. doi:10.1371/journal.pone.
0254635

Durhuus, J. A., Hansson, S., Morville, T., Kuhlman, A. B., Dohlmann, T. L., Larsen, S.,
et al. (2020). Simvastatin improves mitochondrial respiration in peripheral blood cells.
Sci. Rep. 10, 17012. doi:10.1038/s41598-020-73896-2

Frontiers in Physiology frontiersin.org08

Tan and Chin 10.3389/fphys.2023.1246589

https://doi.org/10.1038/s41569-018-0098-5
https://doi.org/10.1126/science.1093131
https://doi.org/10.1016/j.jacc.2018.11.002
https://doi.org/10.1016/j.jacc.2018.11.002
https://doi.org/10.2337/dc22-S010
https://doi.org/10.1111/eci.12461
https://doi.org/10.1371/journal.pone.0256899
https://doi.org/10.3390/ijms20112844
https://doi.org/10.1016/j.phrs.2015.07.008
https://doi.org/10.1016/j.phrs.2015.07.008
https://doi.org/10.1016/j.mayocp.2014.08.021
https://doi.org/10.1371/journal.pmed.1003820
https://doi.org/10.1371/journal.pmed.1003820
https://doi.org/10.1111/j.1476-5381.2009.00465.x
https://doi.org/10.1096/fj.08-128843
https://doi.org/10.1016/j.amjms.2021.03.001
https://doi.org/10.2217/fca-2021-0106
https://doi.org/10.1007/s10557-021-07263-2
https://doi.org/10.1371/journal.pone.0253576
https://doi.org/10.1371/journal.pone.0253576
https://doi.org/10.2459/JCM.0000000000001441
https://doi.org/10.1371/journal.pone.0254635
https://doi.org/10.1371/journal.pone.0254635
https://doi.org/10.1038/s41598-020-73896-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1246589


East, C., Alivizatos, P. A., Grundy, S. M., Jones, P. H., and Farmer, J. A. (1988).
Rhabdomyolysis in patients receiving lovastatin after cardiac transplantation. N. Engl.
J. Med. 318, 47–48. doi:10.1056/NEJM198801073180111

Eldor, R., and Raz, I. (2009). American Diabetes Association indications for statins in
diabetes: is there evidence? Diabetes Care 32 (2), S384–S391. doi:10.2337/dc09-S345

El-Solh, A. A., Lawson, Y., and El-Solh, D. A. (2022). All-cause mortality in COVID-
19 patients receiving statin therapy: analysis of veterans affairs database cohort study.
Intern Emerg. Med. 17, 685–694. doi:10.1007/s11739-021-02848-z

Fedson, D. S. (2021). Statin withdrawal and treating COVID-19 patients. Pharmacol.
Res. Perspect. 9, e00861. doi:10.1002/prp2.861

Feldman, D. I., Michos, E. D., Stone, N. J., Gluckman, T. J., Cainzos-Achirica, M.,
Virani, S. S., et al. (2020). Same evidence, varying viewpoints: three questions illustrating
important differences between United States and European cholesterol guideline
recommendations. Am. J. Prev. Cardiol. 4, 100117. doi:10.1016/j.ajpc.2020.100117

Goodman, C. A., Pol, D., Zacharewicz, E., Lee-Young, R. S., Snow, R. J., Russell, A. P.,
et al. (2015). Statin-induced increases in atrophy gene expression occur independently
of changes in PGC1α protein and mitochondrial content. PLoS One 10, e0128398.
doi:10.1371/journal.pone.0128398

Gouni-Berthold, I., Berthold, H. K., Huh, J. Y., Berman, R., Spenrath, N., Krone, W.,
et al. (2013). Effects of lipid-lowering drugs on irisin in human subjects in vivo and in
human skeletal muscle cells ex vivo. PLoS One 8, e72858. doi:10.1371/journal.pone.
0072858

Gupta, A., Madhavan, M. V., Poterucha, T. J., Defilippis, E. M., Hennessey, J. A.,
Redfors, B., et al. (2021). Association between antecedent statin use and decreased
mortality in hospitalized patients with COVID-19. Nat. Commun. 12, 1325. doi:10.
1038/s41467-021-21553-1

Gutierrez-Mariscal, F. M., De La Cruz-Ares, S., Torres-Peña, J. D., Alcalá-Diaz, J. F.,
Yubero-Serrano, E. M., and López-Miranda, J. (2021). Coenzyme Q(10) and
cardiovascular diseases. Antioxidants (Basel) 10, 906. doi:10.3390/antiox10060906

Hanai, J., Cao, P., Tanksale, P., Imamura, S., Koshimizu, E., Zhao, J., et al. (2007). The
muscle-specific ubiquitin ligase atrogin-1/MAFbx mediates statin-induced muscle
toxicity. J. Clin. Invest. 117, 3940–3951. doi:10.1172/JCI32741

Health Canada (2005). Archive – health Canada advises consumers about important
safety information on statins. Available at:https://recalls-rappels.canada.ca/en/alert-
recall/archive-health-canada-advises-consumers-about-important-safety-information-
statins#related-connexe (Accessed June 24, 2023).

Hirota, Y., Nakagawa, K., Sawada, N., Okuda, N., Suhara, Y., Uchino, Y., et al. (2015).
Functional characterization of the vitamin K2 biosynthetic enzyme UBIAD1. PLoS One
10, e0125737. doi:10.1371/journal.pone.0125737

Irwin, J. C., Fenning, A. S., Ryan, K. R., and Vella, R. K. (2018). Validation of a
clinically-relevant rodent model of statin-associated muscle symptoms for use in
pharmacological studies. Toxicol. Appl. Pharmacol. 360, 78–87. doi:10.1016/j.taap.
2018.09.040

Irwin, J. C., Fenning, A. S., and Vella, R. K. (2020). Geranylgeraniol prevents statin-
induced skeletal muscle fatigue without causing adverse effects in cardiac or vascular
smooth muscle performance. Transl. Res. 215, 17–30. doi:10.1016/j.trsl.2019.08.004

Israel, A., Schaffer, A. A., Cicurel, A., Cheng, K., Sinha, S., Schiff, E., et al. (2021).
Identification of drugs associated with reduced severity of COVID-19 - a case-control
study in a large population. Elife 10, e68165. doi:10.7554/eLife.68165

Jiwan, N. C., Appell, C. R., Wang, R., Shen, C. L., and Luk, H. Y. (2022).
Geranylgeraniol supplementation mitigates soleus muscle atrophy via changes in
mitochondrial quality in diabetic rats. Vivo 36, 2638–2649. doi:10.21873/invivo.12998

Johnson, T. E., Zhang, X., Bleicher, K. B., Dysart, G., Loughlin, A. F., Schaefer, W. H.,
et al. (2004). Statins induce apoptosis in rat and human myotube cultures by inhibiting
protein geranylgeranylation but not ubiquinone. Toxicol. Appl. Pharmacol. 200,
237–250. doi:10.1016/j.taap.2004.04.010

Julius, U. (2017). History of lipidology and lipoprotein apheresis. Atheroscler. Suppl.
30, 1–8. doi:10.1016/j.atherosclerosissup.2017.05.034

Kennedy, C., Koller, Y., and Surkova, E. (2020). Effect of Coenzyme Q10 on statin-
associated myalgia and adherence to statin therapy: a systematic review and meta-
analysis. Atherosclerosis 299, 1–8. doi:10.1016/j.atherosclerosis.2020.03.006

Kollias, A., Kyriakoulis, K. G., Kyriakoulis, I. G., Nitsotolis, T., Poulakou, G., Stergiou,
G. S., et al. (2021). Statin use and mortality in COVID-19 patients: updated systematic
review and meta-analysis. Atherosclerosis 330, 114–121. doi:10.1016/j.atherosclerosis.
2021.06.911

Kow, C. S., and Hasan, S. S. (2022). The association between the use of statins and
clinical outcomes in patients with COVID-19: a systematic review and meta-analysis.
Am. J. Cardiovasc Drugs 22, 167–181. doi:10.1007/s40256-021-00490-w

Kuno, T., So, M., Iwagami, M., Takahashi, M., and Egorova, N. N. (2022). The
association of statins use with survival of patients with COVID-19. J. Cardiol. 79,
494–500. doi:10.1016/j.jjcc.2021.12.012

Lee, S. W., Kim, S. Y., Moon, S. Y., Yoo, I. K., Yoo, E. G., Eom, G. H., et al. (2021).
Statin use and COVID-19 infectivity and severity in South Korea: two population-based
nationwide cohort studies. JMIR Public Health Surveill. 7, e29379. doi:10.2196/29379

Mach, F., Baigent, C., Catapano, A. L., Koskinas, K. C., Casula, M., Badimon, L., et al.
(2020). 2019 ESC/EAS Guidelines for the management of dyslipidaemias: lipid
modification to reduce cardiovascular risk. Eur. Heart J. 41, 111–188. doi:10.1093/
eurheartj/ehz455

Marcuzzi, A., Piscianz, E., Zweyer, M., Bortul, R., Loganes, C., Girardelli, M., et al.
(2016). Geranylgeraniol and neurological impairment: involvement of apoptosis and
mitochondrial morphology. Int. J. Mol. Sci. 17, 365. doi:10.3390/ijms17030365

Maric, I., Oskotsky, T., Kosti, I., Le, B., Wong, R. J., Shaw, G. M., et al. (2021).
Decreased mortality rate among COVID-19 patients prescribed statins: data from
electronic health records in the US. Front. Med. (Lausanne) 8, 639804. doi:10.3389/
fmed.2021.639804

Martelli, A., Testai, L., Colletti, A., and Cicero, A. F. G. (2020). Coenzyme Q(10):
clinical applications in cardiovascular diseases. Antioxidants (Basel) 9, 341. doi:10.3390/
antiox9040341

Matsubara, T., Urata, M., Nakajima, T., Fukuzaki, M., Masuda, R., Yoshimoto, Y.,
et al. (2018). Geranylgeraniol-induced myogenic differentiation of C2C12 cells. Vivo 32,
1427–1431. doi:10.21873/invivo.11395

Memel, Z. N., Lee, J. J., Foulkes, A. S., Chung, R. T., Thaweethai, T., and Bloom, P. P.
(2022). Association of statins and 28-day mortality rates in patients hospitalized with
severe acute respiratory syndrome coronavirus 2 infection. J. Infect. Dis. 225, 19–29.
doi:10.1093/infdis/jiab539

Miyawaki, A., Rojasawasthien, T., Hitomi, S., Aoki, Y., Urata, M., Inoue, A., et al.
(2020). Oral administration of geranylgeraniol rescues denervation-induced muscle
atrophy via suppression of atrogin-1. Vivo 34, 2345–2351. doi:10.21873/invivo.12047

Mizuno, K., Tanaka, M., Nozaki, S., Mizuma, H., Ataka, S., Tahara, T., et al. (2008).
Antifatigue effects of coenzyme Q10 during physical fatigue. Nutrition 24, 293–299.
doi:10.1016/j.nut.2007.12.007

Mollazadeh, H., Tavana, E., Fanni, G., Bo, S., Banach, M., Pirro, M., et al. (2021).
Effects of statins on mitochondrial pathways. J. Cachexia Sarcopenia Muscle 12,
237–251. doi:10.1002/jcsm.12654

Nakagawa, K., Hirota, Y., Sawada, N., Yuge, N., Watanabe, M., Uchino, Y., et al.
(2010). Identification of UBIAD1 as a novel human menaquinone-4 biosynthetic
enzyme. Nature 468, 117–121. doi:10.1038/nature09464

Norman, D. J., Illingworth, D. R., Munson, J., and Hosenpud, J. (1988). Myolysis and
acute renal failure in a heart-transplant recipient receiving lovastatin. N. Engl. J. Med.
318, 46–47. doi:10.1056/NEJM198801073180110

Oesterle, A., Laufs, U., and Liao, J. K. (2017). Pleiotropic effects of statins on the
cardiovascular system. Circ. Res. 120, 229–243. doi:10.1161/CIRCRESAHA.116.308537

Orkaby, A. R., Driver, J. A., Ho, Y. L., Lu, B., Costa, L., Honerlaw, J., et al. (2020).
Association of statin use with all-cause and cardiovascular mortality in US veterans
75 Years and older. JAMA 324, 68–78. doi:10.1001/jama.2020.7848

Ownby, S. E., and Hohl, R. J. (2002). Farnesol and geranylgeraniol: prevention and
reversion of lovastatin-induced effects in NIH3T3 cells. Lipids 37, 185–192. doi:10.1007/
s11745-002-0879-1

Paiva, H., Thelen, K. M., Van Coster, R., Smet, J., De Paepe, B., Mattila, K. M., et al.
(2005). High-dose statins and skeletal muscle metabolism in humans: a randomized,
controlled trial. Clin. Pharmacol. Ther. 78, 60–68. doi:10.1016/j.clpt.2005.03.006

Qu, H., Guo, M., Chai, H., Wang, W. T., Gao, Z. Y., and Shi, D. Z. (2018). Effects of
coenzyme Q10 on statin-induced myopathy: an updated meta-analysis of randomized
controlled trials. J. Am. Heart Assoc. 7, e009835. doi:10.1161/JAHA.118.009835

Rabanal-Ruiz, Y., Llanos-González, E., and Alcain, F. J. (2021). The use of coenzyme
Q10 in cardiovascular diseases. Antioxidants (Basel) 10, 755. doi:10.3390/
antiox10050755

Raiteri, M., Arnaboldi, L., Mcgeady, P., Gelb, M. H., Verri, D., Tagliabue, C., et al.
(1997). Pharmacological control of the mevalonate pathway: effect on arterial smooth
muscle cell proliferation. J. Pharmacol. Exp. Ther. 281, 1144–1153.

Rivera, A. S., Al-Heeti, O., Petito, L. C., Feinstein, M. J., Achenbach, C. J., Williams, J.,
et al. (2023). Association of statin use with outcomes of patients admitted with COVID-
19: an analysis of electronic health records using superlearner. BMC Infect. Dis. 23, 115.
doi:10.1186/s12879-023-08026-0

Sabljic, Z., and Basic-Juki, N. (2022). Toxic myopathy and liver damage caused by
concomitant therapy with remdesivir, atorvastatin, ezetimibe, and tacrolimus in a renal
transplant patient with recently treated SARS-CoV-2 induced pneumonia: a case report.
Ther. Apher. Dial. 26, 478–479. doi:10.1111/1744-9987.13748

Saeed, O., Castagna, F., Agalliu, I., Xue, X., Patel, S. R., Rochlani, Y., et al. (2020).
Statin use and in-hospital mortality in patients with diabetes mellitus and COVID-19.
J. Am. Heart Assoc. 9, e018475. doi:10.1161/JAHA.120.018475

Salvio, G., Cutini, M., Ciarloni, A., Giovannini, L., Perrone, M., and Balercia, G.
(2021). Coenzyme Q10 andmale infertility: a systematic review.Antioxidants (Basel) 10,
874. doi:10.3390/antiox10060874

Sanvee, G. M., Bouitbir, J., and Krähenbühl, S. (2021a). C2C12 myoblasts are more
sensitive to the toxic effects of simvastatin than myotubes and show impaired
proliferation and myotube formation. Biochem. Pharmacol. 190, 114649. doi:10.
1016/j.bcp.2021.114649

Frontiers in Physiology frontiersin.org09

Tan and Chin 10.3389/fphys.2023.1246589

https://doi.org/10.1056/NEJM198801073180111
https://doi.org/10.2337/dc09-S345
https://doi.org/10.1007/s11739-021-02848-z
https://doi.org/10.1002/prp2.861
https://doi.org/10.1016/j.ajpc.2020.100117
https://doi.org/10.1371/journal.pone.0128398
https://doi.org/10.1371/journal.pone.0072858
https://doi.org/10.1371/journal.pone.0072858
https://doi.org/10.1038/s41467-021-21553-1
https://doi.org/10.1038/s41467-021-21553-1
https://doi.org/10.3390/antiox10060906
https://doi.org/10.1172/JCI32741
https://doi.org/10.1371/journal.pone.0125737
https://doi.org/10.1016/j.taap.2018.09.040
https://doi.org/10.1016/j.taap.2018.09.040
https://doi.org/10.1016/j.trsl.2019.08.004
https://doi.org/10.7554/eLife.68165
https://doi.org/10.21873/invivo.12998
https://doi.org/10.1016/j.taap.2004.04.010
https://doi.org/10.1016/j.atherosclerosissup.2017.05.034
https://doi.org/10.1016/j.atherosclerosis.2020.03.006
https://doi.org/10.1016/j.atherosclerosis.2021.06.911
https://doi.org/10.1016/j.atherosclerosis.2021.06.911
https://doi.org/10.1007/s40256-021-00490-w
https://doi.org/10.1016/j.jjcc.2021.12.012
https://doi.org/10.2196/29379
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.3390/ijms17030365
https://doi.org/10.3389/fmed.2021.639804
https://doi.org/10.3389/fmed.2021.639804
https://doi.org/10.3390/antiox9040341
https://doi.org/10.3390/antiox9040341
https://doi.org/10.21873/invivo.11395
https://doi.org/10.1093/infdis/jiab539
https://doi.org/10.21873/invivo.12047
https://doi.org/10.1016/j.nut.2007.12.007
https://doi.org/10.1002/jcsm.12654
https://doi.org/10.1038/nature09464
https://doi.org/10.1056/NEJM198801073180110
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://doi.org/10.1001/jama.2020.7848
https://doi.org/10.1007/s11745-002-0879-1
https://doi.org/10.1007/s11745-002-0879-1
https://doi.org/10.1016/j.clpt.2005.03.006
https://doi.org/10.1161/JAHA.118.009835
https://doi.org/10.3390/antiox10050755
https://doi.org/10.3390/antiox10050755
https://doi.org/10.1186/s12879-023-08026-0
https://doi.org/10.1111/1744-9987.13748
https://doi.org/10.1161/JAHA.120.018475
https://doi.org/10.3390/antiox10060874
https://doi.org/10.1016/j.bcp.2021.114649
https://doi.org/10.1016/j.bcp.2021.114649
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1246589


Sanvee, G. M., Hitzfeld, L., Bouitbir, J., and Krähenbühl, S. (2021b). mTORC2 is an
important target for simvastatin-associated toxicity in C2C12 cells and mouse skeletal
muscle - roles of Rap1 geranylgeranylation and mitochondrial dysfunction. Biochem.
Pharmacol. 192, 114750. doi:10.1016/j.bcp.2021.114750

Schetz, D., Sztormowska-Achranowicz, K., Foerster, J., and Kocic, I. (2022). Muscle
pain and muscle weakness in COVID19 patients: cross-talk with statins - preliminary
results. Biomed. Pharmacother. 148, 112757. doi:10.1016/j.biopha.2022.112757

Schumacher, M. M., Elsabrouty, R., Seemann, J., Jo, Y., and Debose-Boyd, R. A.
(2015). The prenyltransferase UBIAD1 is the target of geranylgeraniol in degradation of
HMG CoA reductase. Elife 4, e05560. doi:10.7554/eLife.05560

Shen, L., Qiu, L., Wang, L., Huang, H., Liu, D., Xiao, Y., et al. (2021). Statin use and in-
hospital mortality in patients with COVID-19 and coronary heart disease. Sci. Rep. 11,
23874. doi:10.1038/s41598-021-02534-2

Shirakawa, T., Miyawaki, A., Kawamoto, T., and Kokabu, S. (2021). Natural
compounds attenuate denervation-induced skeletal muscle atrophy. Int. J. Mol. Sci.
22, 8310. doi:10.3390/ijms22158310

Shojaei, S., Koleini, N., Samiei, E., Aghaei, M., Cole, L. K., Alizadeh, J., et al. (2020).
Simvastatin increases temozolomide-induced cell death by targeting the fusion of
autophagosomes and lysosomes. Febs J. 287, 1005–1034. doi:10.1111/febs.15069

Su, X., Wang, W., Fang, C., Ni, C., Zhou, J., Wang, X., et al. (2021). Vitamin
K2 alleviates insulin resistance in skeletal muscle by improving mitochondrial function
via SIRT1 signaling. Antioxid. Redox Signal 34, 99–117. doi:10.1089/ars.2019.7908

Sumbalova, Z., Kucharska, J., Palacka, P., Rausova, Z., Langsjoen, P. H., Langsjoen, A.
M., et al. (2022). Platelet mitochondrial function and endogenous coenzyme Q10 levels
are reduced in patients after COVID-19. Bratisl. Lek. Listy 123, 9–15. doi:10.4149/BLL_
2022_002

Tan, W. Y. T., Young, B. E., Lye, D. C., Chew, D. E. K., and Dalan, R. (2020). Statin use
is associated with lower disease severity in COVID-19 infection. Sci. Rep. 10, 17458.
doi:10.1038/s41598-020-74492-0

Taylor, B. A., Lorson, L., White, C. M., and Thompson, P. D. (2015). A randomized
trial of coenzyme Q10 in patients with confirmed statin myopathy. Atherosclerosis 238,
329–335. doi:10.1016/j.atherosclerosis.2014.12.016

Testai, L., Martelli, A., Flori, L., Cicero, A. F. G., and Colletti, A. (2021). Coenzyme
Q(10): clinical applications beyond cardiovascular diseases. Nutrients 13, 1697. doi:10.
3390/nu13051697

Toth, P. P., Patti, A. M., Giglio, R. V., Nikolic, D., Castellino, G., Rizzo, M., et al.
(2018). Management of statin intolerance in 2018: still more questions than answers.
Am. J. Cardiovasc Drugs 18, 157–173. doi:10.1007/s40256-017-0259-7

Umakanthan, S., Senthil, S., John, S., Madhavan, M. K., Das, J., Patil, S., et al. (2021).
The protective role of statins in COVID-19 patients: a retrospective observational study.
Transl. Med. Commun. 6, 22. doi:10.1186/s41231-021-00102-4

Vahedian-Azimi, A., Mohammadi, S. M., Banach, M., Beni, F. H., Guest, P. C., Al-
Rasadi, K., et al. (2021). Improved COVID-19 outcomes following statin therapy: an
updated systematic review and meta-analysis. Biomed. Res. Int. 2021, 1901772. doi:10.
1155/2021/1901772

Verdaguer, I. B., Crispim, M., Hernández, A., and Katzin, A. M. (2022). The
biomedical importance of the missing pathway for farnesol and geranylgeraniol
salvage. Molecules 27, 8691. doi:10.3390/molecules27248691

Wang, L., Zheng, Z., Zhu, L., Meng, L., Liu, H., Wang, K., et al. (2022). Geranylgeranyl
pyrophosphate depletion by statins compromises skeletal muscle insulin sensitivity.
J. Cachexia Sarcopenia Muscle 13, 2697–2711. doi:10.1002/jcsm.13061

Wang, L. K., Kuo, Y. F., Westra, J., Raji, M. A., Albayyaa, M., Allencherril, J., et al.
(2023). Association of cardiovascular medications with adverse outcomes in a matched
analysis of a national cohort of patients with COVID-19. Am. J. Med. Open 9, 100040.
doi:10.1016/j.ajmo.2023.100040

Wei, H., Xin, X., Zhang, J., Xie, Q., Naveed, M., Kaiyan, C., et al. (2022). Effects of
coenzyme Q10 supplementation on statin-induced myopathy: a meta-analysis of
randomized controlled trials. Ir. J. Med. Sci. 191, 719–725. doi:10.1007/s11845-021-
02651-x

Wu, K. S., Lin, P. C., Chen, Y. S., Pan, T. C., and Tang, P. L. (2021). The use of statins
was associated with reduced COVID-19 mortality: a systematic review and meta-
analysis. Ann. Med. 53, 874–884. doi:10.1080/07853890.2021.1933165

Yetmar, Z. A., Chesdachai, S., Kashour, T., Riaz, M., Gerberi, D. J., Badley, A. D., et al.
(2021). Prior statin use and risk of mortality and severe disease from coronavirus disease
2019: a systematic review and meta-analysis. Open Forum Infect. Dis. 8, ofab284. doi:10.
1093/ofid/ofab284

Zaleski, A. L., Taylor, B. A., and Thompson, P. D. (2018). Coenzyme Q10 as treatment
for statin-associated muscle symptoms-A good idea, but. Adv. Nutr. 9, 519S–523s.
doi:10.1093/advances/nmy010

Zein, A., Sulistiyana, C. S., Khasanah, U., Wibowo, A., Lim, M. A., and Pranata, R.
(2022). Statin and mortality in COVID-19: a systematic review and meta-analysis of
pooled adjusted effect estimates from propensity-matched cohorts. Postgrad. Med. J. 98,
503–508. doi:10.1136/postgradmedj-2021-140409

Zhang, X. J., Qin, J. J., Cheng, X., Shen, L., Zhao, Y. C., Yuan, Y., et al. (2020). In-
Hospital use of statins is associated with a reduced risk of mortality among individuals
with COVID-19. Cell. Metab. 32, 176–187. doi:10.1016/j.cmet.2020.06.015

Frontiers in Physiology frontiersin.org10

Tan and Chin 10.3389/fphys.2023.1246589

https://doi.org/10.1016/j.bcp.2021.114750
https://doi.org/10.1016/j.biopha.2022.112757
https://doi.org/10.7554/eLife.05560
https://doi.org/10.1038/s41598-021-02534-2
https://doi.org/10.3390/ijms22158310
https://doi.org/10.1111/febs.15069
https://doi.org/10.1089/ars.2019.7908
https://doi.org/10.4149/BLL_2022_002
https://doi.org/10.4149/BLL_2022_002
https://doi.org/10.1038/s41598-020-74492-0
https://doi.org/10.1016/j.atherosclerosis.2014.12.016
https://doi.org/10.3390/nu13051697
https://doi.org/10.3390/nu13051697
https://doi.org/10.1007/s40256-017-0259-7
https://doi.org/10.1186/s41231-021-00102-4
https://doi.org/10.1155/2021/1901772
https://doi.org/10.1155/2021/1901772
https://doi.org/10.3390/molecules27248691
https://doi.org/10.1002/jcsm.13061
https://doi.org/10.1016/j.ajmo.2023.100040
https://doi.org/10.1007/s11845-021-02651-x
https://doi.org/10.1007/s11845-021-02651-x
https://doi.org/10.1080/07853890.2021.1933165
https://doi.org/10.1093/ofid/ofab284
https://doi.org/10.1093/ofid/ofab284
https://doi.org/10.1093/advances/nmy010
https://doi.org/10.1136/postgradmedj-2021-140409
https://doi.org/10.1016/j.cmet.2020.06.015
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1246589

	Potential role of geranylgeraniol in managing statin-associated muscle symptoms: a COVID-19 related perspective
	1 Introduction
	2 The molecular mechanism of statins in inducing SAMS
	3 Role of GG in managing SAMS
	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


