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Abstract
Statins are known to block cholesterol synthesis in the liver. They also exhibit non-lipid pleiotropic effects due to the inhi-
bition of protein prenylation, thereby modulating various signaling pathways of cellular homeostasis and integrity. Both 
lipid control and pleiotropic action of statins are clinically used, mainly for treatment of hypercholesterolemia and primary 
and secondary prevention of cardiovascular diseases. Because the prescription of statins is increasing and statin therapy is 
often lifelong, in particular in patients with other risk factors, safety issues being associated with polymorbidity and poly-
pragmasia as well as the persistence with and adherence to statins are specific points of attention of clinicians and clinical 
pharmacologists. Furthermore, because skeletal myocytes have a cholesterol inhibitory sensitivity greater than hepatocytes, 
a choice of an appropriate statin based on its lipophilicity and the associated likelihood of its side effects on skeletal muscle 
cells and bone is warranted in such polymorbid patients. These approaches can effectively modulate the risk: benefit ratio 
and highlight a need for personalized therapy as much as possible, thereby minimizing risk of discontinuation of therapy 
and poor compliance.
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Introduction

Statins are the most used class of lipid-modifying agents. In 
the United States, nearly 30% of adults 40 years and older 
are on a statin. In the world, an estimated 145.8 million 
people took statins in 2018 and the consumption of statins 
increased by 3.99% from 2013 to 2018 [1]. It is predicted 
that statin use will have a growing trend worldwide, although 
some specifications related to region, subregion, and country 
are expected.

Statins are powerful hypolipidemic drugs and called 
as “new penicillin” and “new aspirin”

Different statins have distinct hypolipidemic properties, with 
pravastatin and simvastatin providing less LDL-lowering 
power (25–35% reduction in LDL at 20 mg dosing) than 
newer statins, like rosuvastatin and atorvastatin (40–50% 
reduction in LDL at 20 mg dosing) [2]. Based on across-
dose analyses, rosuvastatin (10–80 mg) has shown the most 
potent hypolipidemic activity which is followed by atorv-
astatin (10–80 mg), simvastatin (10–80 mg) and pravasta-
tin (10–40 mg) [3]. The reduction of LDL levels has been 
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indicated to be independent of the patient characteristics and 
doubling the dose of any statin has been able to generate on 
average only a further 6% decrease in LDL cholesterol [2, 4]. 
In addition to the effects on LDL levels, statins also increase 
HDL cholesterol levels by 6–12% and lower triacylglycerol 
levels [3]. The mechanism of action of hypolipidemic effects 
of statins involves the inhibition of the hepatic 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMG-CoA reduc-
tase) with resultant feedback effects on the transcription 
factor SREBP-2 (sterol-regulatory-element-binding protein 
2) promoting the synthesis of LDL receptors on the sur-
face of hepatocytes [5, 6]. As a result, the circulating LDL 
lipopoproteins are cleared from the blood. Statins-mediated 
decrease in the production of apolipoprotein B, which is 
the major constituent of the atherogenic particles, and the 
increase in the production of apolipoprotein A, which is the 
major apolipoprotein of HDL particles, also contribute to 
the hypolipidemic effects of these drugs [7]. Due to these 
effects of statins on lipid metabolism, they arrest the athero-
sclerosis process, and prevent further atherosclerotic plaque 
formation. Thus, statins have been suggested to be to ath-
erosclerosis what penicillin was to infectious diseases [8]. 
Furthermore, because they have been shown to reduce car-
diovascular events, including myocardial infarction, stroke, 
and death, statins have also been named as “new aspirin” 
[9]. Indeed, it has been reported that lowering LDL cho-
lesterol by 2 mmol/L with any effective statin regimen can 
prevent major vascular events in about 10% patients at high 
risk of heart attacks and strokes (secondary prevention) and 
in 5% patients at lower risk (primary prevention) [10, 11].

Pleiotropic action of statins

Lipid modification alone cannot explain all benefits of 
statins on the cardiovascular system and non-lipid pleio-
tropic effects of statins significantly contribute to their 
cardioprotection. Namely, the inhibition of the synthesis 
of isoprenoids through a common pathway as cholesterol 
biosynthesis, that prevents post-translational modification 
of small GTP-binding proteins of the Ras/Rho family (Ras, 
Rac and Rho), has been shown to affect endothelial func-
tion [12, 13], oxidative stress [14–16], inflammation [17, 
18], and thrombogenesis [19, 20]. Thus, reduction of the 
cardiovascular mortality and morbidity due to statin therapy 
can be a result of vascular endothelial function-improving, 
anti-inflammatory, anti-oxidant, platelet aggregation-inhib-
iting effects and plaque-stabilizing effects besides lowering 
cholesterol levels. Some of these pleiotropic effects can 
also modulate the pathomechanisms of cerebrovascular 
diseases, such as stroke, Alzheimer's disease, and Parkin-
son’s disease. However, both scenarios—the improvement 
of cognitive impairment and reversible decline in cogni-
tive function due to statin therapy have been documented 

in clinical trials [21–24]. A very recent meta-analysis has 
indicated the absence of statins-induced neurocognitive risk 
and highlighted that treatment with statins shall be consid-
ered and not discontinued in elderly patients for primary and 
secondary prevention of cardiovascular disease [25]. Fur-
thermore, it has been shown that statins due to pleiotropic 
action make the cancer cells more prone to apoptosis, and 
that inhibit their growth and differentiation, thereby elicit-
ing the antitumor effects [25–27]. However under ischemic 
conditions, statins have been reported rather to retard apop-
totic cell death and thereby mitigate post-ischemic organ 
damage [16, 28, 29]. Moreover, potential beneficial effects 
of statins due to pleiotropy have also been studied in diabetes 
mellitus, HIV [30], and multiple sclerosis [31]. It should be, 
however, mentioned that there was an intensive debate on the 
statin-induced modulation of glucose metabolism as a new-
onset diabetes had occurred [32, 33]. The effects of statins 
have also been a subject of investigation in patients with 
COVID-19 infection. It has been indicated that statin use 
reduces risk of progressing to severe illness and in-hospital 
death in COVID-19 patients due to suppressing viral entry 
and replication, anti-inflammatory, anti-oxidative and immu-
nomodulatory, as well as anti-thrombotic effects [34–36].

Classification of statins as the over‑the counter 
drugs

The impressive cardioprotective effects of statins have insti-
gated discussion of the re-classification of low doses of these 
drugs as the over-the counter (OTC) products. The spon-
sors of the applications proposed that a single-dose OTC 
statin should be indicated for individuals (i) who qualify for 
primary prevention under the third Adult Treatment Panel 
(ATP III) of the National Cholesterol Education Program, 
(ii) who are with multiple (≥ 2) risk factors and a 10-year 
coronary heart disease risk ≤ 20%, (iii) and who are with 
no contraindications to statins, and with no favorable likeli-
hood of experiencing benefit versus risk [37, 38]. Initially, 
a low-dose of pravastatin and lovastatin had failed to secure 
OTC approval and a pharmaceutical company reapplied to 
the US Food and Drug Administration (FDA) for its non-
prescription preparation in the United States. In 2004, a low-
dose formulation of simvastatin (10-mg tablet) was approved 
as an OTC product in the United Kingdom. The anticipated 
effects of simvastatin 10 mg was a reduction of risk of a first 
major coronary event, such as non-fatal myocardial infarc-
tion or coronary artery disease death. It was estimated that 
by using such OTC products, an approximate 30% reduc-
tion in LDL cholesterol level results in an 11% diminution 
in risk of a major coronary artery disease event after 1 year 
of therapy, 24% after 2 years, and 33% after 3 years [39]. 
In spite of many positive ideas and ambitions for OTC clas-
sification of statins, various critical issues were raised. For 
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instance, critics questioned the clinical efficacy of such a low 
dosage approved. Furthermore, the product marketing was 
challenged by the consumers groups. Lastly, it was retro-
spectively reported that OTC availability unlikely impacted 
on the level of general practice led management of patients 
at risk of coronary events. [40]. In addition to these factors, 
an increasing number of newly recognized adverse effects 
of statins forced the regulatory authorities to re-consider 
the OTC approval of statins and keep these hypolipidemic 
drugs as the prescription drugs in the majority of countries. 
In this regard, it can be mentioned that side effects of statins 
are usually considered as effects of a whole class while in 
certain cases they should be rather assigned to some types 
of statins only. In fact, side effects of an individual statin 
are determined by its pharmacokinetic properties and its 
chemical structure. This is of a particular importance in 
risk patients with other co-morbidities, in which the adher-
ence to a certain statin over another one can be affected. In 
this paper, we address some side effects of statins on the 
skeletal muscle and bone and indicate their lipophilicity-
associated individual differences. Furthermore, this review 
is also intended to help clinicians to manage patients on 
statins therapy in order to minimize the occurrence of side 
effects while not discontinuing the treatment of hypercho-
lesterolemia and/or prevention of cardiovascular diseases.

Lipophilicity and chemical structure of statins

Dihydroxyheptanoic acid unit and a ring system with dif-
ferent side substituents are the two main structural compo-
nents of statins. Within the former component, the modified 
hydroxyglutaric acid is similar to the endogenous substrate 
HMG-CoA and it is called the HMG-CoA analogue. The 
closed chain, which can be partially reduced naphthylene 
(like in lovastatin, simvastatin, and pravastatin), pyrrole 
(atorvastatin), indole (fluvastatin), pyrimidine (rosuvasta-
tin), and quinoline (pitavastatin), is a part of the drug struc-
ture that binds to the target enzyme—HMG-CoA reductase 
[41]. Conversely, side chains determine the drug lipophilic-
ity/hydrophilicity. Atorvastatin, fluvastatin, lovastatin and 
simvastatin are relatively lipophilic drugs, whereas pravas-
tatin and rosuvastatin are more hydrophilic due to a polar 
hydroxyl and methylsulfonamide group [42, 43]. Cerivasta-
tin was the most lipophilic statin—the statin with the high-
est oil:water ratio, while pravastatin is the most hydrophilic 
statin [44, 45]. Being aware of the complex physical and 
chemical properties of statins, which can affect the drug 
interaction with biological structures of cells (e.g., mem-
brane diffusion, intracellular translocation, etc.), it is obvi-
ous that statins have different rate of drug absorption, organ 
penetration as well as action in a respective organ. Namely, 
hydrophilic statins require the carrier-mediated uptake into 
the liver, with the higher transport affinity and efficiency for 

rosuvastatin than that of pravastatin [46]. In contrast, lipo-
philic statins are capable of passive diffusion through the cell 
membrane indicating the decrease in their hepatoselectivity 
as they are also able to passively diffuse into other tissues 
[45]. Thus, lipophilicity/hydrophilicity is important for statin 
bioactivity as well as for bioavailability determined by drug 
metabolism, clearance and drug accumulation within the 
body. Pravastatin and rosuvastatin exhibit the efficacy and 
affinity mainly for the hepatic tissue, and a reduced potential 
for the uptake by peripheral cells. In contrast, non-hepatic 
cells are likely more exposed to simvastatin, atorvastatin, 
and fluvastatin than to hydrophilic statins. This paradigm 
can be adopted for both beneficial, therapeutic and adverse 
effects of statins. Beneficial non-lipid effects of statins due to 
affecting various cellular signaling pathways in non-hepatic 
tissues have been intensively studied and are nicely reviewed 
elsewhere [47–50]. In the following section of this manu-
script, some side effects of statins on the skeletal muscle and 
bone, which are likely dependent on drug lipophilicity, are 
discussed. They are schematically drawn in Fig. 1.

Some side effects of statins on skeletal muscle 
with respect to their lipophilicity

Statin muscle symptoms are well-known side effect of statins 
as the skeletal myocytes have cholesterol inhibitory sensitiv-
ity 40-times greater than hepatocytes [51]. A paper analyz-
ing case reports of statin-induced rhabdomyolysis has indi-
cated the cases associated mainly with simvastatin (40 mg/
day) and atorvastatin therapy (10 mg/day). The majority 
of the statin-induced rhabdomyolysis cases occurred when 
simvastatin and atorvastatin were taken concomitantly with 
other medications, such as fibrates [52]. Cerivastatin is 
another statin known to produce various forms of myotoxic-
ity ranging from mild forms, such as myopathy and myalgia, 
to fatal rhabdomyolysis. A combination therapy of cerivas-
tatin with cyclosporine [53], bezafibrate [54], gemfibrozil 
[55, 56], influenza vaccine [54] as well as monotherapy of 
cerivastatin [57, 58] were reported to cause rhabdomyoly-
sis. The incidence of cerivastatin-induced rhabdomyolysis 
appeared to be tenfold greater as compared to other statins 
[59]. About 100 rhabdomyolysis-related deaths were found 
to be associated with cerivastatin therapy till its deregistra-
tion by manufacturer in 2001. It can be, however, mentioned 
that cerivastatin exhibited remarkable hypolipidemic action. 
It was about 250-fold more potent than fluvastatin, 20-fold 
more potent than atorvastatin and 5.5-fold more potent than 
rosuvastatin. At a dose of 0.025 mg/day to 0.8 mg/day, ceriv-
astatin caused LDL cholesterol decrease of 11.0–40.8%. 
These hypolipidemic effects were linear dose-related [60].

Clinical studies have inconsistently shown the association 
between statin use and risk of fracture. Both the preven-
tion and higher probability of fractures due to statin therapy 
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have been reported [61–67]. Patients taking high-potency 
statins, like atorvastatin and rosuvastatin, have been shown 
to be at a lower risk of developing osteoporotic fractures 
than those taking simvastatin [65]. In contrast, but in line 
with a concept presented in this paper referring to a higher 
probability of lipophilic statins to produce side effects on 
the non-hepatic tissue, it has been reported that females on 
lipophilic statins had statistically lower bone mineral density 
than those on hydrophilic statins. In addition, a high dose of 
atorvastatin reduced bone mineral density more than a low 
dose [68]. From our clinical experience, it is also appar-
ent that atorvastatin and simvastatin increased the risk of 
fractures. Some studies have indicated no effects on the risk 
of fractures due to statin therapy [62, 63]. Contradictory to 
these observations, the increased increment in bone mineral 
density due to statin therapy has also been reported in some 
risk groups. In this regards, patients with osteoporosis and 
metabolic syndrome [66] and patients with diabetes melli-
tus would likely benefit from statin therapy [69]. Targeting 
cellular signaling pathways of inflammation and oxidative 
stress, which are common pathophysiological mechanisms 
for osteoporosis and metabolic syndrome and diabetes, can 
provide the rationale on multifactorial benefits in these spe-
cific subgroups of patients.

The above-discussed controversy on statins-mediated 
action on fractures could be explained by several factors. 
Firstly, many meta-analyses have been performed in elderly, 
and polymorbid patients. Thus, other co-existing risk factors, 
such as sedentary lifestyle, hypercholesterolaemia, disturbed 
calcium homeostasis, body mass index, age, gender, etc., 
in addition to polypragmasia could underlie heterogeneous 
and inconsistent data. A type of a statin, being either of the 
hydrophilic or lipophilic chemical structure, was also not 

specified in many of the above-discussed studies [61–66]. In 
fact, the enrollment of all statins irrespective of a type, and 
dose, instead of a comparative analysis among individual 
statins could also significantly affect findings.

Although side effects of statins on the skeletal muscles 
and bone can be a result of various above-discussed fac-
tors, lipophilicity and thereby non-selectively affecting non-
hepatic tissues and increasing risk of toxicity in these tis-
sues could play an important role. Thus, the administration 
of hydrophilic versus lipophilic statin should be carefully 
considered in this regard. This approach can also impact on 
the persistence with and adherence to statins, which are sex-
dependent, and poor with a lower proportion for the primary 
prevention of cardiovascular diseases compared to second-
ary prevention populations [70–72].

Conclusion

In conclusion, statins-mediated pleiotropic effects largely 
account for clinical benefits. Because there is a growing need 
for statins to control high cholesterol and reduce the risk of 
cardiovascular disease a special attention is given on their 
safety in view of a short and long perspective. In addition, 
because there is the correlation between atherosclerosis and 
osteoporosis, independent of age, it is evident that many 
patients admitted to hospital at the orthopedics and trauma-
tology department are on statin. Being mindful of all these 
facts, a personalized approach is highly warranted in the 
management of these patients. Besides generally known and 
advised methods, such as motivation and better communica-
tion between clinician and patient, the personalized interven-
tion might include the recommendations which individual 

Fig. 1  A schematic picture indicating the increasing partition coef-
ficients (water-octanol) at pH = 7.4 of some statins and highlighting 
the more incidence of side effects on the skeletal muscle and bone 

by taking lipophilic, rather than hydrophilic statins. Cerivastatin* was 
withdrawn from market in 2001



1665Molecular and Cellular Biochemistry (2023) 478:1661–1667 

1 3

statin shall be used to achieve better compliance and not 
discontinuation of therapy.
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