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Abstract: Previous studies suggest that statins may disturb skeletal muscle lipid metabolism po-
tentially causing lipotoxicity with insulin resistance. We investigated this possibility in wild-type
mice (WT) and mice with skeletal muscle PGC-1α overexpression (PGC-1α OE mice). In WT mice,
simvastatin had only minor effects on skeletal muscle lipid metabolism but reduced glucose uptake,
indicating impaired insulin sensitivity. Muscle PGC-1α overexpression caused lipid droplet accu-
mulation in skeletal muscle with increased expression of the fatty acid transporter CD36, fatty acid
binding protein 4, perilipin 5 and CPT1b but without significant impairment of muscle glucose
uptake. Simvastatin further increased the lipid droplet accumulation in PGC-1α OE mice and stimu-
lated muscle glucose uptake. In conclusion, the impaired muscle glucose uptake in WT mice treated
with simvastatin cannot be explained by lipotoxicity. PGC-1α OE mice are protected from lipotoxicity
of fatty acids and triglycerides by increased the expression of FABP4, formation of lipid droplets and
increased expression of CPT1b.

Keywords: simvastatin; PGC-1α; fatty acids; triglycerides; lipid droplets; perilipin 5; carnitine palmi-
toyltransferase 1b (CPT1b)

1. Introduction

Despite the availability of new treatment options, statins currently remain the main-
stay for the treatment against hypercholesterolemia [1]. They are used mainly in the
prevention and the treatment of cardiovascular diseases associated with dyslipidemia [2–5].
Their mode of action is primarily via the inhibition of HMG-CoA reductase in the liver,
the rate-limiting enzyme in the cholesterol biosynthesis pathway [6].

Statins have an excellent safety profile but are associated with skeletal muscle prob-
lems, a symptom complex called statin-associated muscle symptoms (SAMS) [7,8]. Af-
fected patients have reported a spectrum of musculoskeletal complaints, ranging from
muscle weakness and myalgia to rhabdomyolysis, potentially leading to death in rare
cases [9]. SAMS are associated with all statins on the market, with a higher prevalence
for lipophilic statins such as simvastatin, possibly because of their capacity to reach extra-
hepatic tissues such as skeletal muscle [10,11]. It is estimated that between 11% and 29%
of the patients treated with statins show signs of muscle toxicity [7–9]. Skeletal muscle
toxicity is therefore an important reason for medication nonadherence to statin treatment,
which is a risk factor for cardiovascular outcomes [12]. Several mechanisms have been pro-
posed causing statin-associated myopathy, including mitochondrial dysfunction [13–15],
the activation of muscle atrophy and apoptosis [16,17] and impairment of the Akt/mTOR
pathway [18].
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In addition, insulin resistance and diabetes have been reported as adverse reactions of
statins, which may increase the risk up to 30% in patients [19,20]. We have shown recently
that the treatment of mice with simvastatin impairs the glucose uptake into skeletal muscle
and induces insulin resistance [21,22]. Disturbances in muscle fatty acid (FA) metabolism
have been reported to be associated with insulin resistance in patients with type 2 diabetes.
Individuals with type 2 diabetes show an increased uptake of FA into skeletal muscle,
which may be associated with insulin resistance [23]. Statins have been reported to cause
lipid droplet accumulation in the skeletal muscle of certain patients, which suggests
that statins can interfere with skeletal muscle FA and/or triglyceride metabolism [24].
In support of this assumption, lipophilic statins have been shown to inhibit FA metabolism
in isolated rat skeletal muscle mitochondria [25]. These observations encouraged us to
investigate the effect of simvastatin on skeletal muscle FA uptake and metabolism of mice
in order to judge whether alterations in skeletal muscle metabolism could contribute to
insulin resistance associated with simvastatin.

Peroxisome proliferator-activated receptor gamma (PPAR) coactivator 1 α (PGC-1α)
is a transcription factor coactivator involved in the switch from glycolytic to oxidative
metabolism. To achieve this metabolic switch, PGC-1α stimulates mitochondrial prolifera-
tion by activating the expression of mitochondrial genes and also stimulates FA transport
and mitochondrial FA oxidation pathways [26]. Previous observations in human skeletal
muscle myotubes and in mice indicated that the overexpression of PGC-1α stimulates
FA uptake, triglyceride storage and mitochondrial FA oxidation [27–29]. We have shown
recently that mice with muscle PGC-1α overexpression (OE mice) treated with simvastatin
were protected from impaired skeletal muscle mitochondrial dysfunction and impaired
exercise capacity, suggesting a role of PGC-1α in preventing simvastatin-associated my-
otoxicity [30]. On the other hand, we have previously demonstrated that statins impair
mitochondrial β-oxidation in skeletal muscle cells [25].

Based on these considerations, we hypothesized that lipotoxicity may contribute to
insulin resistance caused by simvastatin and that skeletal muscle PGC-1α overexpression
may protect from simvastatin-induced lipotoxicity. To challenge this hypothesis, we inves-
tigated the effect of simvastatin on the plasma and skeletal lipid metabolism in wild-type
mice and mice with muscle PGC-1α overexpression.

2. Results
2.1. Characterization of the Animals

In order to estimate a possible genetic burden, we compared the body weight, food
intake and water intake between WT and OE mice treated or not with simvastatin (Supple-
mentary Figure S1A–C). There were no differences between WT and OE mice treated or not
with simvastatin on body weight, food intake or water intake. As expected, the PGC-1α
mRNA expression was higher in PGC-1α OE mice as compared to the respective WT mice
(Supplementary Figure S2). Unexpectedly, simvastatin increased the PGC-1α mRNA ex-
pression in OE mice but not in WT mice. Different muscle weights were compared between
mouse models and treatments to characterize the possible organ differences, as shown
in Table 1. There were no significant differences between the mouse models, except for
the quadriceps, where the mouse model factor was significant after the two-way ANOVA
analysis. Moreover, simvastatin-treated OE mice had lower quadriceps muscle weights
as compared to simvastatin-treated WT mice (Table 1). Simvastatin decreased the glucose
uptake by the gastrocnemius muscle in WT mice but increased it in OE mice, as shown in
Table 1.
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Table 1. Muscle weights and glucose uptake of WT and OE treated or not with simvastatin.

Mouse Model
Treatment

WT
Ctl

WT
Simv

OE
Ctl

OE
Simv

Gastrocnemius 5.10 ± 0.15 5.09 ± 0.23 5.20 ± 0.09 5.40 ± 0.12

Soleus 0.26 ± 0.02 0.29 ± 0.01 0.3 ± 0.02 0.27 ± 0.03

Quadriceps 7.09 ± 0.35 7.39 ± 0.26 6.45 ± 0.31 6.55 ± 0.27#

EDL 0.30 ± 0.03 0.33 ± 0.03 0.30 ± 0.03 0.33 ± 0.01

Glucose uptake 2.3 ± 0.5 1.2 ± 0.3 * 1.4 ± 0.2 2.8 ±0. 5 *#

Values for the muscle weight are shown in (weight per body weight in mg × g−1) and for glucose uptake
(µmol × min−1 × 100 g−1 wet weight). All values are expressed as mean ± SEM with n = 4–10 per group.
Abbreviations: EDL, extensor digitorum longus; OE, muscle PGC-1α overexpression mice; WT, wild-type mice.
* p < 0.05 simvastatin-treated vs. respective water-treated (control) mice and # p < 0.05 between the control or
simvastatin groups of OE mice and WT mice.

2.2. Cholesterol Concentrations in Plasma and Skeletal Muscle

Next, we investigated the effect of PGC-1α overexpression and simvastatin on plasma
and skeletal muscle cholesterol. As shown in Figure 1A, PGC-1α overexpression caused an
increase in total plasma cholesterol when compared to the respective water-treated groups,
reaching statistical significance in simvastatin-treated mice. In contrast, neither PGC-1α
overexpression nor simvastatin had an effect on the plasma HDL cholesterol concentration
(Figure 1B). As expected, treatment with simvastatin decreased the plasma LDL/VLDL
cholesterol concentration (Figure 1C). Similar to plasma, PGC-1α overexpression increased
the skeletal muscle total cholesterol content, reaching statistical significance for both water-
treated and simvastatin-treated mice vs. their respective WT mice (Figure 1D).
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Figure 1. Cholesterol concentration in plasma and skeletal muscle. The cholesterol concentration 
was analyzed in mice after three weeks of treatment with water or simvastatin. Cholesterol was 
measured in plasma as total cholesterol (A), high-density lipoprotein (HDL) (B), low and very low-
density lipoprotein (LDL and VLDL) (C) and cholesterol in the quadriceps muscle (D). Data are 
presented as the mean ± SEM of 6 animals per group. After the two-way ANOVA analysis, the 
animal model factor was significant (A,D), and the treatment factor was significant in (C). Symbols 
on the graphs are as follows: * p < 0.05 simvastatin-treated vs. their respective water-treated (con-

Figure 1. Cholesterol concentration in plasma and skeletal muscle. The cholesterol concentration was
analyzed in mice after three weeks of treatment with water or simvastatin. Cholesterol was measured
in plasma as total cholesterol (A), high-density lipoprotein (HDL) (B), low and very low-density
lipoprotein (LDL and VLDL) (C) and cholesterol in the quadriceps muscle (D). Data are presented as
the mean ± SEM of 6 animals per group. After the two-way ANOVA analysis, the animal model
factor was significant (A,D), and the treatment factor was significant in (C). Symbols on the graphs
are as follows: * p < 0.05 simvastatin-treated vs. their respective water-treated (control) mice and
# p < 0.05 PGC-1α OE vs. WT mice of the same treatment group (water or simvastatin). Ctl, control;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein;
OE, PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type.
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2.3. Triglyceride and Fatty Acid Concentrations in Plasma and Skeletal Muscle

Subsequently, we investigated whether PGC-1α expression and/or simvastatin treat-
ment affects the triglyceride and fatty acid concentration in plasma and/or skeletal muscle.
As shown in Figure 2A, the plasma triglyceride concentration was not affected by PGC-1α
expression. Simvastatin did not change the plasma triglyceride content in WT mice but
increased it significantly in OE mice compared to water-treated or simvastatin-treated WT
mice. In skeletal muscle, water-treated OE mice showed a doubling of the triglyceride con-
tent compared to the corresponding WT mice (Figure 2B). The treatment with simvastatin
increased the skeletal muscle triglyceride content in WT mice by 40% without reaching
significance (p = 0.07) and did not significantly affect the triglyceride content in OE mice.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 16 
 

 

trol) mice and # p < 0.05 PGC-1α OE vs. WT mice of the same treatment group (water or simvas-
tatin). Ctl, control; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-
density lipoprotein; OE, PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type. 

2.3. Triglyceride and Fatty Acid Concentrations in Plasma and Skeletal Muscle 
Subsequently, we investigated whether PGC-1α expression and/or simvastatin treat-

ment affects the triglyceride and fatty acid concentration in plasma and/or skeletal muscle. 
As shown in Figure 2A, the plasma triglyceride concentration was not affected by PGC-
1α expression. Simvastatin did not change the plasma triglyceride content in WT mice but 
increased it significantly in OE mice compared to water-treated or simvastatin-treated WT 
mice. In skeletal muscle, water-treated OE mice showed a doubling of the triglyceride 
content compared to the corresponding WT mice (Figure 2B). The treatment with simvas-
tatin increased the skeletal muscle triglyceride content in WT mice by 40% without reach-
ing significance (p = 0.07) and did not significantly affect the triglyceride content in OE 
mice. 

As shown in Figure 2C, the plasma-free FA (FFA) concentration was not affected by 
the PGC-1α expression. The treatment with simvastatin did not significantly affect the 
FFA plasma concentration in WT mice. However, the plasma FFA was significantly higher 
in simvastatin-treated OE mice compared to simvastatin-treated WT mice (Figure 2C). 
Similarly to the triglyceride plasma concentration, PGC-1α overexpression did not affect 
the skeletal muscle FFA content (Figure 2D). Simvastatin had no significant effect on the 
FFA muscle content in both animal groups investigated. 

 

Figure 2. Triglyceride and fatty acid concentrations in the plasma and skeletal muscle. The triglyc-
eride and free fatty acid (FFA) concentrations were analyzed in mice after three weeks of treatment 
with water (Ctl) or simvastatin. The triglyceride concentrations were measured in the plasma (A) 
and in the quadriceps muscle (B). The FFA concentrations were measured in the same plasma (C) 
and muscle (D) samples. Data are presented as the mean ± SEM of 6 animals per group. After the 
two-way ANOVA analysis, the animal model factor was significant in (A,B,C), the treatment factor 
in (A) and the interaction between treatment and animal model in (A). Symbols on the graphs are 
as follows: * p < 0.05 simvastatin-treated vs. their respective water-treated (control) mice and # p < 
0.05 PGC-1α OE vs. WT mice of the same treatment group (water or simvastatin). Ctl, control; FFA, 
free fatty acid; OE, PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type. 

2.4. Intermyofibrillar Lipid Droplets 

Figure 2. Triglyceride and fatty acid concentrations in the plasma and skeletal muscle. The triglyc-
eride and free fatty acid (FFA) concentrations were analyzed in mice after three weeks of treatment
with water (Ctl) or simvastatin. The triglyceride concentrations were measured in the plasma (A) and
in the quadriceps muscle (B). The FFA concentrations were measured in the same plasma (C) and
muscle (D) samples. Data are presented as the mean ± SEM of 6 animals per group. After the
two-way ANOVA analysis, the animal model factor was significant in (A–C), the treatment factor in
(A) and the interaction between treatment and animal model in (A). Symbols on the graphs are as
follows: * p < 0.05 simvastatin-treated vs. their respective water-treated (control) mice and # p < 0.05
PGC-1α OE vs. WT mice of the same treatment group (water or simvastatin). Ctl, control; FFA,
free fatty acid; OE, PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type.

As shown in Figure 2C, the plasma-free FA (FFA) concentration was not affected by
the PGC-1α expression. The treatment with simvastatin did not significantly affect the
FFA plasma concentration in WT mice. However, the plasma FFA was significantly higher
in simvastatin-treated OE mice compared to simvastatin-treated WT mice (Figure 2C).
Similarly to the triglyceride plasma concentration, PGC-1α overexpression did not affect
the skeletal muscle FFA content (Figure 2D). Simvastatin had no significant effect on the
FFA muscle content in both animal groups investigated.

2.4. Intermyofibrillar Lipid Droplets

As a next step, we visualized lipid droplet accumulation within the muscle by trans-
mission electron microscopy. The increased triglyceride skeletal muscle content in OE mice
was associated with lipid droplet accumulation in the intermyofibrillar region, which was
not visible in WT mice (Figure 3A). Lipid droplets were found in both OE water-treated and
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simvastatin-treated mice, with a higher number in simvastatin-treated mice (Figure 3B),
whereas the size distribution was similar (0.24 ± 0.09 vs. 0.27 ± 0.13 µm2 in water-treated
vs. simvastatin-treated OE mice, respectively; Figure 3C). To confirm the increase in
lipid droplets in OE mice, we checked the protein expression of perilipin 5 (PLIN5) by
immunoblotting, which is located at the surface of lipid droplets and can be used as an
indirect measure of the lipid droplet content within the skeletal muscle [31]. As expected,
OE mice showed a significant increase in PLIN5 protein expression as compared to WT
mice (Figure 3D,E). OE mice treated with simvastatin showed a numerically higher mean
value of PLIN5 when compared to water-treated OE mice.
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Figure 3. Lipid droplet content and PLIN5 protein expression in the skeletal muscle. The presence of
lipid droplets (indicated by white arrows) in the quadriceps muscle was visualized with transmission
electron microscopy (TEM) (A), counted in six animals per group (B) and the size determined in
the same micrographs (C). Lipid accumulation was confirmed with perilipin 5 (PLIN5) protein
expression (D) and the semi-quantitative analysis (E). Data are presented as the mean ± SEM of
6 micrographs for the TEM experiments and as mean ± SEM of 3 animals per group for Western
blot. After the two-way ANOVA analysis, the animal model factor was significant for the number of
lipid droplets (B) and PLIN5 protein expression (E). Symbols on the graphs are as follows: * p < 0.05
simvastatin-treated vs. their respective water-treated (control) mice and # p < 0.05 PGC-1α OE vs.
WT mice of the same treatment group (water or simvastatin). Ctl, control; LD, lipid droplet; PLIN5,
perilipin 5; OE, PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type.

2.5. Triglyceride Cleavage by Lipoprotein Lipase and Fatty Acid Uptake by CD36

In order to explain the presence of lipid droplets, which were found in OE mice but
not in WT mice, we first checked the expression of lipoprotein lipase and of the CD36
transporter involved in the fatty acid uptake [32]. We found an increased mRNA expression
of lipoprotein lipase (Lpl) (Supplementary Figure S3) and of Cd36 in the skeletal muscle of
OE mice (both control and simvastatin-treated groups) as compared to WT (Figure 4A).
The protein expression of CD36 was increased in water-treated OE mice as compared to WT
mice, thus confirming the mRNA expression results (Figure 4B,C). Simvastatin increased
the mRNA and protein expression of CD36 in WT numerically (Figure 4A,C), suggesting an
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increased fatty acid uptake by simvastatin in WT mice. In OE mice, simvastatin decreased
the protein expression of CD36 by trend (p = 0.05) (Figure 4B,C).
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Figure 4. The expression of CD36. The mRNA expression of Cd36 involved in fatty acid uptake in
the quadriceps muscle (A). Representative Western blots are shown for the CD36 protein expression
(B) and quantified in (C). Data are presented as the mean ± SEM of 8 animals per group for the
mRNA expression and mean ± SEM of 3 animals for the Western blot. After the two-way ANOVA,
the animal model factor was significant (A,C). Symbols on the graphs are as follows: # p < 0.05
PGC-1α OE vs. WT mice of the same treatment group (water or simvastatin). Ctl, control; OE,
PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type.

2.6. FA Uptake and Activation by FATP4

A second protein involved in FA uptake and also activation is fatty acid transport
protein 4 (FATP4) [33]. The mRNA expression of Fatp4 was significantly increased in
water-treated OE mice as compared to water-treated WT mice (Figure 5A). The treatment
with simvastatin revealed no significant effect on the mRNA expression of Fatp4. In water-
treated mice, there was no significant difference of the FATP4 protein expression between
the mouse models investigated (Figure 5B,C). However, simvastatin increased the FATP4
protein expression six-fold in OE mice.
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Figure 5. The mRNA and protein expression of fatty acid uptake (FATP4). The Fatp4 mRNA expres-
sion in the quadriceps muscle involved in fatty acid transport and activation (A). Representative
Western blots are shown in (B) and quantified in (C). Data are presented as the mean ± SEM of
8 animals per group for the mRNA expression and mean ± SEM of 3 animals for the Western blot.
After the two-way ANOVA analysis, the treatment factor and the interaction between the treatment
and animal model were significant in (C). Moreover, the animal model factor was significant in (A,C).
Symbols on the graphs are as follows: * p < 0.05 simvastatin-treated vs. respective water-treated
(control) mice and # p < 0.05 PGC-1α OE vs. WT mice of the same treatment group (water or sim-
vastatin). Ctl, control; FATP4, fatty acid transport protein 4; OE, PGC-1α overexpressing mice; Simv,
simvastatin; WT, wild type.

2.7. Intracellular Transport of Fatty Acids through Fatty Acid Binding Protein 4 (FABP4)

Due to increased uptake of fatty acids in OE mice, as suggested by the increased
expression of CD36 and FATP4, we checked the expression of fatty acid-binding protein
4 (FABP4), which is involved in FA intracellular trafficking [34]. Regarding the mRNA
expression of Fabp4, there were no significant differences between the mouse models
used (Figure 6A). Furthermore, simvastatin had no significant effect on the Fabp4 mRNA
expression. Compared to the respective WT mice, water-treated and simvastatin-treated
OE mice showed a significant increase in the FABP4 protein expression (Figure 6B,C).
Simvastatin doubled the FABP4 protein expression in WT mice, but this increase did not
reach statistical significance.
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chain acyl-CoAs [35]. The mRNA expression of Cpt1b was increased in water-treated OE 
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Figure 6. The mRNA and protein expression of the fatty acid transport (FABP4). The fatty acid-
binding protein 4 (Fapb4) mRNA (A) and protein expression (FABP4) (B,C) was checked for the
fatty acid transport and trafficking capabilities in the quadriceps muscle. Data are presented as
the mean ± SEM of 8 animals per group for the mRNA expression and mean ± SEM of 3 animals
for the Western blot. After the two-way ANOVA analysis, the animal model factor was significant
in (C). Symbols on the graphs are as follows: * p < 0.05 simvastatin-treated vs. respective water-
treated (control) mice and # p < 0.05 PGC-1α OE vs. WT mice of the same treatment group (water
or simvastatin). Ctl, control; FABP4, fatty acid binding protein 4; OE, PGC-1α overexpressing mice;
Simv, simvastatin; WT, wild type.

2.8. Fatty Acid Transport into Mitochondria

Fatty acid transport into the mitochondria is realized through the carnitine shuttle,
whereby carnitine palmitoyltransferase 1 (CPT1) is considered to be rate-limiting [35].
We determined the mRNA and protein expression of CPT1b, which is located in the outer
mitochondrial membrane and produces the corresponding carnitine derivative from long-
chain acyl-CoAs [35]. The mRNA expression of Cpt1b was increased in water-treated OE
mice as compared to WT mice (Figure 7A). Simvastatin increased the expression of Cpt1b in
WT mice but decreased the Cpt1b mRNA expression in OE mice. PGC-1α overexpression
increased the protein expression of CPT1b (Figure 7B,C). Simvastatin did not significantly
affect the CPT1b protein expression.
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Figure 7. The mRNA and protein expression of CPT1b. We assessed the mRNA and protein
expression of CPT1b in gastrocnemius muscle. The CPT1b mRNA expression is shown in (A) and
the protein expression in (C,B). Data are presented as the mean ± SEM of 8 animals per group for the
mRNA expression and 3 animals per group for the protein expression. After the two-way ANOVA
analysis, the treatment factor was significant (A), the animal model factor significant for (A,C) and
the interaction between the treatment and animal model significant in (B). Symbols on the graphs are
as follows: * p < 0.05 simvastatin-treated vs. respective water-treated (control) mice and # p < 0.05
PGC-1α OE vs. WT mice of the same treatment group (water or simvastatin). Ctl, control; OE,
PGC-1α overexpressing mice; Simv, simvastatin; WT, wild type.

3. Discussion

The aim of the current study was to investigate the effect of simvastatin and skeletal
muscle PGC-1α overexpression on the plasma and muscle lipid metabolism and its relation
to skeletal muscle glucose uptake as a marker of insulin sensitivity.

When comparing the two mouse models investigated, water-treated PGC-1α OE mice
showed a higher cholesterol and triglyceride content, accumulation of lipid droplets and in-
creased perilipin 5 and CPT1b expression in skeletal muscle compared to water-treated WT
mice. These alterations are in line with the previous publication from Choi et al., where the
authors described an increase in the skeletal muscle triglyceride content in PGC-1α overex-
pression compared to the control mice [36]. However, in the study of Choi et al., the plasma
FFA concentration was higher in PGC-1α OE than WT mice, which was not the case in the
current investigation. Since the mice were fasted in the study of Choi et al. but had free
access to food in the current investigation, this discrepancy between the two studies can be
explained by the different metabolic state of the animals. Since the skeletal muscle triglyc-
eride content was higher in OE mice compared to WT mice, we visualized the presence
of lipid droplets in skeletal muscle of the mice by electron microscopy. Indeed, we could
confirm the presence of lipid droplets in OE mice but not in WT mice. The increase in the
skeletal muscle triglyceride content in mice with muscle PGC-1α overexpression has been
explained in previous investigations by a rise in the expression of CD36, fatty acid synthase
(FAS) and enzymes responsible for triglyceride formation [28,36]. These findings suggested
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that the induction of fatty acid uptake, fatty acid synthesis and triglyceride formation are
responsible for lipid accumulation in skeletal muscle of PGC-1α OE mice. In the current
study, we could confirm an increase in the mRNA and protein expression of CD36 in OE
mice, whereas the protein expression of FATP4, an additional fatty acid transport protein
that we assessed [33], was not significantly affected by the PGC-1α expression. However,
regarding the strong effect of PGC-1α overexpression on the expression of Lpl and CD36,
we also regard an increased cellular uptake of FA as a major driving force for skeletal
muscle lipid accumulation in OE mice.

Simvastatin affected significantly the lipid metabolism in OE mice. As expected,
it decreased the plasma LDL/VLDL concentration, and it increased the cholesterol content
in skeletal muscle. Regarding the fatty acid/triglyceride metabolism, simvastatin increased
the accumulation of lipid droplets in the skeletal muscle, increased the protein expression
of FATP4 and decreased the mRNA expression of Cpt1b. Furthermore, it increased the
plasma fatty acid concentration by trend. The increase in the skeletal muscle lipid droplet
content by simvastatin in OE mice could therefore be explained best by the increased
transport and activation of FA into the skeletal muscle and by reduced transport into the
mitochondrial matrix with the subsequent impairment of FA degradation.

Glucose uptake by the skeletal muscle in water-treated OE mice was numerically
decreased but statistically not different from water-treated WT mice. This suggests that,
despite the accumulation of lipid droplets, the skeletal muscle insulin sensitivity was not
significantly impaired in OE mice. The formation of lipid droplets can be regarded as
a measure to avoid the toxicity of lipids accumulating in cells [37]. Lipid droplets are
dynamic structures with a triglyceride and cholesterol core surrounded by phospholipids
and a protein layer, which is important for the metabolism of the lipids contained within
the droplets [38]. The proteins contained in this layer are, for instance, enzymes involved
in triglyceride synthesis, proteins of the perilipin family, including PLIN5, and lipases
such as the adipose tissue triacylglycerol lipase. PLIN5 has a high expression in oxidative
tissues, such as heart and skeletal muscle, and promotes the formation of lipid droplets [31].
The skeletal muscle overexpression of PGC-1α has already been shown to increase the
expression of PLIN5 [39]. The phospholipid and the protein layer protect cell organelles
from potentially toxic triglycerides and cholesterol esters. A high expression of PLIN5,
which promotes lipid droplet formation, can therefore be regarded as a protective measure
of the cells to avoid lipotoxicity [37,40]. In addition, PGC-1α overexpression was also asso-
ciated with a high expression of FABP4 in the skeletal muscle of OE mice. After entering
the cells, fatty acids are bound to fatty acid-binding proteins, which allow transport within
the cell and also diminishes their toxicity [34]. The increase in the expression of FABP4
in myocytes of OE mice can therefore be regarded as an additional measure of myocytes
to avoid lipotoxicity. The increase in CPT1b expression in the skeletal muscle of PGC-1α
OE mice can be interpreted as a consequence of PGC-1α overexpression, which stimu-
lates mitochondrial biogenesis [26]. Since CPT1b controls the import and breakdown
of fatty acids [35], a high activity of CPT1b also helps to control the intracellular fatty
acid concentration.

Lipotoxicity is a well-known reason for decreased insulin sensitivity, which impairs
the skeletal muscle glucose uptake [37,40]. The treatment with simvastatin increased
the muscle lipid droplet content of OE mice but, at the same time, also increased the
glucose uptake into the skeletal muscle, indicating maintained or even improved insulin
sensitivity, despite the lipid accumulation. This apparent paradoxical finding underscores
the importance of lipid droplet formation in the case of the increased availability of fatty
acids in order to protect cells from their potentially toxic effects.

In comparison to OE mice, the effect of simvastatin on the lipid metabolism was
minimal in WT mice. Simvastatin significantly increased the Cpt1b mRNA expression but
without affecting the CPT1b protein expression and had otherwise no significant effects on
the parameters determined. Simvastatin increased by trend the triglyceride content and
the expression of PLIN5, CD36 and FABP4. These changes are similar to those observed



Int. J. Mol. Sci. 2021, 22, 4950 11 of 15

in OE mice but did not reach significance. The mechanism of these changes is not clear
but is clearly not related to PGC-1α, since simvastatin did not alter the PGC-1α muscle
expression. However, in contrast to OE mice, simvastatin decreased significantly the
glucose transport into the skeletal muscle of the WT mice. Since simvastatin did not cause
lipid accumulation in the skeletal muscle of the WT mice, lipotoxicity appears not to be
involved in the impairment of insulin sensitivity by simvastatin in WT mice. We showed
recently that simvastatin impairs the activation of Akt, which has an important role in
the post-receptor signaling of insulin, and IGF-1, explaining the simvastatin-associated
impairment of insulin sensitivity [22,41]. PGC-1α overexpression protects mice from
simvastatin-associated insulin resistance [21].

In conclusion, in WT mice, simvastatin has only minor effects on the muscle lipid
metabolism but decreases the glucose uptake. Reduced glucose uptake by simvastatin in
WT mice cannot be explained by lipotoxicity and may be related to alterations in insulin
signaling. PGC-1α overexpression leads to skeletal muscle lipid droplet accumulation
without the impairment of skeletal muscle glucose uptake. Simvastatin increases the lipid
droplet accumulation in PGC-1α OE mice and improves the skeletal muscle glucose uptake.
Protection from lipotoxicity in PGC-1α OE mice is mainly due to the increased expression
of PLIN5 and FABP4, which traps the potentially toxic FA and triglycerides.

4. Materials and Methods
4.1. Ethical Approval of the Animal Study

In Vivo experiments were performed in accordance with the National Institute of
Health guide for the care and use of Laboratory animals (NIH Publication No. 8023, re-
vised 1978). Experiments were reviewed and accepted by the cantonal veterinary authority
of Basel (License number 2847, approved on 21 July 2016). For the purpose of this study,
male wild-type mice (WT) and mice overexpressed PGC-1α in the muscle (OE) aged be-
tween 15–18 weeks. Mice were kept under 22 ± 2 ◦C on a 12-h dark or light cycle with
access to food and water ad libitum. Mice received a standard pellet chow (Kliba Futter
3436, Kaiseraugst, Switzerland). The diet was composed of 35% carbohydrates, 18.5%
proteins and 4.5% fat. Mice breeding pairs for the generation of OE male mice were kindly
provided by Prof. Handschin (Basel University, Basel, Switzerland). OE mice that over-
expressed PGC-1α were developed using the DNA microinjection technique by Ppargc1a
gene insertion under the myogenin promotor [42]. Male mice from the OE mouse line,
without genetic mutations, were used as WT mice.

4.2. Simvastatin Administration

Mice were randomly divided into following four groups: (1) WT control animals treated
with water (Ctl; n = 10), (2) WT animals treated with simvastatin 5 mg × kg−1 × day−1

(Simv; n = 10), (3) OE mice treated with water (n = 10) and (4) OE mice treated with
simvastatin 5 mg × kg−1 × day−1 (n = 10). Mice were treated every morning (between 8
and 10 a.m.) by oral gavage for three weeks. The dose of 5 mg × kg−1 used for the mice
achieved similar peak plasma concentrations in comparison to human patients treated with
40 mg of simvastatin [30]. Welfare of the mice was inspected daily before the treatment by
measuring body weight, food and water intake.

4.3. Sample Collection

After 3 weeks of treatment with simvastatin, mice were anesthetized with an intraperi-
toneal injection of ketamine (160 mg/kg, Ketasol, Graeub, Bern, Switzerland) and xylazine
(20 mg/kg, Rompun, Bayer, Leverkusen, Germany). Blood was removed from the heart
and placed in a tube coated with EDTA. We collected plasma samples after centrifugation
at 3000 rpm for 15 min at 4 ◦C. Skeletal muscle (gastrocnemius and quadriceps) were
immediately collected and snap-frozen in liquid nitrogen. Plasma and skeletal muscle
samples were stored at −80 ◦C for later analysis.
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4.4. In Vivo Glucose Transport into Skeletal Muscle

The transport of glucose into skeletal muscle was determined in water-treated and
simvastatin-treated WT and PGC-1α OE mice fasted overnight to ensure low-plasma
insulin concentrations, as described previously [21]. Briefly, mice received an i.p. injection
of glucose and 3H-deoxyglucose, followed by the determination of the area under the
curve (AUC) of 3H-deoxyglucose in plasma over 30 min and of the accumulation of
phosphorylated 3H-deoxyglucose in the gastrocnemius muscle 30 min after i.p. injection.
These parameters allowed the determination of skeletal muscle deoxyglucose clearance and
of skeletal muscle glucose uptake by multiplication with the plasma glucose concentration.

4.5. Quantification of Cholesterol, Triglyceride and Free Fatty Acid Contents

Cholesterol, triglyceride and free fatty acid contents were analyzed in the plasma and
quadriceps muscle isolated from mice after three weeks of treatment. Muscle samples were
homogenized with a microdismembrator for 30 s at 3000 rpm (Sartorius Stedim Biotech,
Aubagne, France). For the cholesterol and triglyceride contents, muscles were lysed in lysis
buffer from the assay kit (ab65390 and ab178780, Abcam, Cambridge, UK) and measured
according to the manufacturer’s instructions. For the free fatty acid content, muscles were
lyzed in chloroform containing 1% Triton X, centrifuged at 4 ◦C for 5 min at 16,000× g and
the supernatant was vacuum-dried at 50 ◦C for 30 min. Dried samples were reconstituted
and measured according to the manufacturer’s instructions (ab65341, Abcam, Cambridge,
UK). Cholesterol, triglyceride and free fatty acid contents were measured directly from the
plasma according to the manufacturer’s instructions.

4.6. Electron Transmission Microscopy

Immediately during sacrifice, the quadriceps muscle was freshly dissected and fixed
in fixative solution containing 2.5% glutaraldehyde and 2% paraformaldehyde in a PIPES
buffer (0.1 M at pH 7) overnight at 4 ◦C. Post-fixation was done in 1% buffered osmium
tetroxide for 1 h at 4 ◦C. Samples were dehydrated in solvents with increasing ethanol
concentrations. Embedding was done in Epon 812 resin and hardened in an oven at
60 ◦C for 48 h for further sectioning. Ultrathin sections were impregnated with uranyl
acetate and lead citrate. Sections were analyzed using a FEI Tecnai T12 transmission
electron microscope and recorded using a TVIPS F416 CMOS digital camera. Micrographs
were randomly taken from transversal intermyofibrillar sections at the nonoverlapping
64-µm2 regions. Fiji software (https://imagej.net/Fiji/Downloads (accessed on 10 March
2021), version: 2.1.0/1.53c) was used for the quantitative analysis of lipid droplets as
described [43].

4.7. Western Blots

Quadriceps muscle samples (50 mg) were first homogenized with a microdismem-
brator for 30 s at 3000 rpm (Sartorius Stedim Biotech, Aubagne, France) and lysed on ice
in PhosphoSafe™ Extraction Reagent. Homogenates were then centrifuged at 16,000× g
at 4 ◦C for 10 min, and the protein was determined in the supernatant with a Pierce BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The amount of 80 µg
of protein was loaded into the wells of the NuPAGE 4–12% Bis-Tris gel (Life technolo-
gies, Rockville, MD, USA). Gel was run at 140 V and electroblotted to the nitrocellulose
membrane using the eBlot™ L1 Wet Transfer System (GenScript, Piscataway, NJ, USA).
Proteins were immunodetected using antibodies against PLIN5 (1:1000, 26951-1-AP, Protein-
tech, Rosemont, IL, USA), CD36 (1:1000, ab133625, Abcam, Cambridge, UK), FATP4 (1:1000,
ab200353, Abcam, Cambridge, UK), FABP4 (1:1000, ab92501, Cambridge, UK, Abcam),
CPT1b (1:1000, 22170-1-AP, Proteintech, Rosemont, IL, USA) and β-actin (1:20,000, sc-47778,
Santa Cruz Biotechnology, Dallas, TX, USA). Membranes were then probed with secondary
HRP-conjugated antibodies against rabbit (1:2000, sc-2004 Santa Cruz Biotechnology, Dal-
las, TX, USA ) or mouse (1:2000, sc-516102, Santa Cruz Biotechnology, Dallas, TX, USA);
after which, a chemiluminescent substrate (Clarity Western ECL substrate; Bio-Rad Labo-
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ratories, Hercules, CA, USA) was added to visualize the bands. Protein expression was
quantified using the Fusion Pulse TS device (Vilber Lourmat, Oberschwaben, Germany).

4.8. Quantitative Real-Time PCR

Total RNA was isolated from gastrocnemius (40 mg) using the RNeasy Fibrous Tissue
Mini Kit (QIAGEN Gmbh, Hilden, Germany), according to the manufacturer’s instructions.
For the reverse transcription reaction, cDNA was synthetized from 0.5 µg of total RNA
with the Omniscript RT kit (QIAGEN GmbH, Hilden, Germany). Next, cDNA was mixed
together with forward and reverse 0.3-µM primers and SYBR Green (Roche Diagnostics,
Mannheim, Germany) as a fluorescent dye for the measurements of the duplex DNA
formation. The real-time PCR measurements were measured in triplicate with the ViiA™ 7
Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The sequences of the
primer sets used are listed in Table 2. Quantification of the gene expression was performed
as described previously [44], using the 18s gene as the internal control.

Table 2. Primer list for the quantitative real-time PCR amplification.

Target Gene Forward Primer 5′ → 3′

Reverse Primer 5′ → 3′

Cd36 GGCAAAGAACAGCAGCAAAAT
TGGCTAGATAACGAACTCTGTATGTGT

Fatp4 GTGAGATGGCCTCAGCTATC
GAAGAGGGTCCAGATGCTCT

Fabp4 GAACCTGGAAGCTTGTCTTCG
ACCAGCTTGTCACCATCTCG

Lpl GTGGCCGCAGCAGACGCAGGAAGA
CATCCAGTTGATGAATCTGGCCAC

Cpt1b ATCATGTATCGCCGCAAACT
CCATCTGGTAGGAGCACATGG

Ppargc1a AATGCAGCGGTCTTAGCACT
ACGTCTTTGTGGCTTTTGCT

18s AGTCCCTGCCCTTTGTACACA
CGATCCGAGGGCCTCACTA

4.9. Statistical Analysis

Data are represented as the mean ± SEM. Statistical analyses were performed by
2-way ANOVA, followed by Fisher’s LSD post-test without correction for the comparison
of multiple means using GraphPad Prism 8 (Graph Pad Software, San Diego, CA, USA) [45].
Significance was set at p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22094950/s1: Figure S1: Physiological characteristics over the course of the treatment,
Figure S2: Expression of PGC-1α mRNA in skeletal muscle, and Figure S3: mRNA expression of
lipoprotein (Lpl) in skeletal muscle.
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