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Abstract: The underlying mechanisms for statin-induced myopathy (SIM) are still equivocal. In this
study, we employ Drosophila melanogaster to dissect possible underlying mechanisms for SIM. We
observe that chronic fluvastatin treatment causes reduced general locomotion activity and climbing
ability. In addition, transmission microscopy of dissected skeletal muscles of fluvastatin-treated flies
reveals strong myofibrillar damage, including increased sarcomere lengths and Z-line streaming,
which are reminiscent of myopathy, along with fragmented mitochondria of larger sizes, most
of which are round-like shapes. Furthermore, chronic fluvastatin treatment is associated with
impaired lipid metabolism and insulin signalling. Mechanistically, knockdown of the statin-target
Hmgcr in the skeletal muscles recapitulates fluvastatin-induced mitochondrial phenotypes and
lowered general locomotion activity; however, it was not sufficient to alter sarcomere length or
elicit myofibrillar damage compared to controls or fluvastatin treatment. Moreover, we found that
fluvastatin treatment was associated with reduced expression of the skeletal muscle chloride channel,
ClC-a (Drosophila homolog of CLCN1), while selective knockdown of skeletal muscle ClC-a also
recapitulated fluvastatin-induced myofibril damage and increased sarcomere lengths. Surprisingly,
exercising fluvastatin-treated flies restored ClC-a expression and normalized sarcomere lengths,
suggesting that fluvastatin-induced myofibrillar phenotypes could be linked to lowered ClC-a
expression. Taken together, these results may indicate the potential role of ClC-a inhibition in statin-
associated muscular phenotypes. This study underlines the importance of Drosophila melanogaster
as a powerful model system for elucidating the locomotion and muscular phenotypes, promoting a
better understanding of the molecular mechanisms underlying SIM.

Keywords: statins; fluvastatin; statin-induced myopathy; Hmgcr; skeletal muscle chloride channel;
ClC-a; CLC-1; myopathy; locomotion; sarcomere; mitochondrial dysfunction; lipotoxicity; Pkcdelta
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality
globally, accounting for approximately 17.9 million patients dying each year, with hy-
percholesteremia as the main risk factor [1,2]. Statins, 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) inhibitors, are widely prescribed to lower cholesterol and low-density
lipoprotein (LDL) and thus reduce CVDs mortality and morbidity [3–7]. Although relatively
safe, multiple reports have shown that due to statin intolerance, more than 30% of patients
discontinue statin medications, leading to increased risks for CVD events [8–11]. Statin
intolerance is mainly due to muscle problems, including myalgia (without creatine kinase
(CK) elevation), myositis (CK 10-fold within the upper limit of normal, ULN), and rhab-
domyolysis (CK elevation over 10-fold the ULN along with reddish or brown urine) [12],
which are grouped under the term statin-induced myopathy (SIM) [13–15]. In the United
States, a recent internet-based survey has indicated that up to 60% of former statin-treated
patients have reported an incidence of SIM-related sequelae, with muscle problems as the
primary reason for statin discontinuation [10]. More importantly, SIM-related muscle dam-
age has been reported long after the cessation of statins [9,16]. Indeed, statin alternatives
do not offer better prevention and treatment for CVDs compared to statins [17]. Therefore,
identifying the root cause of SIM is very crucial, and a recent simulation study has shown
that improving statin adherence by 50% would lower CVD-related deaths [18,19].

Despite extensive research, the aetiology of SIM remains enigmatic. One theory has
attributed SIM to a reduction in muscular membrane sarcolemmal cholesterol levels [20].
Yet, blocking cholesterol synthesis by squalene synthase inhibitors does not cause myopa-
thy [21]. Another hypothesis has linked SIM to isoprenoid depletion, one of the components
of the mevalonate pathway which is diminished by the inhibition of HMGCR. Depleted
isoprenoid levels result in higher intracellular calcium concentrations, which can trigger
cell death in muscles [22–24]. However, a study by Laaksonen et al. has reported that
statins do not reduce isoprenoid synthesis in the muscles significantly [25]. Other studies
have demonstrated that, due to HMGCR inhibition, statins lead to coenzyme Q10 (CoQ10)
depletion and mitochondrial dysfunction, with subsequent muscle problems [26]. Nev-
ertheless, shreds of evidence have indicated that muscular CoQ10 levels are not changed
in most statin-treated patients, which could explain why CoQ10 supplementation does
not mostly alleviate SIM [25–34]. Moreover, a recent study indicates that statins, except
for fluvastatin, induce mitochondrial dysfunctions by binding to mitochondrial Complex
III [35]. However, other scholars have pointed out that statins do not cause changes in
mitochondrial functions or morphology in muscles of statin-treated patients [36–38] and
clinical research has indicated that simvastatin can improve mitochondrial functions in car-
diomyocytes [39], which all have questioned the primary role of mitochondrial dysfunction
in SIM.

Apart from the mevalonate pathway, a reduction in insulin secretion and sensitivity
by statins has been also proposed as an underlying factor for SIM [40–42]. It has been
also reported that statin treatment is associated with the inhibition of skeletal muscle
chloride channel 1, CLC-1 [43–46], which is the key feature of myotonia [47,48]. Never-
theless, whether statin-associated inhibition of CLC-1 can cause myopathy phenotypes
and the mechanistic pathway underlying statin-associated inhibition of CLC-1 are still
poorly understood.

Drosophila melanogaster (fruit fly) provides an ideal system to understand muscle
disorders, including myopathy with potential application for human conditions and many
features of morphology and physiology of skeletal musculature in fruit flies are remarkably
similar to humans [49–53]. We hypothesize that statin might induce myopathy phenotypes
through direct inhibition of HMGCR or indirect inhibition of skeletal muscle chloride
channel or both. Since statin-target HMGCR (in flies, HMGCR is denoted as Hmgcr) is
highly conserved in both humans and flies [54–56], we used fruit flies to employ genetic
and pharmacological approaches to investigate whether Hmgcr inhibition in skeletal
muscles gives rise to myopathy-like phenotypes. Moreover, we examined whether statin



Cells 2022, 11, 3528 3 of 35

inhibits skeletal muscle chloride channels and whether muscular inhibition of this channel
contributes to myopathy phenotypes.

2. Materials and Methods
2.1. Fly Stocks and Maintenance

Fly stocks mentioned in Table 1 were purchased from the Bloomington Stock Center
(Bloomington, IN, USA) and used for the experiments. W1118 wild-type flies were used
from our in-house stock. The wild-type CSORC flies were obtained by crossing CantonS
and OregonR-C flies, both types of flies were ordered from Bloomington Stock centre
(Bloomington, IN, USA). All flies, unless otherwise stated, were maintained on enriched
Jazz mix standard fly food (Fisher Scientific, Waltham, MA, USA). Flies were maintained at
25 ◦C in an incubator at 60% humidity on a 12:12 light:dark cycle. Virgin CSORC males
aged 1–2 days were used in this study unless otherwise stated. In order to feed flies with
drugs, a proper volume of the drug was mixed with warm food in a small plastic vial.
Then, we allowed it to cool before we nurtured flies in these plastic vials containing food
with/without the drug(s) for five days before experiments.

Table 1. Fly stock purchased from the Bloomington Stock Center and used in this paper.

Bloomington Stock Numbers Drosophila Line Referred to as

50652 y[1] v[1]; P{y[+t7.7]v[+t1.8] = TRiP.HMC03053}attP40 UAS-Hmgcr RNAi

8176 w[1118]; P{w[+mW.hs] = GawB}EDTP[DJ694] EDTP-Gal4

28355 y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.JF02991}attP2 UAS-Pkcdelta RNAi

53337 P{y[+t7.7] v[+t1.8] = TRiP.HMC03566}attP40/CyO UAS-ClC-a RNAi

38464 w[*]; P{w[+mC] = Mhc-RFP.F3-580}2,
P{w[+mC] = Mhc-GAL4.F3-580}2/SM6b Mhc-Gal4

2.2. Setting Up the Crosses

To knockdown Hmgcr in muscles, virgin female Mhc-Gal4 was crossed with male UAS-
Hmgcr RNAi line, referred to as Mhc-Gal4>UAS-Hmgcr RNAi, while virgin female w1118
crossed with male UAS-Hmgcr RNAi, referred to as w1118>UAS-Hmgcr RNAi, and virgin
female Mhc-GAL4 line crossed with male w1118, referred to as Mhc-Gal4>w1118, both are
used as control groups. Only straight-wing flies were collected and used in the experiments.
Most HmgcrRNAi knockdown flies (Mhc-Gal4>Hmgcr RNAi) had a shorter lifespan, less than
two days (Supplementary Figure S4B). We tried to overcome this short-life span problem
by raising the flies at 25 ◦C, instead of 27 ◦C and collecting them immediately for the
experiments, but the problem remained. Consequently, we used one-two-day-old flies for
the experiments. To knockdown ClC-a in muscles, virgin female Mhc-Gal4 was crossed
with male UAS-ClC-a RNAi line, referred to as Mhc-Gal4>UAS-ClC-a RNAi, while virgin
female w1118 crossed with male UAS-ClC-a RNAi, referred to as w1118>UAS-ClC-a RNAi,
and virgin female Mhc-GAL4 line crossed with male w1118, referred to as Mhc-Gal4>w1118,
both are used as control groups. Only straight-wing flies were collected and used in the
experiments. To knockdown Pkcdelta in the skeletal muscles, virgin female EDTP-Gal4 was
crossed with male UAS-Pkcdelta RNAi, referred to as EDTP-Gal4>UAS-Pkcdelta RNAi, while
virgin female w1118 crossed with male UAS-Pkcdelta RNAi, referred to as w1118>UAS-
Pkcdelta RNAi, and virgin female EDTP-GAL4 line crossed with male w1118, referred to
as EDTP-Gal4>w1118, both are used as control groups. Unless otherwise stated, crossed
flies were raised at 25 ◦C until the adults emerged; once collected, adults were raised at
27–29 ◦C for appropriate times. In all assays, F1 progeny was used.

2.3. Exposure Concentration

For the maximum concentration exposure assessment, we first looked for the fluvas-
tatin concentrations used in the literature. The fluvastatin concentrations used before were
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0.05, 0.5 and 1 mM [55] and 5 mg/µL = 11.5 mM [57] without reported toxic effects. Since
0.5 and 1 mM concentrations have been reported to significantly decrease mean activity
and enhance sleep duration in Drosophila [55], we assessed whether these concentrations
are within the reported toxic fluvastatin dose in mice and in relation to humans’ mean
plasma concentration of 40 mg fluvastatin, the daily recommended dose for adults. Ac-
cording to the literature, the fly adult male weight of 0.88 mg [58] and daily intake of
1.5 µL [59,60]. Next, we selected a range of concentrations of 0.05–40 mM and then calcu-
lated how much fluvastatin mg/kg/day in these concentrations corresponded to. After
that, we compared them to fluvastatin doses in mg/kg/day used in the toxicity studies in
mice (https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/201635s029lbl.pdf,
accessed on 1 August 2022). According to our calculations, we found that fluvastatin
concentrations of 20 mM (14.7 mg/kg/day) and 40 mM (29.5 mg/kg/day) are equivalent to
reported toxic cancerogenic doses in mice (15 and 30 mg/kg/day), which are 2 and 7 times
the mean human plasma drug concentration after a 40 mg oral dose. Moreover, the regular
fluvastatin dose in humans is 40 mg/day and the maximum dose is 80 mg/day; thus,
considering the average human male weight is 70 kg, the daily doses per kg are 0.57 and
1.1 mg/kg/day, respectively. Therefore, we concluded that 0.5 mM (0.3 mg/kg/day) and
1 mM (0.74 mg/kg/day) are within the therapeutic dose range and suitable for our study.

2.4. Quantification of Climbing Ability Using Forced-Climbing System

To examine the effect of fluvastatin on the climbing ability of the flies, we used
the Forced-Climbing System as described by Moulin et al. [61]. In short, this system
comprises two MultiBeam Activity Monitor, MB, (TriKinetics Inc., Waltham, MA, USA)
placed vertically in Vortexer Mounting Plate, VMP, (TriKinetics Inc., Waltham, MA, USA)
see Figure 1.
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Figure 1. Schematic representation for the Forced-Climbing System. The left image is VMP-MB
where the upper portion is two slots of MultiBeam Activity Monitor (MB), each has 16 slots for tubes
and each slot is equipped with 17 IR beams and the lower portion is Vortexer Mounting Plate, (VMP)
which is used as a shaker. The right picture shows how the Forced-Climbing System works. Simply,
an anaesthetized fly was placed inside the tube plugged with cotton from the bottom and with a
black cap from the top. Then, the tube was placed inside MB. Each MB consists of 16 slots. The VMP
agitates tubes inside MB for 4 s each minute. The fly tends to climb up against gravity due to innate
negative geotaxis. Then, after a four-second shaking period, the fly falls to the bottom and climbs up
again to the top of the tube and crosses the 17 IR beam. The left image was taken from TriKinetics.com,
accessed on 1 August 2022 (with permission) while the right was created with Biorender.com.

Flies were anaesthetised using CO2 and placed in individual glass tubes covered with
cotton on one end and the other end with a black plastic lid. The glass tubes were loaded
vertically into the MB5 with the side containing cotton on the bottom. The flies were
agitated at a regular interval (4 s per minute) by the VMP for six hours, starting at 13:00
and the light was kept turned on for the entire experiment. After each agitation, flies fell to

https://www.accessdata.fda.gov/drugsatfda_docs/label/2022/201635s029lbl.pdf
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the bottom of the tubes and then, due to their natural negative geotaxis, flies climb up the
tube against gravity and crossed the 17 IR beams.

We have optimized the Forced-Climbing System to monitor not only fly moves but
also speed and positions in the tubes (representing how far can flies climb up). Specifically,
we developed a MATLAB routine that allows us to record the flies’ average moves per hour,
speed per hour and positions. In short, first, we retrieved the raw files from MB5 software
after each run. Then, we applied the following equations:

Hourly locomotor movement (moves) is calculated by averaging the hourly beam-to-beam
transition recorded generated from the flies’ activity in the course of the experimental time

Moves per hour = ∑ Beam to beam transition f or the nth hour in EH
3600− (x ∗ 60)

The hourly maximum position reached hourly (positions) is determined by averaging
the maximum position reached by the flies in each hour

Position =
∑ Position o f f ly at any particular instant f or the nth hour in EH

3600− (x ∗ 60)

Hourly locomotory speed (Speeds) is the summation of the difference between the
position of fly at yth second and position of fly at xth second divided by n for the entire
course of experimental time

Speed per hour =

([
∑

Fly position at yth sec− xth sec
y− x

]
f or each hour

)
∗ 3 mm/sec

where
EH—Experimental hours
TSEA—(EH ∗ 3600)− (EH ∗ x ∗ 60)
x—Number of seconds VPM agitated
y—User-determined seconds (>x and <60) and by default 10
The length between each IR is 3 mm.

I. Acute and chronic fluvastatin treatment

Fluvastatin sodium hydrate (MW: 433.45, 10 mg, Sigma, Darmstadt, Germany,
#SML0038) was dissolved in water to make the stock solution. Generally, unless oth-
erwise stated, we calculated the required volume of the fluvastatin and then mixed it with
an appropriate volume of food to make the final concentration.

To determine the chronic and acute effects of fluvastatin on the flies, one–two-day-old
virgin male CSORC flies were collected from the stock. For the control group, flies were fed
normal food and then on the fifth day, we starved them for one hour before transferring
them onto vials in which 3 mm Whatman filter paper immersed with 100 µL 5% (wt/vol)
sucrose alone was placed in the bottom for three hours; for the fluvastatin group (five days),
we fed flies with 0.5 mM fluvastatin and then on the fifth day, we fed them with 5% (wt/vol)
sucrose alone; and for the fluvastatin group (three hours), flies were fed with normal food
for five days and then on the fifth day, we fed them with 0.5 mM fluvastatin for three hours
(Table 2).

II. Chronic fluvastatin 0.5 and 1 mM treatment

One–two-day-old virgin male CSCOR flies were collected for the experiments. In the
control, 0.5 and 1 mM fluvastatin groups, fluvastatin powder was solubilized in water and
mixed into the regular fly food, at concentrations of 0 (control), 0.5, or 1 mM. Then, flies
were fed with food for five days before the experiments.
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Table 2. Acute and chronic feeding pattern for fluvastatin groups and control group.

Experimental Group Solution Feeding Period On the Fifth Day

Control 4.5 mL food and
0.5 mL water five days Starved flies for one hour and then transfer

to 100 µL of sucrose alone for three hours

0.5 mM Fluvastatin
(five days)

4.5 mL food and 0.5 mL of
5 mM fluvastatin five days Starved flies for one hour and then transfer

to 100 µL of sucrose alone for three hours

0.5 mM Fluvastatin
(three hours)

4.5 mL food and 0.5 mL of
5 mM fluvastatin five days Starved flies for one hour and then transfer to

100 µL of 0.5 mM fluvastatin for three hours

III. Chelerythrine and fluvastatin treatment

Chelerythrine chloride (CC) was purchased from Sigma, Germany #C2932. Virgin
male CSORC flies of one-two day old were used. In the control and the control with CC
groups, flies were fed normal food for five days, while in the fluvastatin group and the
fluvastatin with CC group, flies were fed food mixed with 0.5 mM fluvastatin for five
days. On the fifth day, we starved them for one hour before transferring them onto vials in
which 3 mm Whatman filter paper was placed in the bottom. Then, into the filter paper, we
applied 100 µL (sucrose alone) for the control group; 100 µL of 100 µM CC for the control
with CC group; 100 µL of 0.5 mM for the fluvastatin group; and 100 µL of 100 µM CC for
the fluvastatin with CC group. We used 5% (wt/vol) sucrose solution as a vehicle for the
CC and fluvastatin feeding on the fifth day (Table 3).

Table 3. Feeding pattern for fluvastatin group, fluvastatin with CC group, control group, and control
with CC group.

Experimental Group Solution Feeding Period On the Fifth Day

Control 4.5 mL food and
0.5 mL water five days Starved flies for one hour and then transfer

to 100 µL of sucrose alone for three hours

Control with 100 µM CC 4.5 mL food and
0.5 mL water five days Starve flies for one hour and then transfer to

100 µL of 100 µM CC for three hours

0.5 mM Fluvastatin 4.5 mL food and 0.5 mL
5 mM fluvastatin five days Starved flies for one hour and then transfer to

100 µL of 0.5 mM fluvastatin for three hours

0.5 mM Fluvastatin with
100 µM CC

4.5 mL food and 0.5 mL
5 mM fluvastatin five days Starved flies for one hour and then transfer

to 100 µL of 100 µM CC for three hours.

2.5. Quantification of General Locomotion Activities Using Drosophila Activity Monitoring
System (DAMS)

To examine the fluvastatin effect on the general locomotion activity of the flies, we
used DAMS (Drosophila Activity Monitoring System) (TriKinetics Inc., Waltham, MA,
USA). All crossed flies were fed with normal food unless otherwise stated.

In 0.5 and 1 mM fluvastatin groups, we prepared a stock solution of 5 mM fluvastatin
using water as a vehicle. Then, the calculated volume of fluvastatin (1 and 2 mL, respec-
tively) was taken and mixed with food to have a final volume of 10 mL, while in the control
group, food was mixed with 1 mL of water. Each Petri dish mixture was kept to cool down
and solidify for one hour. Thereafter, for each group, 30 glass 5 mm× 65 mm tube tips were
dipped into the corresponding mixture twice and then plugged with plastic black caps.
One–two-day-old virgin male CSCOR flies were collected for the experiments. Then, each
fly was transferred into each tube using a CO2 anaesthesia pad and a paintbrush. Finally,
the other ends of the tubes were subsequently plugged with cotton, and the tubes were
placed in the DAMS monitor horizontally.

For the preparation of the fluvastatin solution and CC solution, we used water as a
vehicle. To check the effect of the fluvastatin on flies, we first fed CSORC flies with 1 mM
and 0.5 mM fluvastatin and then we run DAMS. To look out whether CC can rescue the



Cells 2022, 11, 3528 7 of 35

fluvastatin phenotype, we divided CSORC flies into four groups: for the fluvastatin group,
we prepared 0.5 mM concentration from the stock concentration mixed with 10 mL hot food
in a 12 mL Petri dish so that the total volume of 12 mL is obtained; for the fluvastatin with
CC, we prepared 0.5 mM both fluvastatin and cc mixed with 10 mL hot food in a 12 mL
Petri dish so that the total volume of 12 mL is obtained. For the CC group, we added only
CC and for the control, we added only the food (Table 4). Each Petri dish mixture was kept
to cool down and solidify for one hour. Thereafter, for each group, 30 glass 5 mm × 65 mm
tube tips were dipped in the corresponding mixture twice and then plugged with plastic
black caps.

Table 4. Feeding pattern for fluvastatin group, fluvastatin with CC group, CC group and control
groups.

Group Stock Volume Taken Total Volume with Food

1.0 mM Fluvastatin 3 mM fluvastatin 4 mL 12 mL

0.5 mM Fluvastatin 3 mM fluvastatin 2 mL 12 mL

0.5 mM Fluvastatin with 100 µM CC 3 mM fluvastatin
2.9 mM CC

2 mL fluvastatin
413 µL CC 12 mL

100 µM CC 2.9 mM CC 413 µL CC 12 mL

Control no no 12 mL

For the chloride channel blockers, 2-(4-chlorophenoxy) propionic acid (CPP) (50 mg,
R750298, Sigma, Taufkirchen, Germany) and 9-anthracenecarboxylic acid (A9C) (50 mg,
A89405, Sigma, Germany) were obtained from Sigma-AldrichTM. We used 70% ethanol
as a vehicle for CPP and A9C. We divided the flies into three groups (control, 1 mM CPP,
1 mM A9C), each group consists of 32 flies (Table 5). CSPRC virgin males were collected
and transferred into the tube in the same way mentioned above. We recorded their general
activity, mean activity and activity counts/30 min all for five days. For the crossed flies
with GAL4, we used normal food and flies aged was 1–5 days before experimentation,
unless otherwise mentioned.

Table 5. Flies feeding pattern for the chloride channel blockers groups and control.

Group Stock Volume Taken Total Volume with Food

Control no 2.4 mL of alcohol 12 mL

1 mM CPP 5 mM CPP in alcohol 2.4 mL of the stock solution 12 mL

1 mM A9C 5 mM CPP in alcohol 2.4 mL of the stock solution 12 mL

Finally, all monitors were placed in the incubator for five days at 25 ◦C, and 60%
humidity on a 12:12 light:dark cycle. On the sixth day, the data for the flies’ general activity
for five days were collected from the DAMSystem software and analysed using MATLAB,
and GraphPad Prism.

2.6. Transmission Electron Microscopy

i. Morphology

Flies were first cool-anaesthetized by chilling in crushed ice until they stop moving to
ensure relaxation of the muscles before dissection. Five flies per group taken from vials
were cool-anaesthetized by chilling in crushed ice until they stopped moving. Next, the
heads of flies were first cut with a sharp razor and then, cross-sections from femur segments
of legs were taken and fixed for morphology. The EM preparation was performed by BioVis
Core Facility/Electron microscopy at IGP, Uppsala University, Uppsala, Sweden. In short,
the legs were dissected and the dissected tissues were Fixed in 2.5% glutaraldehyde and
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1% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.6) overnight at 4 ◦C. Then,
we rinsed it in 0.1 M sodium cacodylate buffer (pH 7.6) for 10 min, Post-fix in 1% osmium
tetraoxide in 0.1 M sodium cacodylate buffer (pH 7.6) for 1 h, dehydrated in increasing
concentrations of EtOH (50%, 70%, 95%, 100%) for 15 min, embedded in LR white and
100% EtOH (1:1) for 60 min, changed to 100% LR white overnight at 4 ◦C, transferred to
gelatine capsules with 100% LR white for 2–3 h, polymerized at 55 ◦C for 48 h, sectioned
ultrathin sections (~60 nm) on an ultramicrotome (Leica EM UC7), placed sections on
a cu slot grid (Ted Pella, Redding, CA, USA) coated with Formvar, contrasted with 2%
Uranyl acetate for 5 min, washed extensively with water, again contrasted with 3% lead
citrate (Reynold’s, Merck, Darmstadt, Germany) for 2 min, again washed extensively with
water, air dried for 15 min and finally imaged in Technai™ G2 Spirit (ThermoFisher/FEI,
Eindhoven, The Netherlands) electron microscope at 80 kV using a Lab6 filament and a
Gatan Orius SC200 camera.

ii. Immunogold labelling

In the fluvastatin group, flies were fed with 1.0 mM fluvastatin in the same way
mentioned above, while in the control group, flies were fed with normal food, both groups
for five days. Five flies per group taken from vials were cool-anaesthetized by chilling
in crushed ice until they stopped moving to ensure the relaxation of the muscles before
dissection. Next, the heads of flies were first cut with a sharp razor and then, cross-
sections from femur and tibia segments of legs were taken and fixed for immunogold
labelling. The EM preparation was performed by BioVis Core Facility/Electron microscopy
at IGP, Uppsala University. In short: the femur of the legs were dissected and dissected
tissue was fixed in 4% paraformaldehyde and 0.05% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.6) O.N. at 4 ◦C, rinsed in 0.1 M sodium cacodylate buffer (pH 7.6)
for 10 min, dehydrated in increasing concentrations of EtOH (50%, 70%, 95%, 100%) for
15 min, embedded in LR white and 100% EtOH (1:1) for 60 min, changed to 100% LR
white O.N. at 4 ◦C, transferred to gelatine capsules with 100% LR white for 2–3 h and
polymerized at 55 ◦C for 48 h. Legs were then sectioned in ultrathin sections (~60 nm) on an
ultramicrotome (Leica EM UC7), and placed on a Ni 200-mesh grid (Ted Pella) coated with
formvar. Free aldehyde groups were blocked with 50 mM glycine in PBS for 15 min. Grids
were transferred to blocking solution for goat secondary reagents (Aurion, Wageningen, The
Netherlands) for 30 min, washed in 0.1% BSA-C (Aurion, Wageningen, The Netherlands)
3 × 5 min. Primary antibody Rabbit Anti-ClC-2 Antibody (Abcam, Amsterdam, The
Netherlands, #ab192506) (ClC2, 1:500) was then added and sections were incubated O.N. at
4 ◦C and then washed in 0.1% BSA-C (Aurion, Wageningen, The Netherlands) 6 × 5 min. A
secondary antibody (goat anti-rabbit, 12 nm gold colloidal gold particle, Jackson Immuno
Research Europe Ltd., Ely, UK) was then added for 60 min. Sections were then washed in
0.1% BSA-C (Aurion, Wageningen, The Netherlands) 6 × 5 min and washed in MQ Water
6 × 5 min. Sections were contrasted with 2% Uranyl acetate for 5 min and again washed
extensively with water and air-dried. Pictures of the grids were then taken, and ImageJ
was used to quantify immunogold particles.

iii. Chloride channel particles counting

The grid for each group obtained from immunogold labelling TEM was divided into
an area of 33 × 106 pixels (8.7 × 109 micron). Next, we quantified the ClC-a gold particle in
each area using ImageJ software (version 1.53Ki, National Institutes of Health, Bethesda,
MD, USA) and calculated the statistical difference using GraphPad Prism. The type of the
test is indicated in the caption of each figure.

iv. Measuring the sarcomere length

TEM micrographs with a scale bar of 2 or 5 µm have been selected randomly from the
groups. The length between Z-lines of the sarcomere was measured in µm using ImageJ
(version 1.53Ki, National Institutes of Health, Bethesda, MD, USA) from the top, middle and
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bottom of the sarcomere. Then, the significant difference was calculated using GraphPad
Prism. The type of the test is indicated in the caption of each figure.

v. Measuring the mitochondria area

Measuring mitochondrial areas in TEM micrographs with a scale bar of 1, 2 and 5 µm
was carried out using Image J (version 1.53Ki, National Institutes of Health, Bethesda, MD,
USA) by manually tracing mitochondria from selected TEM micrograph. Surface area
(mitochondrial size) is reported in squared micrometres. The type of the test is indicated in
the caption of each figure.

vi. Counting the number of round-like shaped mitochondria

Counting the number of round-like shaped mitochondria in TEM micrographs with a
scale bar of 1, 2 and 5 µm was carried out using Image J (version 1.53K, National Institutes of
Health, Bethesda, MD, USA). The type of the test is indicated in the caption of each figure.

2.7. Quantification of Genes and Protein Expressions

i. RNA purification and cDNA synthesis

For the crossed flies, male flies were collected and allowed to age for five days at
27–29 ◦C per group and then stored at −80 ◦C before extraction. For CSORC flies, for
the fluvastatin group, 100 virgin males were transferred onto a vial containing 5 mL of
food mixed with a subsequent volume of fluvastatin stock solution sufficient to make
1 mM fluvastatin, and for the control group, another 100 flies were transferred onto a vial
containing 5 mL of food mixed with an equivalent volume of water. Having allowed the
flies to age for five days at 25 ◦C in the mixture, we extracted the RNA using the whole body,
and then stored them at −80 ◦C before extraction. We used chloroform (Sigma #67663),
isopropanol (Sigma #I9516) and triazole (Thermofisher #15596026), and the protocol was
applied according to Williams et al. [62]. The level and purity of the RNA and cDNA
were measured by nanodrop in a Multiscan machine (Thermo Scientific™) using µDrop™
Plate. The accepted Absorbance 260/280 for both, RNA and cDNA ranged from 1.9 to
2.1. The cDNA was synthesized by Thermal cyclers using 20 µL total volume: 9 µL of
the extracted RNA, 10 µL RT buffer (Thermofisher, High-Capacity RNA-to-cDNA™ Kit
#4387406) and 1 µL Reverse Transcriptase Enzyme (Thermofisher, High-Capacity RNA-to-
cDNA™ Kit #4387406).

ii. Real-time qPCR

cDNA was diluted in a ratio of 1:30 using Milli-Q® water and the level of genes of
interest was measured using quantitative real-time polymerase chain reactions, qPCR.
Primers were selected through FlyPrimerBank and ordered from ThermoFisher™ (Table 6).

Relative expression levels of the housekeeping gene (RpL32) and the genes of interest
were measured using quantitative RT-PCR (qPCR), Bio-Rad iCycler Thermal Cycler Real-
Time PCR Detection. Each plate well contained a total volume of 20 µL of the following:
11.52 µL Milli-Q® water, 3.60 µL Taq buffer, 0.20 µL dNTPs, 0.1 µL primers, 1 µL DMSO
(1:20), 0.5 µL SYBR Green (1:50,000) and 3 µL of cDNA of the gene of interest as described
in Williams et al. [62]. All qPCR experiments were carried out in triplicates. The qPCR data
were analysed using MyIQ 1.0 software (Bio-Rad, Hercules, CA, USA) and values of fold
changes (ratio of delta CT value) for the samples were normalized with RpL32′s values.
Outliers of CT ratio were checked out by Grubbs’ test and the significant outliers (p > 0.05)
were excluded. GraphPad Prism was used to calculate the significance. The type of the test
is indicated in each figure’s caption.

iii. Western Blotting

For fluvastatin groups, 10 virgin-CSORC males of one–two-day-old per each group
were transferred onto a vial containing 5 mL of food mixed with a subsequent volume of
fluvastatin stock solution sufficient to make 1 mM or 0.5 mM fluvastatin, and for the control
group, another 10 virgin-CSORC male flies aged 1–2 days old were transferred onto a vial



Cells 2022, 11, 3528 10 of 35

containing 5 mL of food mixed with an equivalent volume of water. We grew the flies in the
mixture for five days and then stored them at −80 ◦C. After that, flies were homogenized
in RIPA buffer (Thermofisher #89900) mixed with protease and phosphatase inhibitors
(Thermofisher #78441), and then we loaded an equal amount of lysate (equivalent to
30 µg) into SDS-PAGE gel and blotted to the PVDF membrane. For measuring the protein
expression of CLC-a, we ran a pair-wise sequence comparison to select the antibodies
and the following antibodies were applied: for anti-CLC-a antibodies, Rabbit Anti-ClC-
2 Antibody (Abcam, The Netherlands, #ab192506) at 1:500 dilution; β-Actin polyclonal
Antibody (ThermoFisher #PA5-16914) at 1:1000 dilution. By using the mild stripping
protocol from https://www.abcam.com/protocols/western-blot-membrane-stripping-for-
restaining-protocol, accessed on 1 August 2022, the blots were stripped and re-probed in
the same PVDF membrane. We used the secondary antibody Rabbit IgG (H + L) Cross-
Adsorbed Secondary Antibody (ThermoFisher, HRP #A16104) at 1:1000 dilution. Enhanced
reagent ECL kits from Biorad were used for detecting the signals. Signal detection was
performed using ChemiDoc MP Imaging System, Bio-Rad. Relative intensity was calculated
by normalizing the absolute intensity of the experimental group to the absolute intensity of
β-actin using Image Lab and GraphPad Prism software. The p-value was calculated using
GraphPad Prism. The type of the test is indicated in each figure’s caption.

Table 6. Sequences for the primers used in the study.

Primer Name Forward Sequence Reverse Sequence

Hmgcr 5′GCTGCACTGCCGTACTGTA3′ 5′AATGCCCAGCACATATTTGGA3′

CLC-a 5′TGGGCGAGGATTGGGTATTC3′ 5′ACTGAACAAAAGGCTGTGACG3′

Pkc98E 5′TCCATTATGCACGACGATGT3′ 5′CTCCGGATTTTTGGTGAGAA3′

Pkcdelta 5′GGCACCAAACACCCGTATCT3′ 5′CCCATAGAATCTGGCTCGCT3′

RPL32 5′AGCATACAGGCCCAAGATCG3′ 5′TGTTGTCGATACCCTTGGGC3′

AMPK ALPHA 5′TACCAGGTCATATCGACGCC3′ 5′ACGCCAGAGATAATCTGCTGAA3′

mdy 5′CACAAAGTGTGACTCGTGCTG3′ 5′CCAGTTCACCAGTCCAGAAAAA3′

Dgat2 5′CAGATACTGGTCACGGCCTTT3′ 5′CGGATTGGGTTTTCTTGTGGTG3′

Hmgcr 5′GCTGCACTGCCGTACTGTA3′ 5′GCCACAAGCACCAGGATG3′

Mef2 5′ATATCACGCATCACCGATGAAC3′ 5′GGCGTACTGGTACAGCTTGT3′

Mhc 5′CCAAGACGGTCAAAAACGAT3′ 5′GATGTTGGCTCCCGAGATAA3′

zfh1 5′CCTCCAAGAAGTGCATCAGCA3′ 5′CGAAGTAGCTCATCGGATGTG3′

Hnf4 5′GGCGACGGGCAAACATTATG3′ 5′CGCAAATCTCGCAAGTGTACTGAT3′

Bmm 5′GTCTCCTCTGCGATTTGCCAT3′ 5′CTG AAG GGA CCC AGG GAG TA3′

lip1 5′GTG AGCCTGGCCTACTTGC3′ 5′GGTCGAGGGTGGTGTGATTC3′

Lpin 5′CACACCGACAACACACTGGA3′ 5′CTTCTTCTCGCCCTGAAACAG3′

CG1941 5′GTCTACGCGAATCACAAGAGAA3′ 5′CGATAATGCCGAAACAGCCAA3′

CG1946 5′CAGACCTGGTACGTCATTC3′ 5′CGCCGTAGTACAGCAGGATAG3′

Chico 5′GCGCACTCACCTTATGACCA3′ 5′GCACACGAATGTCAGGGATTT3′

Thor 5′CGTCCAGCGGAAAGTTTTCG3′ 5′GTTTGGTGCCTCCAGGAGTGG3′

3. Results
3.1. Chronic Fluvastatin Treatment Induces Lowered General Locomotion Activities and
Climbing Ability

Statin treatment has been reported to induce myopathy in humans [9,45], and myopathy-
like phenotypes in mice [63], rats [64], goats [65] and zebrafish and chicken [66–68]. Thus,
we first asked whether statins induce phenotypes reminiscent of myopathy in the fruit

https://www.abcam.com/protocols/western-blot-membrane-stripping-for-restaining-protocol
https://www.abcam.com/protocols/western-blot-membrane-stripping-for-restaining-protocol
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fly. Previous studies showed that fluvastatin is effective in flies and able to inhibit Hmgcr
activity in the mevalonate pathway [69,70]. Additionally, we previously demonstrated
that fluvastatin treatment for five days reduces the mean activities and promoted sleep
duration [55]. Therefore, we examined the effect of fluvastatin on the climbing ability
and general locomotion activity using wild-type CSORC flies as they are commonly used
in locomotion and climbing assays [61,71]. We employed the Drosophila Activity Moni-
toring System (DAMS) for monitoring general locomotion activities and improved the
Forced-Climbing System described by Moulin et al. [61] to record different aspects of fly
climbing ability including the hourly average of moves, speed and positions (see Materials
and Methods).

First, we tested the chronic effect (5 days) of 0.5 and 1 mM fluvastatin concentrations
on the climbing ability and general locomotion activities. In Forced-Climbing activity, com-
pared to the controls, both, 1.0 mM and 0.5 fluvastatin-treated flies showed significantly
lowered climbing ability including the average moves and speed. However, the average
position was significantly reduced only in 1 mM fluvastatin-treated flies (Figure 2A–C).
If we compared both concentrations, 1 mM fluvastatin had a more significant decline
in the average speed and position than 0.5 mM (Figure 2B,C). In DAMS, both 1.0 mM
and 0.5 fluvastatin-treated flies displayed significantly lowered general locomotion activ-
ities (activity count/30 min, and total activity) while the activity while awake was not
altered (Figure 2D and Supplementary Figure S1B). However, acute fluvastatin treatment of
CSORC flies for three hours did not change the climbing activity, particularly the average
moves (Supplementary Figure S1A). In total, these results indicate that chronic fluvastatin
treatment impairs climbing and locomotion activities. In line with these results, statin
treatment has been reported to markedly reduce zebrafish movement [66] and reduce the
running capacity in mice [72].

3.2. Chronic Fluvastatin Treatment Induces Phenotypic Changes in Myofibrils and Mitochondria
and Is Associated with Reduced Muscle Regeneration

To determine whether the lowered locomotion and climbing activities associated with
fluvastatin treatment were a result of muscle problems, we treated CSORC flies with 1 mM
fluvastatin for five days and examined the morphology of the skeletal muscles of the femur
segments of legs using transmission electron microscopy (TEM). Interestingly, in most
TEM micrographs, compared to the control group, the skeletal muscle ultrastructure of the
fluvastatin-treated flies exhibited more remarkable skewing, displacement, or contortion
of myofibrils, specifically, misorientation of sarcomeres, Z-line streaming or/and loss of
Z-line and distended T-tubules together with a few vacuoles and a rare occasion of myelin
figures, which are circular scroll-like myofilaments, that are similar to toxic myopathy in
humans [73] (Figure 3A–C).

The sarcomere is the functional contractile unit of myofibril delimited by two Z lines.
Thus, sarcomere size correlates with the diameter of myofibrils and muscle fibres and their
contraction strength as well [74–79]. In addition, alteration in sarcomere integrity or/and
size affects the whole muscles and therefore sarcomere length/myofibril diameter has
been taken as a hallmark of myopathy-related diseases [75–80] and in SIM [65,66,68,81–84].
Accordingly, alterations in myofibril ultrastructure and sarcomere length were taken as
reminiscent of myopathy in this study. In this context, strikingly, the fluvastatin-treated
flies displayed a larger sarcomere length comparable to the control group (Figure 3D).
However, at this point, we did not know exactly whether the increased sarcomere length
is caused by longer actin and myosin filaments or due to the greater spacing in the I-
Band or A band regions. Therefore, it would be interesting to investigate this using
immunohistochemistry and confocal microscopy. Paradoxically, when fluvastatin-treated
flies were exercised in the Forced-Climbing System for six hours, the sarcomere length
was comparable to the control, although the ultrastructure alteration of myofibril was still
obvious (Supplementary Figure S2A,B). In agreement with these results, treating rats with
a low dose of fluvastatin led to histological alteration at the myofibril and larger fibre
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diameters compared to controls [84]. In goats, skeletal muscles treated with lovastatin
resulted in longer fibre diameter [65]. In humans, reports have pointed out that statins
cause damage to muscle fibres, wider sarcomeres, loss of Z-lines, separation of myofibrils
and distended T-tubules [81,82]. However, in Zebrafish, statins have been reported to
induce shortened sarcomeres without affecting muscle fibre integrity [68].
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Figure 2. Fluvastatin treatment-induced lower climbing ability and general locomotion activity in
CSORC flies. In 0.5 and 1 mM fluvastatin groups, flies were fed with food mixed with a corresponding
volume of fluvastatin, while in control groups, flies were fed with food, all for five days before they
exercised in the Forced-Climbing System for six hours (A) the histograms show the average moves
for a combined six-hour interval and per hour, (B) the histograms show the average speed for a
combined six-hour interval and per hour, and (C) the histograms show the average position for a
combined six-hour interval and per hour. Using DAMS, flies were treated with 0.5 mM or 1 mM
fluvastatin mixed with food in the fluvastatin groups, whereas in the control group, flies were
treated with food only, both for five days (D) the histograms show the general locomotion activity
(activity counts/30 min and total activity) and activity while awake of the flies. The Shapiro–Wilk
tests were used to check normality where a parametric test was used for normally distributed data
and a non-parametric test for non-normally distributed data. The statistical difference between the
three groups was calculated using one-way ANOVA with Bonferroni’s multiple comparisons for
normally distributed data and Kruskal–Wallis one-way tests for otherwise data. For two groups,
except for moves, speed and position per hour where two-way ANOVA with Bonferroni’s multiple
comparisons test was used, Student’s t-test or Mann–Whitney test was used to calculate statistical
difference according to the normality test whereby * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005; **** p ≤ 0.0001.
In each histogram, the bars represent the mean values ± SEM and the number of flies is indicated
in brackets.
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Figure 3. Fluvastatin induces myopathy-like phenotypes in flies. (A,B) TEM micrographs for the
morphology for the longitudinal section of the dissected skeletal muscles of the femur segment of
CSORC fly legs, wherein the fluvastatin group, CSORC flies were treated with 1.0 mM fluvastatin
while the control group was fed with food, both for five days. Compared to the control group, the
muscles of the fluvastatin group showed pronounced abnormal myofibril architecture including
distorted sarcomere, Z-line streaming, and very few vacuoles, as well as more fragmented mito-
chondria with different shapes and sizes. The orange arrow indicates sarcomere, yellow indicates
Z line, black indicates vacuoles and blue indicates mitochondria. (C) Micrographs show myelinic
figures (stars) similar to toxic myopathy in the fluvastatin group. (D) Using ImageJ software, we
measured the sarcomere length between two adjacent Z-lines. On the left, the histogram shows the
sarcomere length in µm which was measured in 14 TEM micrographs for each group (fluvastatin and
control). On the right is a representation of the way the sarcomere length was measured. (E) Using
ImageJ software, we traced the mitochondria area in selected TEM micrographs. The histogram
represents the area of mitochondria in µm2 where the dots represent the number of mitochondria.
(F) Using ImageJ software, we counted the number of round-like shaped mitochondria in TEM
micrographs where the dots represent the number of mitochondria in each micrograph. In each
histogram, the bars represent the mean values ± SEM. The Shapiro–Wilk test was used to check
normality. Accordingly, for normally distributed data, Student’s t-test was used to calculate statistical
significance and Mann–Whitney test for otherwise data whereby *** p ≤ 0.005; **** p ≤ 0.0001.
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At mitochondrial levels, in most TEM micrographs, the dissected leg muscles of
fluvastatin-fed CSORC flies also exhibited aberrant mitochondrial morphology such as scat-
tered abnormal mitochondria of various shapes, including round-like shapes, and of differ-
ent sizes, including a few occasions of giant mitochondria (Figure 3A,B). In contrary, in most
TEM micrographs, the control group displayed arranged, aggregated and elongated-shaped
mitochondria that occasionally isolate neighbouring myofibrils (Figure 3A,B). Given the
importance of size and the round shape of the mitochondria in muscle pathologies [85–88],
we attempted to quantify surface area (size) and count the number of the round-like shaped
mitochondria using ImageJ. Interestingly, in contrast to the control group, the fluvastatin-
treated flies showed significantly larger mitochondria sizes (Figure 3E) and the number
of round-like shaped mitochondria was remarkably higher (Figure 3F). In line with these
results, several publications have pointed out that statins cause enlarged and round-like
shaped mitochondria [89–93].

In order to examine the effect of fluvastatin on muscle development and regeneration,
we measured the expression of Mhc (Myosin heavy chain and Drosophila homolog of MHC),
Mef2 (myocyte enhancer factor-2 and Drosophila homolog of MEF2) and zfh1 (Zn finger
homeodomain 1 and Drosophila homologue of ZEB2) due to their importance in muscle
development, differentiation, and regeneration and since their disruption gives rise to
muscle problems in flies, including myopathy [80,94–101]. We fed CSORC flies with 1mM
fluvastatin mixed with food for five days while in the control group, flies were fed with
food only. Then, we measured the expression of the genes using qPCR. Notably, CSORC
flies treated chronically with 1.0mM fluvastatin showed a significantly reduced expression
of Mhc, p = 0.0005, Mef2, p = 0.0019, and zfh1, p = 0.0042, suggesting that fluvastatin may
impair muscle development differentiation in flies (Supplementary Figure S1C). Consistent
with these effects, recent reports have demonstrated that statins have detrimental effects
on the proliferation, differentiation, and regeneration of human skeletal muscle cells [102]
and are associated with a considerable reduction in myosin heavy chain 1 protein and
mRNA levels [49] and a significant decline in MEF2 expression in muscle biopsies of statin-
treated patients [45]. zfh1 is essential for skeletal muscle differentiation [103]; thus, it would
be interesting to examine the effect of statins on ZEB2 on muscle biopsy from patients
with SIM.

3.3. Chronic Fluvastatin Treatment Is Associated with Impaired Lipid Metabolism and
Insulin Signalling

Mitochondrial damage and lipotoxicity are interrelated [104]. Several publications
have shown that impaired lipid metabolism contributes to SIM [102,104]. Accordingly, we
performed a transcriptome screen for the important genes involved in lipid metabolisms.
Interestingly, most genes encoding enzymes that are involved in lipid metabolism were
significantly downregulated in fluvastatin-treated flies (Supplementary Figure S3A and
Table 7). Of importance, Lpin (Drosophila homolog of LPIN1) was highly downregulated in
the fluvastatin group (p < 0.0001) (Supplementary Figure S3A and Table 7). Lpin encodes a
phosphatidate phosphatase, which is responsible for the conversion of phosphatidic acid to
diacylglycerol (DAG) during triacylglycerol (TG) biosynthesis. In mice, loss of its homolog
in the skeletal muscles induces myopathy while elevating its expression muscles prevents
statin-induced myotoxicity [104]. Moreover, in humans, mutation of LPIN1 causes severe
rhabdomyolysis [105,106].

Furthermore, mdy (Drosophila homolog of DGAT1) and Dgat2 (Drosophila homolog
of DGAT2) were significantly reduced in fluvastatin-treated flies (p = 0.0056 and 0.0007,
respectively) (Supplementary Figure S3A and Table 7). Similarly, muscle biopsy of the
statin-treated patient has shown reduced, DGAT1 and DGAT2 [107]. The same study
suggests that statin treatment reduces the capacity to couple FA and DAG into TG in the
skeletal muscles [107]. Taken together, our data suggest that alteration of key enzymes
involved in lipid metabolism in muscles or in the whole body may contribute to myopathy,
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most likely through the accumulation/oversupply of toxic lipid intermediates [104,107,108],
which ultimately leads to lipotoxicity.

Lipotoxicity has been shown to compromise insulin signalling in human skeletal
muscles [109,110]. We, therefore, looked into the effect of fluvastatin on key genes involved
in insulin sensitivity and signalling. chico (Drosophila homolog of IRS1), which encodes
the only insulin receptor substrate that functions in an insulin/insulin-like growth factor
(IGF) signalling pathway [111,112], was very significantly reduced in fluvastatin-treated
flies (p = 0.0003) (Supplementary Figure S3B and Table 7). Furthermore, Thor, which
encodes a eukaryotic translation initiation factor 4E binding protein and is implicated in
insulin resistance [113,114], was remarkably reduced (0.0019) (Supplementary Figure S3B
and Table 7). Thor is also essential for mitochondrial function and synaptic homeostasis
in Drosophila neuromuscular junctions [114,115]. In total, our data suggest that chronic
fluvastatin treatment may disrupt insulin signalling as well.

Table 7. Effects of chronic fluvastatin treatment on the transcription of important genes involved in
lipid metabolism and insulin haemostasis.

Drosophila Gene/
Protein Name Statin Effect Human Homolog Function

1 Bmm/brummer
Upregulated

Mean fold
change (1.58)

PNPLA2/Patatin-like
phospholipase

domain-containing
protein 2 [116,117]

Triglyceride lipase in adipose
tissue and muscles [116,117]

2 Lip1/Lipase 1
Downregulated

Mean fold
change (0.64)

LIPF/Gastric triacylglycerol
lipase [116,117]

Triglyceride lipase and expressed
in the digestive system, adipose

tissue and muscles [116,117]

3
Lpin (Lipin)/

Phosphatidate
phosphatase

Downregulated
Mean fold

change (0.55)

LPIN1/Phosphatidate
phosphatase LPIN3 [116,117]

Conversion of phosphatidic acid to
diacylglycerol during triglyceride

biosynthesis and required for
insulin signalling. Expressed in
many tissues including adipose

tissue and muscles [116,117]

4
mdy (midway)/
Diacylglycerol

O-acyltransferase

Downregulated
Mean fold

change (0.74)

DGAT1/Diacylglycerol
O-acyltransferase 1 [116,117]

Triglyceride biosynthesis in the
muscles [116,117]

5
Dgat2/

Diacylglycerol
O-acyltransferase 2

Downregulated
Mean fold

change (0.43)

DGAT2/Diacylglycerol
O-acyltransferase 2 [116,117]

Triglyceride biosynthesis and
expressed in different

tissues [116,117]

6
CG1941/

Diacylglycerol
O-acyltransferase

No change DGAT2/Diacylglycerol
O-acyltransferase 2 [116,117] Triglyceride biosynthesis [116,117]

7
CG1946/

Diacylglycerol
O-acyltransferase

No change DGAT2/Diacylglycerol
O-acyltransferase 2 [116,117] Triglyceride biosynthesis [116,117]

8 Hnf4
Downregulated

Mean fold
change (0.43)

HNF4G/Hepatocyte nuclear
factor 4-gamma [116,117]

A transcription factor involves in
fatty acid oxidation, and lipid

metabolism [118,119]

9
Chico/

encodes a substrate
insulin receptor.

Downregulated
Mean fold

change (0.58)

IRS1/Insulin receptor
substrate 1 [116,117]

Important for insulin signalling
and action [116,117]

10

Thor/
encodes a eukaryotic
translation initiation

factor 4E binding protein

Downregulated
Mean fold

change (0.51)

EIF4EBP2/eukaryotic
translation initiation factor 4E

binding protein 2 [116,117]

Involved in insulin sensitivity
[116,117]
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The above-mentioned effects might be systemic or specific in the muscles since the
whole body of the flies was used in the qPCR. More studies elucidating specific statin
effects on key regulators of lipid metabolism specifically in the skeletal muscles are
highly warranted.

3.4. Loss of Hmgcr in Skeletal Muscles Results in Phenotypic Changes in Mitochondria and
Reduced General Locomotion Activities without Affecting Myofibril Integrity or Climbing Moves
and Speeds

Second, we explored possible underlying mechanisms for statin-induced myopathy
phenotypes. HMGCR is the main target of statins and many reports have linked SIM to its
inhibitory effect on skeletal HMGCR [30,120]. Consequently, we asked whether inhibition
of Hmgcr in the skeletal muscles induces locomotion defects and myopathy-like pheno-
types similar to fluvastatin treatment. To answer this question, we assessed the impact of
Hmgcr knockdown in muscles using the Mhc-Gal4 driver line, as it is specifically expressed
in skeletal muscles including the embryonic/larval muscular system and adult flight, legs
and labial muscles [121–124] and it is commonly used in muscles studies [125–127]. The
knockdown efficiency of Hmgcr was confirmed by qPCR (Supplementary Figure S4A). In
contrast to both controls, HmgcrRNAi knockdown flies (Mhc-Gal4>UAS-Hmgcr RNAi) exhib-
ited significantly reduced general locomotion (activity counts/30 min. and total activity
counts) as well as the activity while awake (Figure 4A and Supplementary Figure S4B).
Surprisingly, in terms of climbing measures, the average position of HmgcrRNAi knockdown
flies was higher compared to both controls, while the average moves and speed were not
significantly changed compared to both groups (Figure 4(B1–B3)). Unexpectedly, at TEM,
the dissected leg muscles of HmgcrRNAi knockdown flies demonstrated normal myofibril
with rare Z-line streaming and the sarcomere length of HmgcrRNAi knockdown flies was
found to be higher than one control group, Mhc-Gal4>W1118, but also lower than the
another one, W1118>UAS HmgcrRNAi (Figure 4C,D). Vacuolization was present in both
HmgcrRNAi knockdown flies and one control group, Mhc-Gal4>w1118, but more conspic-
uous in HmgcrRNAi knockdown flies (Figure 4C). Strikingly, at the mitochondrial level,
HmgcrRNAi knockdown flies demonstrated severely fragmented and copious round-liked
shaped mitochondria compared to both controls (Figure 4C,F), which may indicate mito-
chondria dysfunction. However, the mitochondria area of HmgcrRNAi knockdown flies was
significantly reduced compared only to one control group, Mhc-Gal4>w1118 (Figure 4E).
When compared to fluvastatin-treated CSORC flies, the muscles of HmgcrRNAi knockdown
flies showed smaller, but similar round-liked shaped mitochondria with more vacuoliza-
tion and a few occasions of myofibril changes including Z-line steaming (Figure 4G).
Since the sarcomere length and myofibril ultrastructure of the HmgcrRNAi knockdown flies
were not significantly changed compared to both control groups, another mechanism for
statin-induced myopathy phenotypes is likely to be involved.

3.5. Chronic Fluvastatin Treatment Is Associated with Reduced Expression of the Skeletal Muscle
Chloride Channel, ClC-a

Emerging shreds of evidence have indicated that statins inhibit the skeletal muscle
chloride channel, CLC-1 in humans and rats [43–46]. We, thus, hypothesized that fluvastatin
may induce myopathy-like phenotypes in flies through inhibition of the skeletal muscle
chloride channel as well. To test this hypothesis, first, we looked for a CLCN1 homolog in
Drosophila. According to the literature and evolutionary data from PhylomeDB, ClC-a is
the closest homolog to CLCN1 with a weighted score, which is obtained by 15 integrative
ortholog prediction tools, of 10/15 [117,128,129]. In addition, CLCN1 is expressed in the
muscle fibres and responsible for the Cl− conductance during muscle contraction [128,130].
Therefore, we fed CSORC flies with 1 mM fluvastatin for 5 days and then examined the
effect of 1 mM fluvastatin on the ClC-a channel. We dissected leg muscles and fixed them for
immunogold labelling using rabbit anti-ClC-2 antibody and then counted the immunogold
particles of ClC-a channels. Intriguingly, compared to the control group, fluvastatin-treated
flies had a significantly lower number of ClC-a gold particles (p = 0.0004) (Figure 5A,B). To
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verify this result, we performed a Western blot analysis to study the protein expression of
ClC-a. Similarly, 1 mM fluvastatin-treated flies displayed a significantly reduced protein
expression of ClC-a more than 0.5 mM (Figure 5C and Supplementary Figure S5C). As
we mentioned previously, compared to 0.5 mM, 1 mM fluvastatin-treated flies showed
a more significant decline in the average speed and position (Figure 2B,C), which might
be attributed to the significantly lowered protein expression of ClC-a induced by 1 mM.
Surprisingly, when we measured the transcripts of the ClC-a gene, no change in the
transcriptional expression was observed in the fluvastatin-fed flies compared to the control
(Supplementary Figure S5B), suggesting that the effect of the fluvastatin on the ClC-a is
mediated post-transcriptionally, perhaps, on channel proteostasis. However, when we
exercised 1 mM fluvastatin-treated flies in the Forced-Climbing System for six hours, the
number of ClC-a gold particles was not altered in comparison with the control group
(Supplementary Figure S5A), suggesting that the exercise improves the expression of the
ClC-a in the skeletal muscles. Consistent with this is the observation that the muscle
biopsy from patients and rats treated with fluvastatin exhibit manifestations of myopathy
in which the skeletal muscles show lowered ClC-1 protein expression and decreased
chloride conductance with no change in ClCN1 transcript levels [44–46]. Additionally, in
humans, moderate exercise has been shown to improve the manifestation of SIM, although
the data are conflicting [72,131,132]. Hence, future studies investigating the role of the
skeletal muscle chloride channel in the exercise-related effects in patients with SIM are
highly recommended.

To support this notion, we attempted to mimic the inhibitory effect of fluvastatin
on ClC-a by treating flies with two chloride channel blockers, 2-(4-chlorophenoxy) pro-
pionic acid (CPP) and 9-anthracene carboxylic acid (A9C), both for five days. Similar
to fluvastatin, but to a lesser extent, both chloride channel blockers displayed notably
lowered activity counts/30 min and the average activity (CPP p ≤ 0.05 and A9C p ≤ 0.001)
(Supplementary Figure S6) but the activity while awake was only significantly lower with
A9C group (p ≤ 0.045, Supplementary Figure S6). It is worth mentioning that treating
skeletal muscle with ClC-1 blockers has been shown to reduce channel activity and cause
myotonia in vitro [46,133].

3.6. Loss of ClC-a in Skeletal Muscles Induces Myofibril Phenotypic Changes and Impairs the
Climbing Ability

Nevertheless, at this point, we did not know whether statin-mediated inhibition of
ClC-a induces myopathy-like phenotypes. To address this, we examined the effects of
the loss of skeletal muscle ClC-a using the Mhc-Gal4 driver, as it is expressed in skeletal
muscles including leg, flight and labial muscles [121–123,125,126], and then looked into
the myopathy-related phenotypes. The ClC-a knockdown efficiency was confirmed by
qPCR (Supplementary Figure S7A). Intriguingly, dissected legs of ClC-aRNAi knockdown
flies (Mhc-Gal4>ClC-a RNAi) displayed severe muscle fibre damage including aberrant
sarcomere architecture, distorted myofibrils and Z-line streaming along with severely
fragmented mitochondria of different shapes and sizes, in comparison to both controls
(Figure 6C). Vacuolization was more abundant in ClC-aRNAi knockdown flies than in both
controls. Strikingly, similar to fluvastatin-treated flies, ClC-aRNAi knockdown flies exhibited
noticeably longer sarcomeres and, in a few micrographs, a comparable pattern of myofibril
damage including rare occasions of myelin figures (Figure 6F,G). However, in Fluvastatin-
treated flies, the myelin figures were bigger and thicker than those in ClC-aRNAi knockdown
flies. Moreover, in contrast to fluvastatin-treated flies, we observed a very rare occasion of
round-like-shaped mitochondria in ClC-aRNAi knockdown flies and the mitochondria area
for ClC-aRNAi knockdown flies was not altered compared to both controls (Figure 6C,F).
Furthermore, in terms of climbing ability, similar to the fluvastatin treatment, the average
move declined in ClC-aRNAi knockdown flies compared to both controls (Figure 6(B1)) while
the average speed and position were not significantly changed compared to both controls
(Figure 6(B2,B3)). Additionally, the activity while wake for the ClC-aRNAi knockdown
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flies was also significantly reduced compared to controls, indicating locomotion defects
(Figure 6A,B and Supplementary Figure S7B). Astonishingly, the general locomotion activity
(activity counts/30 min and total activity counts) was not statistically significantly reduced
(Figure 6A).
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Figure 4. Hmgcr knockdown on skeletal muscles results in reduced locomotion activity and mito-
chondrial phenotypic changes. Hmgcr knockdown was carried out by using the Gal4-UAS system, 
where HmgcrRNAi knockdown group is Mhc-Gal4>UAS-Hmgcr RNAi and control groups are Mhc-
Gal4>w1118 and w1118>UAS-Hmgcr RNAi. Male flies, aged 1-2 days after eclosion and fed with nor-
mal food, were collected for experiments. (A) The histograms show the general locomotion activity 
(activity counts/30 min and total activity) and activity while awake using DAMs and the number of 
flies is indicated in the brackets. (B1–B3) The left histograms indicate the average moves, speed and 
positions for a total six-hour interval while the right show the same per hour for flies using the force 
climbing locomotion system and the number of flies is indicated in the brackets. (C) TEM micro-
graphs for the morphology of the longitudinal section of leg skeletal muscles show normal sarco-
mere (orange arrow) architecture and myofibrils and Z-line (yellow arrow) along with more capa-
cious vacuoles (black arrow) in HmgcrRNAi knockdown flies comparable to both controls. The mito-
chondria (blue arrows) are more ring-shaped and severely fragmented in HmgcrRNAi knockdown 
flies. (D) Using ImageJ software, the sarcomere length, in µM, was measured in TEM micrographs 
(indicated in brackets) in each group. (E) Using ImageJ software, we traced the mitochondria area 
in TEM micrographs. The histogram represents the area of mitochondria in µm2 where the dots 
represent the number of mitochondria. (F)Using ImageJ software, we counted the number of round-
like shaped mitochondria in TEM micrographs where the dots represent the total number of mito-
chondria in each TEM micrograph. (G) TEM micrographs for the morphology of longitudinal sec-
tions of leg skeletal muscles for HmgcrRNAi knockdown flies and CSORC flies treated with 1 mM 
fluvastatin for five days. Each bar represents the mean value (±SEM). For B 1, 2 and 3, two-way 
ANOVA with Bonferroni’s multiple comparisons was used. For (A, D–F), first, the Shapiro–Wilk 
test was used to check normality; accordingly, the statistical difference was calculated using one-
way ANOVA with Bonferroni’s multiple comparisons for normally distributed data and Kruskal–
Wallis one-way tests for otherwise data whereby * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005; **** p ≤ 0.0001. 
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Figure 4. Hmgcr knockdown on skeletal muscles results in reduced locomotion activity and mitochon-
drial phenotypic changes. Hmgcr knockdown was carried out by using the Gal4-UAS system, where
HmgcrRNAi knockdown group is Mhc-Gal4>UAS-Hmgcr RNAi and control groups are Mhc-Gal4>w1118
and w1118>UAS-Hmgcr RNAi. Male flies, aged 1-2 days after eclosion and fed with normal food,
were collected for experiments. (A) The histograms show the general locomotion activity (activity
counts/30 min and total activity) and activity while awake using DAMs and the number of flies
is indicated in the brackets. (B1–B3) The left histograms indicate the average moves, speed and
positions for a total six-hour interval while the right show the same per hour for flies using the
force climbing locomotion system and the number of flies is indicated in the brackets. (C) TEM
micrographs for the morphology of the longitudinal section of leg skeletal muscles show normal
sarcomere (orange arrow) architecture and myofibrils and Z-line (yellow arrow) along with more
capacious vacuoles (black arrow) in HmgcrRNAi knockdown flies comparable to both controls. The
mitochondria (blue arrows) are more ring-shaped and severely fragmented in HmgcrRNAi knockdown
flies. (D) Using ImageJ software, the sarcomere length, in µM, was measured in TEM micrographs
(indicated in brackets) in each group. (E) Using ImageJ software, we traced the mitochondria area in
TEM micrographs. The histogram represents the area of mitochondria in µm2 where the dots repre-
sent the number of mitochondria. (F) Using ImageJ software, we counted the number of round-like
shaped mitochondria in TEM micrographs where the dots represent the total number of mitochondria
in each TEM micrograph. (G) TEM micrographs for the morphology of longitudinal sections of leg
skeletal muscles for HmgcrRNAi knockdown flies and CSORC flies treated with 1 mM fluvastatin for
five days. Each bar represents the mean value (±SEM). For B 1, 2 and 3, two-way ANOVA with
Bonferroni’s multiple comparisons was used. For (A,D–F), first, the Shapiro–Wilk test was used to
check normality; accordingly, the statistical difference was calculated using one-way ANOVA with
Bonferroni’s multiple comparisons for normally distributed data and Kruskal–Wallis one-way tests
for otherwise data whereby * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005; **** p ≤ 0.0001.

3.7. Chronic Fluvastatin Treatment Is Associated with an Upregulation of Pkcdelta and in Contrast
to Fluvastatin, Inhibition of Skeletal Muscle Pkcdelta Improves General Locomotion Activities and
Climbing Ability

Against the aforementioned data, a pressing question to pose is how fluvastatin
inhibits ClC-a in flies. In humans and rats, PKCθ is a negative regulator of CLC-1, which
upon activation, phosphorylates and inhibits CLC1 [43,44,134]. We, therefore, looked
for a PKCθ homolog in flies. D. melanogaster Pkcdelta alignment with human PRKCQ,
which encodes PKCθ, gives identity 186/328 (57%) and similarity 244/328 (74%) as well
as a weighted score, which is obtained by 15 integrative ortholog prediction tools, of
10/15 [117,135]. One of these 15 integrative ortholog prediction tools is the PhylomeDB
which indicates, according to its evolutionary data, that the Pkcdelta is the closest homolog
to PRKCQ [129]. Accordingly, we hypothesized that statins mediate inhibition through the
activation of Pkcdelta. To test this hypothesis, we fed CSORC flies with 1.0 mM fluvastatin
for 5 days and examined the expression of Pkcdelta. As expected, fluvastatin-treated
flies showed a significant upregulated Pkcdelta (p = 0.0025, Supplementary Figure S1E).
Next, since Pkcdelta is highly expressed in the muscles [136,137] and is dispensable for
the development and survival of flies [138], we decided to explore the impact of Pkcdelta
loss on the adult skeletal muscles using the EDTP-Gal4 driver (also known as DJ694-Gal4).
EDTP-Gal4 is expressed in the skeletal muscles including legs, labial, flight and abdominal
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muscles and its expression is restricted solely to the adult stage [125,126,139], making
it a specific driver to knockdown Pkcdelta in adult skeletal muscles. We confirmed the
Pkcdelta knockdown efficiency by qPCR (Supplementary Figure S8A). Strikingly, in contrast
to both control groups, PkcdeltaRNAi knockdown flies (EDTP-Gal4>UAS-Pkcdelta RNAi)
exhibited significantly improved climbing activity (the average moves and speed), general
locomotion activities (activity count/30 min and total activity) as well as the activity while
awake (Figure 7A,B and Supplementary Figure S8B). These results, except for the activity
while wake and the position, showed that loss of Pkcdelta in the skeletal muscles exhibited
improved locomotion and climbing activity that are in contrast to fluvastatin-treated flies.
This may support the notion that fluvastatin may activate Pkcdelta in flies, which may, in
turn, inhibit ClC-a and induce lowered locomotion and climbing activities.
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Figure 5. Fluvastatin significantly lowered the expression of the ClC-a channels in the leg’s skeletal
muscles of CSORC flies. (A) TEM micrographs of double labelling using CLC-2 (rabbit anti-ClC-2
antibody) show immunogold particles of ClC-a (yellow arrow) in the femur segment of the legs
of CSOCR flies. The morphology of the muscles is poor due to the treatment necessary for im-
munolocalization. The skeletal chloride channel, ClC-a, is localized along the T-tubules. (B) The
histogram represents the quantification of ClC-a gold particles in dissected skeletal muscles of femur
and tibia segments of CSORC fly legs using ImageJ software. The Shapiro–Wilk test was used to
check normality and accordingly, Student’s t-tests were used to calculate the significant difference
between groups. The number of TEM grids in each group is indicated in brackets. (C) The histogram
represents the quantification of the protein relative levels of ClC-a whereby the relative protein
intensity was calculated by normalising the absolute intensity of ClC-a protein with β-Actin. The
whole body of 10 flies were used per sample and the number of replicates is indicated with the
brackets. The Shapiro–Wilk test was used to check normality and accordingly, one-way ANOVA
with Bonferroni’s multiple comparisons test was used to calculate statistical significance whereby
* p ≤ 0.01; *** p ≤ 0.005. Each bar represents the mean value (±SEM).
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Figure 6. ClC-a knockdown in muscles lowered climbing movement and induced myopathy-like 
phenotypes in flies. ClC-a knockdown was carried out using the UAS-Gal4 system where ClC-aRNAi 
knockdown group is Mhc-Gal4>UAS-ClC-a RNAi and control groups are Mhc-Gal4>w1118 and 
w1118>UAS-ClC-a RNAi. Male flies, aged for five days after eclosion and fed with food, were col-
lected for the experiments. (A) The histograms indicate the activity counts/30 min, total activity ac-
counts and activity while awake using DAMs where the number of flies is indicated in brackets. 
(B1–B3) The histograms indicate the average moves, speed and positions for a total six-hour interval 
on the left and per hour on the right using the Force-Climbing System where the number of flies is 
indicated in brackets. (C) TEM micrographs for the morphology of the longitudinal sections of the 
skeletal muscles of the femur segment of the legs. ClC-aRNAi knockdown flies show abnormal sarco-
mere architecture, disoriented, distorted myofibrils and Z-line streaming along with severely frag-
mented mitochondria of different shapes and sizes in comparison to controls. Orange arrow for Z-
line, yellow for sarcomere, black for vacuoles, and blue for mitochondria. (D) Using ImageJ soft-
ware, the sarcomere length, in µM, was measured in a selected number of TEM micrographs for 
each group (indicated in brackets). (E) Using ImageJ software, we traced the mitochondria area in 
selected TEM micrographs. The histogram represents the area of mitochondria in µm2 where the 
dots represent the number of mitochondria. (F) TEM micrographs illustrate a similar pattern of mus-
cle fibre damage between ClC-aRNAi knockdown flies and CSORC flies fed with 1.0 mM fluvastatin 
for five days while (G) shows the myelin figure (star) in both groups. In each histogram, the bars 
represent the mean values ± SEM. The number of samples is indicated in brackets. The Shapiro–
Wilk test was used to check normality wherein (A,D,E) the statistical difference was calculated using 
one-way ANOVA with Bonferroni’s multiple comparisons for normally distributed data and Krus-
kal–Wallis one-way tests for non-parametric data. For (B1–B3), two-way ANOVA with Bonferroni 
correction for multiple comparisons test was used. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005; **** p ≤ 0.0001. 

3.7. Chronic Fluvastatin Treatment Is Associated with an Upregulation of Pkcdelta and in Con-
trast to Fluvastatin, Inhibition of Skeletal Muscle Pkcdelta Improves General Locomotion Activi-
ties and Climbing Ability 

Against the aforementioned data, a pressing question to pose is how fluvastatin in-
hibits ClC-a in flies. In humans and rats, PKCθ is a negative regulator of CLC-1, which 
upon activation, phosphorylates and inhibits CLC1 [43,44,134]. We, therefore, looked for 
a PKCθ homolog in flies. D. melanogaster Pkcdelta alignment with human PRKCQ, which 
encodes PKCθ, gives identity 186/328 (57%) and similarity 244/328 (74%) as well as a 
weighted score, which is obtained by 15 integrative ortholog prediction tools, of 10/15 
[117,135]. One of these 15 integrative ortholog prediction tools is the PhylomeDB which 
indicates, according to its evolutionary data, that the Pkcdelta is the closest homolog to 
PRKCQ [129]. Accordingly, we hypothesized that statins mediate inhibition through the 
activation of Pkcdelta. To test this hypothesis, we fed CSORC flies with 1.0 mM fluvastatin 
for 5 days and examined the expression of Pkcdelta. As expected, fluvastatin-treated flies 
showed a significant upregulated Pkcdelta (p = 0.0025, Supplementary Figure S1E). Next, 
since Pkcdelta is highly expressed in the muscles [136,137] and is dispensable for the de-
velopment and survival of flies [138], we decided to explore the impact of Pkcdelta loss on 

Figure 6. ClC-a knockdown in muscles lowered climbing movement and induced myopathy-like
phenotypes in flies. ClC-a knockdown was carried out using the UAS-Gal4 system where ClC-
aRNAi knockdown group is Mhc-Gal4>UAS-ClC-a RNAi and control groups are Mhc-Gal4>w1118 and
w1118>UAS-ClC-a RNAi. Male flies, aged for five days after eclosion and fed with food, were collected
for the experiments. (A) The histograms indicate the activity counts/30 min, total activity accounts
and activity while awake using DAMs where the number of flies is indicated in brackets. (B1–B3) The
histograms indicate the average moves, speed and positions for a total six-hour interval on the left
and per hour on the right using the Force-Climbing System where the number of flies is indicated
in brackets. (C) TEM micrographs for the morphology of the longitudinal sections of the skeletal
muscles of the femur segment of the legs. ClC-aRNAi knockdown flies show abnormal sarcomere
architecture, disoriented, distorted myofibrils and Z-line streaming along with severely fragmented
mitochondria of different shapes and sizes in comparison to controls. Orange arrow for Z-line,
yellow for sarcomere, black for vacuoles, and blue for mitochondria. (D) Using ImageJ software, the
sarcomere length, in µM, was measured in a selected number of TEM micrographs for each group
(indicated in brackets). (E) Using ImageJ software, we traced the mitochondria area in selected TEM
micrographs. The histogram represents the area of mitochondria in µm2 where the dots represent the
number of mitochondria. (F) TEM micrographs illustrate a similar pattern of muscle fibre damage
between ClC-aRNAi knockdown flies and CSORC flies fed with 1.0 mM fluvastatin for five days while
(G) shows the myelin figure (star) in both groups. In each histogram, the bars represent the mean
values ± SEM. The number of samples is indicated in brackets. The Shapiro–Wilk test was used to
check normality wherein (A,D,E) the statistical difference was calculated using one-way ANOVA
with Bonferroni’s multiple comparisons for normally distributed data and Kruskal–Wallis one-way
tests for non-parametric data. For (B1–B3), two-way ANOVA with Bonferroni correction for multiple
comparisons test was used. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005; **** p ≤ 0.0001.

It should be noted that PKCθ suppression has been shown to improve myogenesis in
mouse myoblasts [103], enhance healing and regeneration of the muscles in a mouse model
of muscular dystrophy [140,141] and protect mice from immobilization-induced muscle
atrophy [142].

3.8. Chelerythrine Chloride, CC, a PKC Inhibitor, Rescues the Fluvastatin-Induced Lowered
Locomotion and Climbing Ability

To further confirm the notion that fluvastatin mediated inhibition of ClC-a through
activation of Pkcdelta, we attempted to rescue the fluvastatin-induced lowered general
activities and climbing ability phenotypes using chelerythrine chloride (CC), a potent PKC
inhibitor [143]. First, we treated CSOCR flies with 1 mM fluvastatin for five days and then
with CC for three hours. After that, we examined their climbing ability. Intriguingly, CC
significantly rescued the fluvastatin-induced lower climbing ability including both average
moves and positions. (Figure 8A). Next, we examined the chronic exposure of flies to both
fluvastatin and CC for five days in DAMS. CC partially, but significantly, improved the
fluvastatin-induced lowered activity counts/30 min only while the total activity was not
significantly improved (Figure 8B and Supplementary Figure S9).
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climbing ability. Pkcdelta knockdown was carried out by using the Gal4-UAS system where the
PkcdeltaRNAi knockdown group is EDTP-Gal4>UAS-Pkcdelta RNAi and controls are EDTP-Gal4>w1118
and w1118>UAS-Pkcdelta RNAi. Male flies, aged five days after eclosion, were collected for DAMS
and LAMS and all flies were fed with normal food for five days. (A) The histograms show the
activity counts/30 min, the total activity counts and activity while waking for five days using DAMS.
(B1–B3) The left histograms show the average moves, speed and positions for a six-hour interval
while the right histograms show the same per hour using the Forced-Climbing System. Each bar
represents the mean value (±SEM) and the number of flies is indicated in the brackets. For (A), the
Shapiro–Wilk test was used to check the normality test; accordingly, the statistical difference was
calculated using one-way ANOVA with Bonferroni’s multiple comparisons for normally distributed
data and Kruskal–Wallis one-way tests for otherwise data. For (B1–B3), two-way ANOVA with
Bonferroni’s multiple comparisons test was used whereby * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005;
**** p ≤ 0.0001.
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(A) The left histograms show the average moves for six-hour intervals and the moves/s per hour
while the right histograms show the same for the average position. In the control group, flies were
fed with food for five days; in the CC group, flies were fed with normal food for five days and then
on the fifth day, they were fed with 100 µM CC for three hours; in fluvastatin with CC group, flies
fed with 0.5 mM fluvastatin for five days and then in the fifth day, they fed with 100 µM CC for
three hours; and in fluvastatin group, flies fed with 0.5 mM fluvastatin for five days. Then, flies were
exercised for six hours using the force-climbing activity system (B) The histograms show the activity
counts/30 min and total activity counts in comparison to the control. The control group was fed
with normal food alone, the fluvastatin group was fed with 0.5 mM fluvastatin, the fluvastatin and
CC group was fed with both 0.5 mM fluvastatin and 100 µM CC, and the CC group was fed with
100 µM CC. For (A) two-way ANOVA with the Bonferroni test was used to compare between groups.
For (B) The Shapiro–Wilk test was used to check normality and accordingly, one-way ANOVA with
Kruskal–Wallis test was used for comparing all groups with control, and Mann–Whitney’s test was
used to calculate the statistical significance between fluvastatin and fluvastatin and CC groups. Each
bar represents the mean value (±SEM) and the number of flies is indicated in the brackets where
* p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001.

4. Discussion

Statin medications are the cornerstone for the prevention and treatment of cardiovas-
cular events [144]. Nevertheless, SIM-associated adverse effects hamper patient compliance
and subsequently increase the risk for CVD [8–11]. Despite extensive studies, the un-
derlying mechanisms for SIM are still poorly understood. Therefore, we employ both
pharmacological and genetic approaches to investigate and understand possible underly-
ing causes of SIM using Drosophila melanogaster.

We demonstrate, for the first time, that chronic fluvastatin treatment induces mor-
phological damage in myofibrils in Drosophila including longer sarcomeres and Z-line
losses/streaming (See Figure 3), which are reminiscent of myopathy, in concert with mito-
chondrial morphological changes, including fragmented round-like shaped and large-sized
mitochondria (See Figure 3). Additionally, chronic fluvastatin treatment is accompanied by
a remarkable reduction in key genes involved in muscle regeneration and differentiation
(See Supplementary Figure S1C) and impaired lipid metabolism and insulin signalling (See
Supplementary Figure S3). Consequently, the general locomotion activities and climbing
ability of the flies treated with fluvastatin have been significantly reduced (See Figure 2).
Taken together, these findings demonstrate that D. melanogaster provides a powerful model
system to investigate the SIM phenotypes at multifarious levels.

Mechanistically, we mimicked the statin’s inhibitory effect on Hmgcr by selectively
knocking down Hmgcr in the skeletal muscles. We found that loss of muscular Hmgcr
was not sufficient to induce muscular phenotypes (myofibril damage or altered sarcomere
size) or impair climbing ability in comparison to fluvastatin treatment (See Figures 2A–C,
3A–D and 4B–D,G). In this context, a single study by Yoshinori et al. has reported that
skeletal muscle-specific knockout of HMGCR in mice displayed myopathy-like phenotypes
that were associated with vacuolated myofibers and necrosis [145]. Nevertheless, it is
difficult to relate statin-induced muscle phenotypes to a complete deletion of HMGCR
in the skeletal muscles since statins inhibit and diminish, rather than abolish, HMGCR
enzyme activity [146]. Moreover, knockdown of zebrafish HMGCR (hmgcrb) or treating
zebrafish embryos with statins has been shown to cause strong myofiber damage with
shorter myotube diameters [147], but the authors did not investigate the effect of hmgcrb
knockdown during the adult stage where the muscles are fully developed. This is impor-
tant since the mevalonate pathway is indispensable for musculoskeletal development in
zebrafish embryos [148].

In flies, the mevalonate pathway, in which Hmgcr is the rate-limiting enzyme, is
crucial for isoprenoid biosynthesis, including ubiquinone, prenylated proteins, heme
A (Cytochrome C oxidase) and dolichol, in the muscles [149]. In humans, ubiquinone,
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also called CoQ10, is a crucial node in the electron transfer from mitochondrial Com-
plexes I and II to Complex III in the respiratory transport chains, especially during lipid
metabolisms and oxidative stress [150,151]. Consequently, CoQ10deficiency leads to
ROS overproduction and impaired FAO [152,153] and ultimately elicits mitochondria
dysfunction [154–156]. In this context, our data show that knockdown of muscular Hmgcr
resulted in reduced general locomotion activities along with phenotypic changes in mito-
chondria including round-shape mitochondria, that were, to some extent, mimicked by
fluvastatin treatment (See Figures 3A,B,F and 4A,C,F,G). In addition, fluvastatin treatment
has been associated with an upregulation of AMPKalpha (Drosophila homolog of AMPK)
(See Supplementary Figure S1D). In humans, muscle biopsy from fluvastatin-treated pa-
tients displays a high expression of active AMPK, suggesting a cytoprotective response
to oxidative stress [45]. Accordingly, it might be reasonable to propose that the reduced
general locomotion activities and mitochondria changes associated with fluvastatin treat-
ment are attributed to CoQ10 depletion and subsequent oxidative stress as a result of
statin-inhibition of muscular Hmgcr. Nevertheless, as mentioned previously, the data
regarding the role of reduced muscular CoQ10 in SIM is conflicting [27,28,30–34] and above
all, whether mitochondrial dysfunction should be considered a frequent hallmark of SIM is
still disputed [157,158].

We also demonstrate that chronic fluvastatin treatment has been associated with a
reduction in the ClC-a expression (See Figure 5) and loss of ClC-a in skeletal muscles
has produced myopathy-like phenotypes similar but stronger, to fluvastatin treatment
including myofibril ultrastructure damage and longer sarcomere, as well as impaired
climbing activity, in particular, the average moves (See Figure 6B–D,F,G). Moreover, ex-
ercising flies for six hours restored the altered sarcomere length and normalized chlo-
ride channel expression associated with fluvastatin treatment (See Figures 3D, 5B and
Supplementary Figures S2B and S5A), suggesting that exercise may improve the sarcom-
ere length by enhancing the skeletal muscle chloride channel expression. Collectively, the
muscular phenotypes (increased sarcomere length and myofibrillar damage) associated
with fluvastatin treatment are perhaps a result of the reduction in the skeletal muscle chlo-
ride channel ClC-a. This underscores the significance of the skeletal muscle chloride channel
in the histopathology of SIM, which is backed up by a recent report which has identified
truncating mutations in CLCN1 (rs55960271) in patients with SIM [159]. These mutations
are also the most frequent pathogenetic mutations in myotonia [159]. It is noteworthy that
mutation or loss of function of CLC-1 leads to decreased resting conductance and potas-
sium accumulation [160,161]. This, in turn, elicits hyper-excitability, muscle stiffness, and
myotonia symptoms [48,160–165]. Furthermore, in humans, moderate exercise has been
shown to improve the manifestation of SIM, although the data are conflicting [72,131,132].
Therefore, future studies investigating the role of the skeletal muscle chloride channel in
the exercise-related effects in patients with SIM are highly recommended.

It has been reported that through the activation of protein kinase c theta (PKCθ),
statins, including fluvastatin, reduce the expression of a skeletal muscle chloride channel,
chloride channel 1 (CLC-1), and thereby the chloride resting potential (gCl) [43–46]. As
mentioned earlier, PKCθ is a negative modulator of CLC-1 in humans and rats [43,44,134].

Along the same lines, our data show that fluvastatin treatment has been associated
with an upregulation of Pkcdelta and, contrary to fluvastatin, loss of Pkcdelta in the skeletal
muscles has led to improved general locomotion activity and climbing measures (See
Figures 2 and 7). This leads us to postulate that the statin inhibition ClC-a may be mediated
by the activation of Pkcdelta. This possibility is supported by the fact that the locomotion
and climbing phenotypes associated with fluvastatin treatment have been partially but
significantly rescued by chelerythrine chloride (CC), a potent PKC inhibitor [143], (See
Figure 8). It is noteworthy that CC has also been shown to partially restore the declined
resting chloride channel conductance (gCl) on the dissected muscle of fluvastatin-treated
rats [44] and improves the contraction of the injured skeletal muscle fibres of the rat [166].
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So far, evidence for the mechanisms underlying statin-activation of PKCθ in humans
is still lacking. It has been suggested that statins induce the mitochondrial release of Ca2+

which then activates PKCs [45,46,134]. However, PKCθ, and Pkcdelta, belong to novel
PKCs (nPKCs) which are insensitive to Ca2+ because their C2 domain lacks the residues for
Ca2+ binding [167,168]. This could prompt the possibility that statins could mediate the
activation of PKCθ through ROS or lipid intermediates, such as FFA and DAG. Regarding
ROS, in contrast to fluvastatin-treated flies and the ClC-aRNAi knockdown flies, loss of
Hmgcr (and maybe the consequent ROS generation) was not enough to elicit myofibril
ultrastructure or alter the sarcomere length. Further studies are needed to better understand
the role of Hmgcr inhibition or the subsequent decline of its downstream products in the
statin-mediated inhibition of ClC-a.

Previous studies have suggested impaired lipid metabolism in patients with
SIM [107,110,169]. Furthermore, lipid intermediates, specifically DAG and FFA, have been
reported to activate PKC-θ in humans, both, directly and by enhancing its membrane translo-
cation, respectively [170–174]. Consistent with this possibility, in fluvastatin-treated flies,
genes regulating TG metabolism have been largely altered (See Supplementary Figure S3A
and Table 7), which may result in the accumulation of such toxic lipid intermediates. Since
FFA and DAG can also activate other forms of nPKCs [170–174], we examined the effect of
the fluvastatin treatment on the expression of Pkc98E (Drosophila homolog of PRKCE which
encodes PKCε), which belongs to the nPKCs and is also expressed in muscles [117,137].
Expectedly, chronic fluvastatin treatment was also associated with an upregulation of
Pkc98E (p = 0.0077, Supplementary Figure S1E). It is therefore reasonable to propose that
fluvastatin-induced activation of Pkcdelta could be mediated by accumulated lipid inter-
mediates such as FFA or DAG. This possibility is backed up by data showing that patients
with SIM have an elevation of FFA and DAG levels, and activation of PKC and, by the same
token, pharmacological inhibition of PKC reverses and restores the statin-induced insulin
in the skeletal muscles [107,175]. In this context, in addition to its inhibitory effect on PKC,
CC has demonstrated anti-inflammatory and antioxidant effects [176,177] and improved
lipid metabolism, particularly fatty acid oxidation, and insulin haemostasis in mice [178]
which could suggest additional mechanisms for its rescuing effect on fluvastatin-induced
lowered locomotion and climbing phenotypes (See Figure 8). Although impaired lipid
metabolism has been reported in SIM [104,107], the underlying mechanisms remain to
be elucidated.

Interestingly, our study suggests that depletion of sarcolemma cholesterol is not the
main underlying cause of SIM because fruit flies cannot biosynthesize cholesterol de novo
and instead obtain it from the food [149,179]. This may exclude the possibility that the
locomotion and myopathy phenotypes associated with fluvastatin are caused simply by
cholesterol depletion. This possibility is backed up by the fact that, in humans, patients
with hereditary cholesterol biosynthetic defects do not show clinical manifestations of
skeletal myopathy [120].

A strength of our study is that we have used both genetic and pharmacological ap-
proaches to decipher the phenotypes associated with statins treatment using an affordable
and easily genetically manipulated platform system, Drosophila melanogaster. In addition,
we were able to confirm the knockdown efficiency for each flies’ crosses, which validated
the resulting phenotypes. This study has several limitations. Although we quantified
sarcomere lengths using multiple images of the same leg section to robustly detect any
differences in sarcomere lengths between control and treated/knockdown flies, we cannot
exclude the possibility that different muscle types may have been abundant in the sections
that were analysed. This may add to a certain variability in the outcome measurements.
Future studies would benefit from examining the differences in the sarcomere lengths
within each individual type of femur muscle (tidm, tilm, and tirm) or thorax muscle. In
addition, due to the lack of specific antibodies in the market, we could not determine
whether fluvastatin activates Pkcdelta which could have been performed with Western blot
for its active and inactive form with the appropriate antibodies. Furthermore, we also did
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not demonstrate whether Pkcdelta regulates (phosphorylates and inhibits) skeletal muscle
ClC-a in flies, as it is outside of the scope of this study and its homologue, PKC-θ, has
already been shown to inhibit the skeletal muscle ClC-1 in humans and rats [43,44,134].
Although we demonstrate that CC mechanistically rescued the locomotion and climbing
phenotypes accompanied by fluvastatin, we did not show if CC rescued the myofibril or
mitochondrial phenotypes caused by fluvastatin. The reason behind this is that we do
not know exactly when the muscle or mitochondrial phenotypes started to emerge after
statin treatment. Moreover, we did not measure ROS in the fluvastatin-treated flies or
Hmgcr knockdown flies since this has been studied extensively [180,181]. Finally, we did
not test several types of statins, which would help to demonstrate the differential effects of
lipophilic and hydrophilic statins on the muscles, which is warranted to be addressed in
future studies.

5. Concluding Remarks

This study demonstrates that statins induce locomotion and muscular phenotypes
that are reminiscent of the human myopathy in Drosophila melanogaster, suggesting that
the mechanisms behind the important side effects of statins could be highly evolutionarily
conserved. The statins may induce mitochondria phenotypic changes through direct
inhibition of muscular Hmgcr and myofibrillar damage reminiscent of myopathy that
is associated with inhibition of skeletal muscle ClC-a. The study also underscores the
role of skeletal muscle chloride channels for statin muscular phenotypes and its potential,
perhaps, as a biomarker for SIM for future clinical studies. Moreover, the study sheds
light on a possible mechanistic pathway of the statin-mediated PKC inhibition of skeletal
muscle chloride channels as well as the contribution of the impaired lipid metabolism.
This study also underlines the potential of chelerythrine as a pharmacological tool for
understanding statin myopathy-related phenotypes for future application. Collectively,
our findings demonstrate that D. melanogaster provides a powerful and affordable model
system to elucidate statin myopathy phenotypes in multifaceted aspects.
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the qPCR for the expression of the genes in the Fluvastatin-treated flies and control; Figure S2: TEM
and Sarcomere length for exercised CSORC flies; Figure S3: The effect of Fluvastatin treatment on
the key genes involved in lipid metabolism and insulin signalling; Figure S4: The octogram and
average activity and qPCR for Hmgcr expression for the Hmgcr knockdown flies; Figure S5: ClC-a
gold particles in the skeletal muscles of the exercised CSORC flies, ClC-a expression and the blot
image for western blotting of protein expression of ClC-a; Figure S6: Chloride channel blockers
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67. Dubińska-Magiera, M.; Migocka-Patrzałek, M.; Lewandowski, D.; Daczewska, M.; Jagla, K. Zebrafish as a Model for the Study of
Lipid-Lowering Drug-Induced Myopathies. Int. J. Mol. Sci. 2021, 22, 5654. [CrossRef]

68. Huang, S.H.; Hsiao, C.D.; Lin, D.S.; Chow, C.Y.; Chang, C.J.; Liau, I. Imaging of Zebrafish In Vivo with Second-Harmonic
Generation Reveals Shortened Sarcomeres Associated with Myopathy Induced by Statin. PLoS ONE 2011, 6, e24764. [CrossRef]

69. Levine, B.D.; Cagan, R.L. Drosophila Lung Cancer Models Identify Trametinib plus Statin as Candidate Therapeutic. Cell Rep.
2016, 14, 1477–1487. [CrossRef]

70. Yi, P.; Han, Z.; Li, X.; Olson, E.H. The Mevalonate Pathway Controls Heart Formation in Drosophila by Isoprenylation of Gγ1.
Science 2006, 313, 1301–1303. [CrossRef]

71. Moulin, T.C.; Ferro, F.; Berkins, S.; Hoyer, A.; Williams, M.J.; Schiöth, H.B. Transient Administration of Dopaminergic Precursor
Causes Inheritable Overfeeding Behavior in Young Drosophila melanogaster Adults. Brain Sci. 2020, 10, 487. [CrossRef]

72. Chung, H.R.; Vakil, M.; Munroe, M.; Parikh, A.; Meador, B.M.; Wu, P.T.; Jeong, J.H.; Woods, J.A.; Wilund, K.R.; Boppart, M.D. The
Impact of Exercise on Statin-Associated Skeletal Muscle Myopathy. PLoS ONE 2016, 11, e0168065. [CrossRef]

73. Reyes-Lugo, M.; Sánchez, T.; Finol, H.J.; Sánchez, E.E.; Suárez, J.A.; Guerreiro, B.; Rodríguez-Acosta, A. Neurotoxic activity and
ultrastructural changes in muscles caused by the brown widow spider Latrodectus geometricus venom. Rev. Inst. Med. Trop. Sao
Paulo 2009, 51, 95–101. [CrossRef] [PubMed]

74. Leite, F.D.S.; Rassier, D.E. Sarcomere Length Nonuniformity and Force Regulation in Myofibrils and Sarcomeres. Biophys. J. 2020,
119, 2372–2377. [CrossRef] [PubMed]

75. de Winter, J.M.; Ottenheijm, C.A.C. Sarcomere Dysfunction in Nemaline Myopathy. J. Neuromuscul. Dis. 2017, 4, 99–113.
[CrossRef] [PubMed]

http://doi.org/10.1242/dmm.028050
https://www.ncbi.nlm.nih.gov/books/NBK6226/
http://doi.org/10.1002/dvdy.24036
http://www.ncbi.nlm.nih.gov/pubmed/24038488
http://doi.org/10.1016/S1534-5807(04)00023-1
http://doi.org/10.3390/ph15010079
http://doi.org/10.1371/journal.pone.0000187
http://www.ncbi.nlm.nih.gov/pubmed/17264888
http://doi.org/10.1073/pnas.232244199
http://doi.org/10.1086/physzool.7.3.30152881
http://doi.org/10.1073/pnas.0702726104
https://www.nature.com/articles/s41598-018-36174-w
http://doi.org/10.3389/fnins.2021.653470
http://doi.org/10.3390/cells11060970
http://doi.org/10.1007/s00204-018-2369-7
http://www.ncbi.nlm.nih.gov/pubmed/30511338
http://doi.org/10.1080/00498250802585539
http://www.ncbi.nlm.nih.gov/pubmed/19219751
http://doi.org/10.3390/ani10010072
http://www.ncbi.nlm.nih.gov/pubmed/31906061
http://doi.org/10.3389/fcell.2022.778901
http://doi.org/10.3390/ijms22115654
http://doi.org/10.1371/journal.pone.0024764
http://doi.org/10.1016/j.celrep.2015.12.105
http://doi.org/10.1126/science.1127704
http://doi.org/10.3390/brainsci10080487
http://doi.org/10.1371/journal.pone.0168065
http://doi.org/10.1590/S0036-46652009000200007
http://www.ncbi.nlm.nih.gov/pubmed/19390738
http://doi.org/10.1016/j.bpj.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33217382
http://doi.org/10.3233/JND-160200
http://www.ncbi.nlm.nih.gov/pubmed/28436394


Cells 2022, 11, 3528 31 of 35

76. González-Morales, N.; Xiao, Y.S.; Schilling, M.A.; Marescal, O.; Liao, K.A.; Schöck, F. Myofibril diameter is set by a finely tuned
mechanism of protein oligomerization in Drosophila. eLife 2019, 8, e50496. [CrossRef]

77. Joureau, B.; de Winter, J.M.; Conijn, S.; Bogaards, S.J.P.; Kovacevic, I.; Kalganov, A.; Persson, M.; Lindqvist, J.; Stienen, G.J.M.;
Irving, T.C.; et al. Dysfunctional sarcomere contractility contributes to muscle weakness in ACTA1—Related nemaline myopathy
(NEM3). Ann. Neurol. 2018, 83, 269–282. [CrossRef]

78. Liu, J.; Puolanne, E.; Schwartzkopf, M.; Arner, A. Altered Sarcomeric Structure and Function in Woody Breast Myopathy of Avian
Pectoralis Major Muscle. Front. Physiol. 2020, 11, 287. [CrossRef]

79. Unger, A.; Beckendorf, L.; Böhme, P.; Kley, R.; Von Frieling-Salewsky, M.; Lochmüller, H.; Schröder, R.; Fürst, D.O.; Vorgerd,
M.; Linke, W.A. Translocation of molecular chaperones to the titin springs is common in skeletal myopathy patients and affects
sarcomere function. Acta Neuropathol. Commun. 2017, 5, 72. [CrossRef]

80. Dahl-Halvarsson, M.; Olive, M.; Pokrzywa, M.; Ejeskär, K.; Palmer, R.H.; Uv, A.E.; Tajsharghi, H. Drosophila model of myosin
myopathy rescued by overexpression of a TRIM-protein family member. Proc. Natl. Acad. Sci. USA 2018, 115, E6566–E6575.
[CrossRef]

81. Baher, W.; Abo Zeid, A.A.; Mohamed Fahmy, B.; Mohamed Hashem, A.; Ashraf Sakr, R.; Ahmed Mohamed, F.; Ali Mohamed, N.;
Mounir Halem, M. The effect of low dose statin combined with grapefruit on muscle structure and the possible protective role of
mesenchymal stem cells. QJM Int. J. Med. 2018, 111, hcy200-221. [CrossRef]

82. Voigt, T.; Sebald, H.J.; Schoenauer, R.; Levano, S.; Girard, T.; Hoppeler, H.H.; Babiychuk, E.B.; Draeger, A. Annexin A1 is a
biomarker of T-tubular repair in skeletal muscle of nonmyopathic patients undergoing statin therapy. FASEB J. 2013, 27, 2156–2164.
[CrossRef]

83. Campos, L.M.; Rios, E.A.; Midlej, V.; Atella, G.C.; Herculano-Houzel, S.; Benchimol, M.; Mermelstein, C.; Costa, M.L. Structural
Analysis of Alterations in Zebrafish Muscle Differentiation Induced by Simvastatin and Their Recovery with Cholesterol. J.
Histochem. Cytochem. 2015, 63, 427–437. [CrossRef] [PubMed]

84. Pierno, S.; Didonna, M.P.; Cippone, V.; De Luca, A.; Pisoni, M.; Frigeri, A.; Nicchia, G.P.; Svelto, M.; Chiesa, G.; Sirtori, C.; et al.
Effects of chronic treatment with statins and fenofibrate on rat skeletal muscle: A biochemical, histological and electrophysiological
study. Br. J. Pharmacol. 2006, 149, 909–919. [CrossRef] [PubMed]

85. Cantó-Santos, J.; Grau-Junyent, J.M.; Garrabou, G. The Impact of Mitochondrial Deficiencies in Neuromuscular Diseases.
Antioxidants 2020, 9, 964. [CrossRef]

86. Wredenberg, A.; Wibom, R.; Wilhelmsson, H.; Graff, C.; Wiener, H.H.; Burden, S.J.; Oldfors, A.; Westerblad, H.; Larsson, N.G.
Increased Mitochondrial Mass in Mitochondrial Myopathy Mice. Proc. Natl. Acad. Sci. USA 2002, 99, 15066–15071. [CrossRef]
[PubMed]

87. Aksu-Menges, E.; Eylem, C.C.; Nemutlu, E.; Gizer, M.; Korkusuz, P.; Topaloglu, H.; Talim, B.; Balci-Hayta, B. Reduced
mitochondrial fission and impaired energy metabolism in human primary skeletal muscle cells of Megaconial Congenital
Muscular Dystrophy. Sci. Rep. 2021, 11, 18161. [CrossRef] [PubMed]

88. Moore, T.M.; Lin, A.J.; Strumwasser, A.R.; Cory, K.; Whitney, K.; Ho, T.; Ho, T.; Lee, J.L.; Rucker, D.H.; Nguyen, C.Q.; et al.
Mitochondrial Dysfunction Is an Early Consequence of Partial or Complete Dystrophin Loss in mdx Mice. Front. Physiol. 2020,
11, 690. [CrossRef]

89. Houston, B.A.; Judge, D.P.; Brown, E.; Halushka, M.; Barouch, L.A. Giant Ring Mitochondria in a Patient with Heart Failure
and Cerebral White Matter Disease Resulting From an MT-TL1 Mitochondrial Gene Mutation. J. Card. Fail. 2017, 23, 652–655.
[CrossRef]

90. Miettinen, T.P.; Björklund, M. Cellular Allometry of Mitochondrial Functionality Establishes the Optimal Cell Size. Dev. Cell 2016,
39, 370–382. [CrossRef]

91. Corsetti, G.; D’Antona, G.; Ruocco, C.; Stacchiotti, A.; Romano, C.; Tedesco, L.; Dioguardi, F.; Rezzani, R.; Nisoli, E. Dietary
supplementation with essential amino acids boosts the beneficial effects of rosuvastatin on mouse kidney. Amino Acids 2014, 46,
2189–2203. [CrossRef]

92. Díaz-Zagoya, J.C.; Marín-Medina, A.; Zetina-Esquivel, A.M.; Blé-Castillo, J.L.; Castell-Rodríguez, A.E.; Juárez-Rojop, I.E.;
Miranda-Zamora, R. Effects of high rosuvastatin doses on hepatocyte mitochondria of hypercholesterolemic mice. Sci. Rep. 2021,
11, 15809. [CrossRef]

93. Christie, C.F.; Fang, D.; Hunt, E.G.; Morris, M.E.; Rovini, A.; Heslop, K.A.; Beeson, G.C.; Beeson, C.C.; Maldonado, E.N. Statin-
dependent modulation of mitochondrial metabolism in cancer cells is independent of cholesterol content. FASEB J. 2019, 33,
8186–8201. [CrossRef] [PubMed]

94. Das, S.; Kumar, P.; Verma, A.; Maiti, T.K.; Mathew, S.J. Myosin heavy chain mutations that cause Freeman-Sheldon syndrome lead
to muscle structural and functional defects in Drosophila. Dev. Biol. 2019, 449, 90–98. [CrossRef]

95. Bour, B.A.; O’Brien, M.A.; Lockwood, W.L.; Goldstein, E.S.; Bodmer, R.; Taghert, P.H.; Abmayr, S.M.; Nguyen, H.T. Drosophila
MEF2, a transcription factor that is essential for myogenesis. Genes Dev. 1995, 9, 730–741. [CrossRef]

96. Nongthomba, U.; Cummins, M.; Clark, S.; Vigoreaux, J.O.; Sparrow, J.C. Suppression of Muscle Hypercontraction by Mutations
in the Myosin Heavy Chain Gene of Drosophila melanogaster. Genetics 2003, 164, 209–222. [CrossRef] [PubMed]

97. Bernstein, S.I.; Mogami, K.; Donady, J.J.; Emerson, C.P. Drosophila muscle myosin heavy chain encoded by a single gene in a
cluster of muscle mutations. Nature 1983, 302, 393–397. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.50496
http://doi.org/10.1002/ana.25144
http://doi.org/10.3389/fphys.2020.00287
http://doi.org/10.1186/s40478-017-0474-0
http://doi.org/10.1073/pnas.1800727115
http://doi.org/10.1093/qjmed/hcy200.221
http://doi.org/10.1096/fj.12-219345
http://doi.org/10.1369/0022155415580396
http://www.ncbi.nlm.nih.gov/pubmed/25786435
http://doi.org/10.1038/sj.bjp.0706917
http://www.ncbi.nlm.nih.gov/pubmed/17031388
http://doi.org/10.3390/antiox9100964
http://doi.org/10.1073/pnas.232591499
http://www.ncbi.nlm.nih.gov/pubmed/12417746
http://doi.org/10.1038/s41598-021-97294-4
http://www.ncbi.nlm.nih.gov/pubmed/34518586
http://doi.org/10.3389/fphys.2020.00690
http://doi.org/10.1016/j.cardfail.2017.06.001
http://doi.org/10.1016/j.devcel.2016.09.004
http://doi.org/10.1007/s00726-014-1772-5
http://doi.org/10.1038/s41598-021-95140-1
http://doi.org/10.1096/fj.201802723R
http://www.ncbi.nlm.nih.gov/pubmed/30951369
http://doi.org/10.1016/j.ydbio.2019.02.017
http://doi.org/10.1101/gad.9.6.730
http://doi.org/10.1093/genetics/164.1.209
http://www.ncbi.nlm.nih.gov/pubmed/12750333
http://doi.org/10.1038/302393a0
http://www.ncbi.nlm.nih.gov/pubmed/6403869


Cells 2022, 11, 3528 32 of 35

98. Chaturvedi, D.; Reichert, H.; Gunage, R.D.; VijayRaghavan, K. Identification and functional characterization of muscle satellite
cells in Drosophila. eLife 2017, 6, e30107. [CrossRef]

99. Postigo, A.A.; Ward, E.; Skeath, J.B.; Dean, D.C. zfh-1, the Drosophila Homologue of ZEB, Is a Transcriptional Repressor That
Regulates Somatic Myogenesis. Mol. Cell. Biol. 1999, 19, 7255–7263. [CrossRef]

100. Caine, C.; Kasherov, P.; Silber, J.; Lalouette, A. Mef2 Interacts with the Notch Pathway during Adult Muscle Development in
Drosophila melanogaster. PLoS ONE 2014, 9, e108149. [CrossRef]

101. Postigo, A.A.; Dean, D.C. ZEB, a vertebrate homolog of Drosophila Zfh-1, is a negative regulator of muscle differentiation. EMBO
J. 1997, 16, 3935–3943. [CrossRef]

102. Grunwald, S.A.; Popp, O.; Haafke, S.; Jedraszczak, N.; Grieben, U.; Saar, K.; Patone, G.; Kress, W.; Steinhagen-Thiessen, E.;
Dittmar, G.; et al. Statin-induced myopathic changes in primary human muscle cells and reversal by a prostaglandin F2 alpha
analogue. Sci. Rep. 2020, 10, 2158. [CrossRef]

103. Marino, J.S.; Hinds, T.D.; Potter, R.A.; Ondrus, E.; Onion, J.L.; Dowling, A.; McLoughlin, T.J.; Sanchez, E.R.; Hill, J.W. Suppression
of protein kinase C theta contributes to enhanced myogenesis In vitro via IRS1 and ERK1/2 phosphorylation. BMC Cell Biol.
2013, 14, 39. [CrossRef] [PubMed]

104. Zhang, P.; Verity, M.A.; Reue, K. Lipin-1 Regulates Autophagy Clearance and Intersects with Statin Drug Effects in Skeletal
Muscle. Cell Metab. 2014, 20, 267–279. [CrossRef] [PubMed]

105. Michot, C.; Hubert, L.; Romero, N.B.; Gouda, A.; Mamoune, A.; Mathew, S.; Kirk, E.; Viollet, L.; Rahman, S.; Bekri, S.; et al.
Study of LPIN1, LPIN2 and LPIN3 in rhabdomyolysis and exercise-induced myalgia. J. Inherit. Metab. Dis. 2012, 35, 1119–1128.
[CrossRef]

106. Bergounioux, J.; Brassier, A.; Rambaud, C.; Bustarret, O.; Michot, C.; Hubert, L.; Arnoux, J.B.; Laquerriere, A.; Bekri, S.; Galene-
Gromez, S.; et al. Fatal Rhabdomyolysis in 2 Children with LPIN1 Mutations. J. Pediatr. 2012, 160, 1052–1054. [CrossRef]
[PubMed]

107. Larsen, S.; Vigelsø, A.; Dandanell, S.; Prats, C.; Dela, F.; Helge, J.W. Simvastatin-Induced Insulin Resistance May Be Linked to
Decreased Lipid Uptake and Lipid Synthesis in Human Skeletal Muscle: The LIFESTAT Study. J. Diabetes Res. 2018, 2018, 9257874.
[CrossRef]

108. Pennisi, E.M.; Garibaldi, M.; Antonini, G. Lipid Myopathies. J. Clin. Med. 2018, 7, 472. [CrossRef]
109. Meex, R.C.R.; Blaak, E.E.; Van Loon, L.J.C. Lipotoxicity plays a key role in the development of both insulin resistance and muscle

atrophy in patients with type 2 diabetes. Obes. Rev. 2019, 20, 1205–1217. [CrossRef]
110. Morales, P.E.; Bucarey, J.L.; Espinosa, A. Muscle Lipid Metabolism: Role of Lipid Droplets and Perilipins. J. Diabetes Res. 2017,

2017, 1789395. [CrossRef]
111. Cheng, C.-L.; Gao, T.-Q.; Wang, Z.; Li, D.-D. Role of insulin/insulin-like growth factor 1 signaling pathway in longevity. World J.

Gastroenterol. 2005, 11, 1891–1895. [CrossRef]
112. Clancy, D.J.; Gems, D.; Harshman, L.G.; Oldham, S.; Stocker, H.; Hafen, E.; Leevers, S.J.; Partridge, L. Extension of Life-Span by

Loss of CHICO, a Drosophila Insulin Receptor Substrate Protein. Science 2001, 292, 104–106. [CrossRef]
113. Miron, M.; Lasko, P.; Sonenberg, N. Signaling from Akt to FRAP/TOR Targets both 4E-BP and S6K in Drosophila melanogaster. Mol.

Cell. Biol. 2003, 23, 9117–9126. [CrossRef] [PubMed]
114. Kauwe, G.; Tsurudome, K.; Penney, J.; Mori, M.; Gray, L.; Calderon, M.R.; Elazouzzi, F.; Chicoine, N.; Sonenberg, N.; Haghighi,

A.P. Acute Fasting Regulates Retrograde Synaptic Enhancement through a 4E-BP-Dependent Mechanism. Neuron 2016, 92,
1204–1212. [CrossRef] [PubMed]

115. Zid, B.M.; Rogers, A.N.; Katewa, S.D.; Vargas, M.A.; Kolipinski, M.C.; Lu, T.A.; Benzer, S.; Kapahi, P. 4E-BP Extends Lifespan
upon Dietary Restriction by Enhancing Mitochondrial Activity in Drosophila. Cell 2009, 139, 149–160. [CrossRef] [PubMed]

116. Pichler, K.; Warner, K.; Magrane, M. SPIN: Submitting Sequences Determined at Protein Level to UniProt. Curr. Protoc. Bioinform.
2018, 62, e52. [CrossRef] [PubMed]

117. Thurmond, J.; Goodman, J.L.; Strelets, V.B.; Attrill, H.; Gramates, L.S.; Marygold, S.J.; Matthews, B.B.; Millburn, G.; Antonazzo,
G.; Trovisco, V.; et al. FlyBase 2.0: The next generation. Nucleic Acids Res. 2019, 47, D759–D765. [CrossRef] [PubMed]

118. Palanker, L.; Tennessen, J.M.; Lam, G.; Thummel, C.S. Drosophila HNF4 Regulates Lipid Mobilization and β-Oxidation. Cell
Metab. 2009, 9, 228–239. [CrossRef]

119. Girard, R.; Tremblay, S.; Noll, C.; St.-Jean, S.; Jones, C.; Gélinas, Y.; Maloum-Rami, F.; Perreault, N.; Laplante, M.;
Carpentier, A.C.; et al. The transcription factor hepatocyte nuclear factor 4A acts in the intestine to promote white adipose tissue
energy storage. Nat. Commun. 2022, 13, 224. [CrossRef]

120. Baker, S.K. Molecular clues into the pathogenesis of statin-mediated muscle toxicity. Muscle Nerve 2005, 31, 572–580. [CrossRef]
121. Weaver, L.N.; Ma, T.; Drummond-Barbosa, D. Analysis of Gal4 Expression Patterns in Adult Drosophila Females. G3 Genes

Genomes Genet. 2020, 10, 4147–4158. [CrossRef]
122. Weaver, L.N.; Drummond-Barbosa, D. The nuclear receptor seven up functions in adipocytes and oenocytes to control distinct

steps of Drosophila oogenesis. Dev. Biol. 2019, 456, 179–189. [CrossRef]
123. Schuster, C.M.; Davis, G.W.; Fetter, R.D.; Goodman, C.S. Genetic Dissection of Structural and Functional Components of Synaptic

Plasticity. I. Fasciclin II Controls Synaptic Stabilization and Growth. Neuron 1996, 17, 641–654. [CrossRef]

http://doi.org/10.7554/eLife.30107
http://doi.org/10.1128/MCB.19.10.7255
http://doi.org/10.1371/journal.pone.0108149
http://doi.org/10.1093/emboj/16.13.3935
http://doi.org/10.1038/s41598-020-58668-2
http://doi.org/10.1186/1471-2121-14-39
http://www.ncbi.nlm.nih.gov/pubmed/24053798
http://doi.org/10.1016/j.cmet.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24930972
http://doi.org/10.1007/s10545-012-9461-6
http://doi.org/10.1016/j.jpeds.2012.02.033
http://www.ncbi.nlm.nih.gov/pubmed/22480698
http://doi.org/10.1155/2018/9257874
http://doi.org/10.3390/jcm7120472
http://doi.org/10.1111/obr.12862
http://doi.org/10.1155/2017/1789395
http://doi.org/10.3748/wjg.v11.i13.1891
http://doi.org/10.1126/science.1057991
http://doi.org/10.1128/MCB.23.24.9117-9126.2003
http://www.ncbi.nlm.nih.gov/pubmed/14645523
http://doi.org/10.1016/j.neuron.2016.10.063
http://www.ncbi.nlm.nih.gov/pubmed/27916456
http://doi.org/10.1016/j.cell.2009.07.034
http://www.ncbi.nlm.nih.gov/pubmed/19804760
http://doi.org/10.1002/cpbi.52
http://www.ncbi.nlm.nih.gov/pubmed/29927080
http://doi.org/10.1093/nar/gky1003
http://www.ncbi.nlm.nih.gov/pubmed/30364959
http://doi.org/10.1016/j.cmet.2009.01.009
http://doi.org/10.1038/s41467-021-27934-w
http://doi.org/10.1002/mus.20291
http://doi.org/10.1534/g3.120.401676
http://doi.org/10.1016/j.ydbio.2019.08.015
http://doi.org/10.1016/S0896-6273(00)80197-X


Cells 2022, 11, 3528 33 of 35

124. Viswanathan, M.C.; Blice-Baum, A.C.; Schmidt, W.; Foster, D.B.; Cammarato, A. Pseudo-acetylation of K326 and K328 of actin
disrupts Drosophila melanogaster indirect flight muscle structure and performance. Front. Physiol. 2015, 6, 116. [CrossRef]
[PubMed]

125. Poirier, L.; Shane, A.; Zheng, J.; Seroude, L. Characterization of the Drosophila Gene-Switch system in aging studies: A cautionary
tale. Aging Cell 2008, 7, 758–770. [CrossRef] [PubMed]

126. Barwell, T.; DeVeale, B.; Poirier, L.; Zheng, J.; Seroude, F.; Seroude, L. Regulating the UAS/GAL4 system in adult Drosophila with
Tet-off GAL80 transgenes. PeerJ 2017, 5, e4167. [CrossRef] [PubMed]

127. Hatfield, I.; Harvey, I.; Yates, E.R.; Redd, J.R.; Reiter, L.T.; Bridges, D. The role of TORC1 in muscle development in Drosophila.
Sci. Rep. 2015, 5, 9676. [CrossRef] [PubMed]

128. Rose, U.; Derst, C.; Wanischeck, M.; Marinc, C.; Walther, C. Properties and possible function of a hyperpolarisation-activated
chloride current in Drosophila. J. Exp. Biol. 2007, 210, 2489–2500. [CrossRef] [PubMed]

129. Huerta-Cepas, J.; Capella-Gutiérrez, S.; Pryszcz, L.P.; Marcet-Houben, M.; Gabaldón, T. PhylomeDB v4: Zooming into the
plurality of evolutionary histories of a genome. Nucleic Acids Res. 2014, 42, D897–D902. [CrossRef]

130. Flores, C.A.; Niemeyer, M.I.; Sepúlveda, F.V.; Cid, L.P. Two splice variants derived from a Drosophila melanogaster candidate ClC
gene generate ClC-2-type Cl− channels. Mol. Membr. Biol. 2006, 23, 149–156. [CrossRef]

131. Parker, B.A.; Thompson, P.D. Effect of Statins on Skeletal Muscle: Exercise, Myopathy, and Muscle Outcomes. Exerc. Sport Sci.
Rev. 2012, 40, 188–194. [CrossRef]

132. Allard, N.A.E.; Janssen, L.; Aussieker, T.; Stoffels, A.A.F.; Rodenburg, R.J.; Assendelft, W.J.J.; Thompson, P.D.; Snijders, T.;
Hopman, M.T.E.; Timmers, S. Moderate Intensity Exercise Training Improves Skeletal Muscle Performance in Symptomatic and
Asymptomatic Statin Users. J. Am. Coll. Cardiol. 2021, 78, 2023–2037. [CrossRef]

133. Altamura, C.; Mangiatordi, G.F.; Nicolotti, O.; Sahbani, D.; Farinato, A.; Leonetti, F.; Carratù, M.R.; Conte, D.; Desaphy, J.F.;
Imbrici, P. Mapping ligand binding pockets in chloride ClC-1 channels through an integrated in silico and experimental approach
using anthracene-9-carboxylic acid and niflumic acid. Br. J. Pharmacol. 2018, 175, 1770–1780. [CrossRef] [PubMed]

134. Camerino, G.M.; Bouchè, M.; De Bellis, M.; Cannone, M.; Liantonio, A.; Musaraj, K.; Romano, R.; Smeriglio, P.; Madaro, L.;
Giustino, A.; et al. Protein kinase C theta (PKCθ) modulates the ClC-1 chloride channel activity and skeletal muscle phenotype:
A biophysical and gene expression study in mouse models lacking the PKCθ. Pflug. Arch. Eur. J. Physiol. 2014, 466, 2215–2228.
[CrossRef] [PubMed]

135. Zirin, J.; Hu, Y.; Liu, L.; Yang-Zhou, D.; Colbeth, R.; Yan, D.; Ewen-Campen, B.; Tao, R.; Vogt, E.; VanNest, S.; et al. Large-Scale
Transgenic Drosophila Resource Collections for Loss- and Gain-of-Function Studies. Genetics 2020, 214, 755–767. [CrossRef]
[PubMed]

136. Vaziri, P.; Ryan, D.; Johnston, C.A.; Cripps, R.M. A Novel Mechanism for Activation of Myosin Regulatory Light Chain by Protein
Kinase C-Delta in Drosophila. Genetics 2020, 216, 177–190. [CrossRef]

137. Hruz, T.; Laule, O.; Szabo, G.; Wessendorp, F.; Bleuler, S.; Oertle, L.; Widmayer, P.; Gruissem, W.; Zimmermann, P. Resource
Review Genevestigator V3: A Reference Expression Database for the Meta-Analysis of Transcriptomes. Adv. Bioinform. 2008,
2008, 420747. [CrossRef]

138. Maier, D.; Nagel, A.C.; Kelp, A.; Preiss, A. Protein Kinase D Is Dispensable for Development and Survival of Drosophila
melanogaster. G3 Genes Genomes Genet. 2019, 9, 2477–2487. [CrossRef]

139. Seroude, L.; Brummel, T.; Kapahi, P.; Benzer, S. Spatio-temporal analysis of gene expression during aging in Drosophila melanogaster.
Aging Cell 2002, 1, 47–56. [CrossRef]

140. Madaro, L.; Pelle, A.; Nicoletti, C.; Crupi, A.; Marrocco, V.; Bossi, G.; Soddu, S.; Bouché, M. PKC Theta Ablation Improves Healing
in a Mouse Model of Muscular Dystrophy. PLoS ONE 2012, 7, e31515. [CrossRef]

141. Marrocco, V.; Fiore, P.; Benedetti, A.; Pisu, S.; Rizzuto, E.; Musarò, A.; Madaro, L.; Lozanoska-Ochser, B.; Bouché, M. Pharmaco-
logical Inhibition of PKCθ Counteracts Muscle Disease in a Mouse Model of Duchenne Muscular Dystrophy. eBioMedicine 2017,
16, 150–161. [CrossRef]

142. Madaro, L.; Marrocco, V.; Carnio, S.; Sandri, M.; Bouché, M. Intracellular signaling in ER stress-induced autophagy in skeletal
muscle cells. FASEB J. 2013, 27, 1990–2000. [CrossRef]

143. Herbert, J.M.; Augereau, J.M.; Gleye, J.; Maffrand, J.P. Chelerythrine is a potent and specific inhibitor of protein kinase C. Biochem.
Biophys. Res. Commun. 1990, 172, 993–999. [CrossRef]

144. Jones, P.H. Statins as the cornerstone of drug therapy for dyslipidemia: Monotherapy and combination therapy options. Am.
Heart J. 2004, 148, S9–S13. [CrossRef] [PubMed]

145. Osaki, Y.; Nakagawa, Y.; Miyahara, S.; Iwasaki, H.; Ishii, A.; Matsuzaka, T.; Kobayashi, K.; Yatoh, S.; Takahashi, A.; Yahagi, N.; et al.
Skeletal muscle-specific HMG-CoA reductase knockout mice exhibit rhabdomyolysis: A model for statin-induced myopathy.
Biochem. Biophys. Res. Commun. 2015, 466, 536–540. [CrossRef] [PubMed]

146. Bansal, A.B.; Cassagnol, M. HMG-CoA Reductase Inhibitors. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Available online: https://www.ncbi.nlm.nih.gov/books/NBK542212/ (accessed on 4 July 2022).

147. Hanai, J.; Cao, P.; Tanksale, P.; Imamura, S.; Koshimizu, E.; Zhao, J.; Kishi, S.; Yamashita, M.; Phillips, P.S.; Sukhatme, V.P.; et al.
The muscle-specific ubiquitin ligase atrogin-1/MAFbx mediates statin-induced muscle toxicity. J. Clin. Investig. 2007, 117,
3940–3951. [CrossRef] [PubMed]

http://doi.org/10.3389/fphys.2015.00116
http://www.ncbi.nlm.nih.gov/pubmed/25972811
http://doi.org/10.1111/j.1474-9726.2008.00421.x
http://www.ncbi.nlm.nih.gov/pubmed/18691185
http://doi.org/10.7717/peerj.4167
http://www.ncbi.nlm.nih.gov/pubmed/29259847
http://doi.org/10.1038/srep09676
http://www.ncbi.nlm.nih.gov/pubmed/25866192
http://doi.org/10.1242/jeb.006361
http://www.ncbi.nlm.nih.gov/pubmed/17601953
http://doi.org/10.1093/nar/gkt1177
http://doi.org/10.1080/09687860500449978
http://doi.org/10.1097/JES.0b013e31826c169e
http://doi.org/10.1016/j.jacc.2021.08.075
http://doi.org/10.1111/bph.14192
http://www.ncbi.nlm.nih.gov/pubmed/29500929
http://doi.org/10.1007/s00424-014-1495-1
http://www.ncbi.nlm.nih.gov/pubmed/24643479
http://doi.org/10.1534/genetics.119.302964
http://www.ncbi.nlm.nih.gov/pubmed/32071193
http://doi.org/10.1534/genetics.120.303540
http://doi.org/10.1155/2008/420747
http://doi.org/10.1534/g3.119.400307
http://doi.org/10.1046/j.1474-9728.2002.00007.x
http://doi.org/10.1371/journal.pone.0031515
http://doi.org/10.1016/j.ebiom.2017.01.001
http://doi.org/10.1096/fj.12-215475
http://doi.org/10.1016/0006-291X(90)91544-3
http://doi.org/10.1016/j.ahj.2004.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15211327
http://doi.org/10.1016/j.bbrc.2015.09.065
http://www.ncbi.nlm.nih.gov/pubmed/26381177
https://www.ncbi.nlm.nih.gov/books/NBK542212/
http://doi.org/10.1172/JCI32741
http://www.ncbi.nlm.nih.gov/pubmed/17992259


Cells 2022, 11, 3528 34 of 35

148. Chen, J.W.; Niu, X.; King, M.J.; Noedl, M.T.; Tabin, C.J.; Galloway, J.L. The mevalonate pathway is a critical regulator of tendon
cell specification. Development 2020, 147, dev185389. [CrossRef]

149. Spindler, S.R.; Li, R.; Dhahbi, J.M.; Yamakawa, A.; Mote, P.; Bodmer, R.; Ocorr, K.; Williams, R.T.; Wang, Y.; Ablao, K.P. Statin
Treatment Increases Lifespan and Improves Cardiac Health in Drosophila by Decreasing Specific Protein Prenylation. PLoS ONE
2012, 7, e39581. [CrossRef]

150. Alcázar-Fabra, M.; Navas, P.; Brea-Calvo, G. Coenzyme Q biosynthesis and its role in the respiratory chain structure. Biochim.
Biophys. Acta Bioenerg. 2016, 1857, 1073–1078. [CrossRef]

151. Shults, C.W.; Haas, R.H.; Passov, D.; Beal, M.F. Coenzyme Q10 levels correlate with the activities of complexes I and II/III in
mitochondria from parkinsonian and nonparkinsonian subjects. Ann. Neurol. 1997, 42, 261–264. [CrossRef]

152. Cornelius, N.; Byron, C.; Hargreaves, I.; Guerra, P.F.; Furdek, A.K.; Land, J.; Radford, W.W.; Frerman, F.; Corydon, T.J.; Gregersen,
N.; et al. Secondary coenzyme Q10 deficiency and oxidative stress in cultured fibroblasts from patients with riboflavin responsive
multiple Acyl-CoA dehydrogenation deficiency. Hum. Mol. Genet. 2013, 22, 3819–3827. [CrossRef]

153. Quinzii, C.M.; López, L.C.; Gilkerson, R.W.; Dorado, B.; Coku, J.; Naini, A.B.; Lagier-Tourenne, C.; Schuelke, M.; Salviati, L.;
Carrozzo, R.; et al. Reactive oxygen species, oxidative stress, and cell death correlate with level of CoQ10 deficiency. FASEB J.
2010, 24, 3733–3743. [CrossRef]

154. Lalani, S.R.; Vladutiu, G.D.; Plunkett, K.; Lotze, T.E.; Adesina, A.M.; Scaglia, F. Isolated Mitochondrial Myopathy Associated with
Muscle Coenzyme Q10 Deficiency. Arch. Neurol. 2005, 62, 317–320. [CrossRef] [PubMed]

155. Woerner, A.C.; Vockley, J. Mitochondrial Disease and Coenzyme Q10 Deficiency: Commentary. J. Pediatr. 2021, 228, 14–15.e1.
[CrossRef] [PubMed]

156. Neergheen, V.; Chalasani, A.; Wainwright, L.; Yubero, D.; Montero, R.; Artuch, R.; Hargreaves, I. Coenzyme Q10 in the Treatment
of Mitochondrial Disease. J. Inborn Errors Metab. Screen. 2017, 5, 232640981770777. [CrossRef]

157. Mollazadeh, H.; Tavana, E.; Fanni, G.; Bo, S.; Banach, M.; Pirro, M.; von Haehling, S.; Jamialahmadi, T.; Sahebkar, A. Effects of
statins on mitochondrial pathways. J. Cachexia Sarcopenia Muscle 2021, 12, 237–251. [CrossRef] [PubMed]

158. Hou, T.; Li, Y.; Chen, W.; Heffner, R.R.; Vladutiu, G.D. Histopathologic and Biochemical Evidence for Mitochondrial Disease
Among 279 Patients with Severe Statin Myopathy. J. Neuromuscul. Dis. 2017, 4, 77–87. [CrossRef]
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