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Abstract

Statins are the first-line therapy for managing elevated cholesterol levels that represent a
risk of acute cardiovascular events. However, the use of statins is associated with several
side effects, likely due to the depletion of Coenzyme Q9 (CoQ1g), a key component of
the mitochondrial electron transport chain and a membrane antioxidant. In our study, we
present evidence of the cytotoxic effects of Atorvastatin on human dermal fibroblasts in
terms of oxidative stress and mitochondrial impairment. Interestingly, CoQ;¢ supplemen-
tation in statin-treated cells significantly reduced ROS levels and restored mitochondrial
oxygen consumption rate and the intracellular ATP/ADP ratio. Moreover, our data suggest
that the mechanism for Atorvastatin off-target effects at high concentrations involves the
inhibition of respiratory complexes I and III, leading to reverse electron transport and
ROS production by Complex I. These findings highlight the potential benefits of CoQqq
supplementation in mitigating statin-induced cytotoxicity and propose a mechanistic basis
for the adverse effects associated with Atorvastatin therapy.
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1. Introduction

Their
primary mechanism of action involves the competitive inhibition of 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMG-CoA reductase), the rate-limiting enzyme in the mevalonate

Statins are a class of drugs widely used to treat hypercholesterolemia [1].

pathway, the metabolic pathway that produces cholesterol, Coenzyme Q1o (CoQjy), and
other isoprenoids [2]. In vivo, statins effectively reduce the biosynthesis of cholesterol by
their action on the target enzyme and their increasing LDL-cholesterol uptake from the
bloodstream by upregulating LDL receptor expression in hepatocytes [3]. The reduction in
circulating LDL-cholesterol is crucial in lowering the risk of cardiovascular acute events,
such as heart attacks and strokes, making statin therapy one of the most widely used
strategies for managing hypercholesterolemia and related cardiovascular diseases [4].
Although generally well tolerated, the long-term use of statins is associated with various
side effects that significantly reduce patients” compliance [5,6]. Muscle-related side effects,
such as muscle pain (myalgia) and weakness, are frequently reported. In rare cases,
muscle symptoms can progress to rhabdomyolysis, a severe condition characterized by
the breakdown of muscle tissue, which can lead to kidney failure [7]. The exact cause
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of statin-induced myalgia remains unclear; however, various studies have pointed to a
potential role of reduced levels of muscle Coenzyme Q19 due to mevalonate pathway
inhibition, with consequently impaired mitochondrial function. Coenzyme Qg (also
known as ubiquinone) is a vitamin-like compound that is obtained partly from the diet,
but is primarily biosynthesized via the mevalonate pathway [8]. It is an essential electron
carrier in the mitochondrial electron transport chain (ETC), playing a crucial role in energy
production, and it is also a potent antioxidant in cell membranes [9]. A deficiency of
CoQ1g may therefore compromise the mitochondrial respiratory function and increase the
generation of reactive oxygen species (ROS). This proposed link between statin therapy,
reduced muscle CoQg levels, mitochondrial dysfunction, and the development of myalgia
is biologically plausible, although it has yet to be definitively established in scientific
literature, as data obtained on intramuscular CoQqq levels in patients with statin-associated
myopathy are scarce [9]. Several studies have investigated the potential benefits of CoQ1q
supplementation in alleviating the adverse effects of statins. However, the evidence of the
benefits of CoQjg supplementation in vivo is inconclusive, with some studies finding no
consistent improvement in symptoms among statin-treated patients [10-12].

One of the challenges associated with CoQjg supplementation is represented by its
poor bioavailability, due to its high molecular weight and poor water solubility. Vari-
ous formulations have been developed to overcome this issue. In this study, we used
UBIQSOME?®, a formulation in which CoQyq is carried by lecithin-based phospholipids
(phytosome). UBIQSOME® has already proved to be effective and well uptaken in both
in vitro and in vivo models [13,14]. Using UBIQSOME?®, we demonstrate that CoQ1g sup-
plementation can effectively reverse the mitochondrial dysfunction, bioenergetic imbalance,
and oxidative stress induced by Atorvastatin treatment in human dermal fibroblasts (HDF).

In addition, statin accumulation due to prolonged treatment, high dosage, or impaired
clearance can lead to off-target effects, both in vivo and in vitro, which extend beyond a
decrease in CoQq levels [15,16]. We investigated the effect of high doses of Atorvastatin on
the mitochondrial respiratory chain enzymes, finding a direct inhibition of Complexes I and
III along with evidence suggesting an Atorvastatin-induced reverse electron transport (RET)
with ROS production by Complex L. This could be an important mechanism underlying
the side effects of statin use and could be of clinical interest for developing strategies to
mitigate these adverse effects, such as ubiquinone supplementation. While these in vitro
findings provide valuable mechanistic insights into the molecular basis of statin-induced
side effects, further studies are needed to validate the results in vivo.

2. Materials and Methods
2.1. Cell Culture and Treatment

Human dermal fibroblasts (HDF) from a healthy middle-aged donor were cultured in
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), 100 L.U./mL Penicillin, and 100 ng/mL Streptomycin, and grown at 37 °C in 5% CO,
with saturating humidity. For drug treatment, cells were seeded on an appropriate support
and grown for 24 h in complete culture medium before treatment. Cell count for seeding
was performed by using the Trypan blue exclusion method [17]; protein content was
assessed by using the Lowry method [18]. Treatments were performed using Atorvastatin
Calcium, UBIQSOME® (UBQ) or a combination of the two. Atorvastatin Calcium was
purchased at Sigma-Aldrich (St. Louis, MO, USA) and dissolved in bi-distilled water-
prepared 10% Bovine Serum Albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) for cell
treatments or DMSO for enzymatic assays; UBQ was provided by Indena S.p.A., Milan,
Italy; concentrations of UBQ used refer to the equivalent CoQjg present in the formulation.
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2.2. Viability Assay

First, 3 x 103> HDF per well were seeded on a multi-96 well plate and allowed to
attach for 24 h before treatment. For the treatments, cells were incubated with a range of
concentrations between 3 uM and 100 uM of Atorvastatin for 24 h and co-treated with
10 nM, 50 nM, or 100 nM of UBQ. For the cell viability analysis, cells were subjected to the
MTT colorimetric assay [19]. Briefly, cells were incubated with 300 uM MTT dissolved in
non-complete DMEM for 2 h at 37 °C; after this time, medium was aspirated, the wells
were then gently washed with PBS, and 150 puL of DMSO per well was added to dissolve
formazan salts. Absorbance was read at A = 570 nm using a Victor Nivo multiplate reader
spectrophotometer (PerkinElmer, Waltham, MA, USA).

2.3. Oxygen Consumption Rate

The oxygen consumption rate was measured in HDF using a Seahorse XF24 Extracellu-
lar Flux Analyzer (Agilent, Santa Clara, CA, USA). Next, 1 X 10% cells per well were seeded
onto a Seahorse XF24 cell culture microplate and incubated for 24 h prior to treatment with
30 uM, 50 uM, and 100 uM Atorvastatin with and without 10 nM UBQ. Plates were washed
with Seahorse assay media (Seahorse Bioscience, Billerica, MA, USA), supplemented with
1 g/L glucose, 1 mM sodium pyruvate, and 2 mM L-glutamine, and incubated in a CO;-free
incubator at 37 °C for 1 h to allow temperature and pH equilibration before measuring in the
Seahorse XF24. OCR was recorded in basal conditions and after the addition of inhibitors
and effectors of the mitochondrial electron transport chain: oligomycin 0.4 uM to inhibit
ATP synthase; FCCP (Carbonyl cyanide 4-(trifluoromethoxy) Phenylhydrazone) 2 uM to
uncouple respiration; and rotenone 1 pM and antimycin A 5 uM to block the mitochondrial
chain at the end of the experiment. Cells were counted using the Cell Imaging Reader
BioTek Cytation 1 (Agilent, Santa Clara, CA, USA) prior to the analysis to normalize data.

2.4. Bioenergetic Status

Nucleotides were extracted following Jones et al. [20] with minor modifications and
quantified by HPLC. Briefly, 1.5 x 10° cells were seeded in a T25 flask and allowed to adhere
for 24 h before treatments. Extracted nucleotides were injected in a two-pump system
equipped with a photodiode array detector (Agilent, Santa Clara, CA, USA, 1100 series)
and a C18 column (Kinetex, Phenomenex, Torrance, CA, USA, 2.6 um, 250 mm x 4.6 mm)
with A = 260 nm. ATP and ADP were quantified by measuring the area under the curve of
identified peaks and interpolating the result in a standard curve. Data were then normalized
on protein content.

2.5. Coenzyme Q1o Content

CoQqo was extracted from cultured cells as described by Takada et al. [21] with minor
modifications. Briefly, cells were pelleted and resuspended in 200 uL PBS. A total of 10 pL of
internal standard CoQy7, 10 uL of FeCl3 0.1%, and 5 volumes of a n-hexane/ethanol mixture
(5:3) were added. The suspension was thoroughly vortexed for 2 min and centrifuged
at 1800x g for 10 min. The upper layer from each sample was collected, and a second
extraction was performed. The collected solutions were dried out in glass tubes by nitrogen
flux, and the dry extracts were resuspended in 50 uL of ethanol. Next, 20 pL of samples
were injected into a two-pump HPLC system equipped with photodiode array detector
(Agilent, Santa Clara, CA, USA) and a C18 column (Kinetex, Phenomenex, 5 pm 100 A,
150 x 4.6 mm), using an ethanol/water mobile phase (96:4, v/v) at a 0.8 mL/min flow rate.
The CoQy7 and CoQqg peaks at A = 275 nm were identified and quantified by interpolating
the area under the curve with a calibration curve. The results were normalized on protein
content and extracted CoQy.
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2.6. Mitochondrial Mass

Mitochondrial mass was assessed by measuring the citrate synthase activity [22] in a
Jasco V-750 spectrofluorometer (Jasco, Tokyo, Japan) equipped with a stirring device and
thermostatic control set up at 30 °C. Briefly, 30 ug of cell lysate were added to a 1 mL quartz
cuvette containing a 100 mM TRIS + 0.1% Triton X-100 buffer (pH 7.4), 100 uM of acetyl-
CoA, and 100 uM of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), and 500 pM oxalacetate was
used to start the reaction. The enzymatic activity was measured following the reduction of
DTNB to TNB (e = 13.6 mM~! em™!) at A = 412 nm over time.

2.7. Mitochondrial Chain Functionality in Permeabilized Cells

The activity of the electron transport chain (ETC) was measured by OCR using a
Seahorse XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA) after 24 h
treatment with 30 uM Atorvastatin, 10 nM UBQ, or both. A total of 1.5 x 10* cells were
seeded in a Seahorse XF24 cell culture microplate and incubated for 24 h prior to treatment;
the day of the experiment the plates were washed with Seahorse assay media (Seahorse
Bioscience) and incubated in a CO,-free incubator at 37 °C for 1 h to allow temperature
and pH equilibration before measuring in the Seahorse XF24. Cells were permeabilized
with digitonin (25 ug/mL) and supplemented with substrates for Complex I or Complex
II. Namely, to measure Complex I-driven OCR, cells were incubated with 2.5 mM gluta-
mate/malate and 40 M malonate, while Complex II-related respiration was conducted by
adding 10 mM succinate and 1 uM rotenone to the medium. Basal oxygen consumption
was measured.

2.8. Mitochondrial Chain Functionality in Isolated Mitochondria

The activity of the mitochondrial chain was measured in isolated freeze-thawed
mouse liver mitochondria. Mouse liver mitochondria were isolated according to Bergamini
et al. [23] with minor modification; to permeabilize the membranes and provide substrates,
isolated mitochondria were subjected to freeze—thaw cycles. Complex I-driven respiration
was measured in a Jasco V-750 spectrofluorometer (Jasco, Tokyo, Japan) equipped with a
stirring device and thermostatic control set up at 30 °C. A total of 50 pg of mitochondria
were incubated with different concentrations of DMSO-dissolved Atorvastatin and diluted
in a 1 mL solution containing 25 mM potassium phosphate buffer pH 7.5 and 1 mg/mL BSA
in a quartz cuvette. The reaction was initiated by adding 70 uM of NADH. The enzymatic
activity was measured following the extinction of NADH at A = 340 nm over time. Complex
II-driven respiration was conducted in an oxygraphy chamber (Instech Mod.203, Plymouth
Meeting, PA, USA). Briefly, 275 ug of mitochondria were added to the oxygraphy chamber,
which contained a respiration buffer (0.25 M sucrose, 50 mM HEPES, 4 mM MgSQOy4, 10 mM
KH,POy, pH 7.4). The reaction was started by adding 20 mM of succinate to the chamber.

2.9. Specific Complex I Activity

Specific Complex I hydrogenase activity in the presence of Atorvastatin was assayed
spectrophotometrically, as in Spinazzi et al. [24], using a Jasco V-750 spectrofluorometer
(Jasco, Tokyo, Japan) equipped with a stirring device at 30 °C. Briefly, 30 ug of isolated
freeze-thawed mouse liver mitochondria were pre-incubated with Atorvastatin and then
transferred in a 1 mL quartz cuvette containing 25 pM antimycin A, 1 mg/mL BSA and
70 uM NADH (e = 6.22 mM~! cm ™) dissolved in a 50 mM potassium phosphate buffer;
50 uM decyl-ubiquinone (DB) was used to start the reaction and NADH consumption
was followed over time at A = 340 nm. NADH dehydrogenase activity of Complex I was
measured by following ferricyanide [Fe(CN)]*~ (¢ = 1 mM~! cm™!) reduction [25] in
a Jasco V-750 spectrofluorometer (Jasco, Tokyo, Japan) equipped with a stirring device
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at 30 °C. Briefly, 30 pg of isolated freeze-thawed mouse liver mitochondria were pre-
incubated with Atorvastatin and then transferred in a 1 mL quartz cuvette containing a
50 mM potassium phosphate buffer, 1 mg/mL BSA and 25 uM antimycin A; 70 uM NADH
and 250 uM of [Fe(CN)g ]~ were used to start the reaction and [Fe(CN)g]*~ reduction was
followed over time at A = 420 nm.

2.10. Specific Complex II Activity

Complex II activity in the presence of Atorvastatin was assayed spectrophotomet-
rically, as in Spinazzi et al. [24], using a Jasco FP-770 spectrofluorometer (Jasco, Tokyo,
Japan) equipped with a stirring device at 30 °C. Briefly, isolated freeze-thawed mouse liver
mitochondria were pre-incubated with Atorvastatin and then transferred in a 1 mL quartz
cuvette containing 25 uM antimycin and 20 mM succinate dissolved in a potassium phos-
phate buffer at pH 7.5; 50 uM decyl-ubiquinone (DB) and 2,6-Dichlorophenolindophenol
sodium salt hydrate (DCPIP, ¢ = 16 mM~! em~1) were used to start the reaction; DCPIP
reduction was followed over time at A = 600 nm.

2.11. Measurement of Cytosolic ROS Production

Reactive oxygen species (ROS) production was measured in cultured HDF using the
chloromethyl derivative of 2'-7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H,DCFDA, Thermo Fisher Scientific, Waltham, MA, USA). A total of 2 x 10* cells per well
were seeded onto a 24-well plate and incubated for 24 h with 30 uM of Atorvastatin, 10 nM
UBQ, or both. Positive controls were generated by adding 300 uM of hydrogen peroxide.
Then, cells were loaded with 5 uM of the probe for 45 min at 37 °C and washed twice with
Hanks’ Balanced Salt Solution (HBSS). Epifluorescence was captured using a Zeiss Celld-
iscoverer7 (Zeiss, Jena, Germany), in a controlled atmosphere (37 °C, 5% CO,), with the
green channel. Single-cell fluorescence intensity was analyzed with Image] Version 1.54p.

2.12. Measurement of Mitochondrial ROS Production in Intact Cells

Mitochondrial ROS production (mROS) was measured in cultured HDF using the
dihydroethidium derivative MitoSOX Red or MitoSOX Green (Thermo Fisher, Waltham,
MA, USA). For MitoSOX Red staining, 1 x 10* cells per well were seeded in a p-Slide
8 Well (Ibidi, Germany) and incubated for 24 h prior to treatment with 30 uM Atorvastatin
or 10 nM UBQ. For mROS detection cells were loaded with 5 pM MitoSOX Red for 30 min at
37 °C and washed twice with HBSS before measurement. The cells were then imaged using
a Leica SPE confocal microscope (Leica Microsystems, Wetzlar, Germany) and analyzed
using Image] software Version 1.54p (National Institutes of Health, Bethesda, MD, USA).
For MitoSOX Green staining, 3 x 10* cells per well were seeded in a multi-96 plate and
incubated for 24 h prior to treatment with 30 pM Atorvastatin. Cells were stained with
1 uM MitoSOX Green for 30 min at 37 °C and washed twice with HBSS; 20 mM succinate in
HBSS was added to each well before measurement. Green fluorescence was acquired using
a multi-plate reader spectrophotometer (PerkinElmer Victor Nivo, Waltham, MA, USA).

2.13. Measurement of Membranes Peroxidation

The determination of membrane lipid peroxidation was performed using the lipid
peroxidation sensor dye STY-BODIPY [26]. A total of 1 x 10* cells per well were seeded
in a p-Slide 8 Well (Ibidi, Germany) and incubated for 24 h prior to treatment with 30 uM
Atorvastatin or UBQ. The day of the experiment, cells were incubated with 1 uM of the
probe for 1 h, washed with PBS, and fixed in 4% paraformaldehyde. Positive controls were
generated using 500 nM of RSL3, an inducer of lipid peroxidation. Images were acquired
using a Nikon Clsi confocal microscope (Nikon, Tokyo, Japan) and fluorescence intensities
were quantified using Image] software Version 1.54p. Fluorescence was acquired by two-
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channel imaging, as the probe emission peak shifts from A = ~590 nm to A = ~510 nm when
oxidized. Data are reported as green/red fluorescence intensity ratio.

2.14. ROS Production in Isolated Mitochondria

ROS production in isolated mouse liver mitochondria was followed over time as
in Fato et al. [27] with minor modifications. A total of 0.5 mg/mL mitochondria were
energized with 70 uM NADH, or 20 mM succinate, in the presence of different concentra-
tions of DMSO-dissolved Atorvastatin ranging from 12.5 uM to 100 uM, and 5 uM of the
fluorogenic dye 2',7'-Dichlorodihydrofluorescein diacetate (DCFDA). The fluorescence of
the oxidized DCF was recorded every 5 min in a multi-plate reader spectrophotometer
(PerkinElmer Victor Nivo, Waltham, MA, USA).

2.15. Statistical Analysis

The statistical analysis was performed using GraphPad Prism (Version 8, San Diego,
CA, USA). The values are expressed as means =+ standard error of the mean (SEM). The sig-
nificance of the results was obtained using the Brown-Forsythe ANOVA test. A probability
level of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Atorvastatin Reduces Cell Viability

We investigated the effect of Atorvastatin treatment on HDF viability using the MTT
test. Cells were incubated with 3 uM, 30 uM, 50 uM, and 100 uM of Atorvastatin in
the presence or absence of different concentrations of UBQ for 24 h. The MTT test re-
vealed a dose-dependent reduction in cell viability after Atorvastatin treatment. The UBQ
supplementation was partially able to rescue cell viability at 10 nM. (Figure 1).

Cell Viability

150=

125+

% of viable cells

Figure 1. Cell viability of human dermal fibroblasts following 24 h treatment with Atorvastatin (3, 30,
50, or 100 M) alone or in combination with UBIQSOME® (10, 50, or 100 nM), as determined by MTT
assay. Data represent the percentage of viable cells relative to untreated controls and are expressed as
mean + SEM (n = 5). Statistical significance was assessed using Brown-Forsythe ANOVA (* p < 0.05;
**p <0.01; ** p <0.001; **** p < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOMER.

3.2. Atorvastatin Induces Bioenergetic Impairments

We investigated the effect of Atorvastatin on mitochondrial functionality by measuring
the oxygen consumption rate (OCR, Figure 2A) in fibroblasts using the Seahorse XF24
Extracellular Flux Analyzer (Agilent). The basal and ATP-linked respirations were signifi-
cantly reduced by 30, 50, and 100 uM Atorvastatin treatment, leaving oligomycin-related
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respirations unaltered; co-supplementation with 10 nM of UBQ was able to restore the
altered parameters to control levels (Figure 2B-D).

(A) OCR

109 basal oligomycin FCCpP rotenone/antimycin

2L 7
9
o
-]
[=1
-
Z
£ — Ctrl
g —~- Ator 30 uM
~ - Ator 50 uM
© - Ator 100 uM
g ~ 10nM UBQ
= —= Ator 30 uM + 10 nM UBQ
—= Ator 50 uM+ 10 nM UBQ

—= Ator 100 uM + 10 nM UBQ

Time (minutes)

(B) Basal respiration (O  Oligomycin respiration (D)  ATP-linked respiration
. N .
=2 =2
3 3
E %
E E
& £
o S
° S
=t g
£ £

Figure 2. Oxygen consumption rate in cells treated with various concentrations of Atorvastatin with
and without supplementation with 10 nM UBQ for 24 h. (A) Representative OCR profile, (B) Basal
respiration, (C) respiration in the presence of oligomycin, (D) ATP-linked respiration calculated
as the difference between basal respiration and oligomycin-respiration. Data are mean + SEM
(n = 3). Statistical significance was assessed using Brown-Forsythe ANOVA (* p < 0.05; ** p < 0.01;
*** p <0.001; *** p < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®.

We used high-performance liquid chromatography (HPLC) to quantify the intracel-
lular Coenzyme Q;p and ATP/ADP levels in HDF treated with 30 pM Atorvastatin for
24 h. Under these conditions, we observed a drastic drop in the biosynthesis of CoQj,
and a lower ATP/ADP ratio, indicating severe bioenergetic impairment. Consistent with
the respiratory data, co-treatment with 10 nM UBQ restored CoQ levels and the cellular
energy deficiency was partially recovered (Figure 3A,B).
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Figure 3. Coenzyme Qg quantitation (A) and ATP/ADP ratio (B) after 24 h treatment with 30 pM Ator-
vastatin and 10 nM UBQ. Data are mean =+ SEM (n = 3). Statistical significance was assessed using Brown-
Forsythe ANOVA (* p < 0.05; ** p < 0.01). Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®.

Citrate synthase enzymatic activity is considered a reliable marker by which to estimate
mitochondrial content. Despite the observed impairment of the mitochondrial function, the
overall mitochondrial mass was not altered after treatment with Atorvastatin, as indicated
by the unaltered citrate synthase activity (Figure 4). Moreover, RI-PCR analysis confirmed
that the expression of CS and other genes central to mitochondrial function (namely SDH,
PGC1la and ETFDH) were not significantly altered in HDF after Atorvastatin treatment

(Figure S1).

Citrate synthase

1.5+

TNB fold change
Ly
o
L

I
[s)
1

0.0-

Figure 4. Mitochondrial mass after 24 h treatment with 30 uM Atorvastatin with and without 10 nM
UBQ detected as amount of TNB. Data are mean + SEM (n = 3). Statistical significance was assessed
using Brown-Forsythe ANOVA. Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®.

3.2.1. Atorvastatin Impairs the Mitochondrial Electron Transport Chain in Permeabilized HDF

To study the effect of Atorvastatin on the ETC, we measured Complex I- and Complex
II-driven respirations in digitonin-permeabilized HDF after treatment with 30 uM Atorvas-
tatin for 24 h using the Seahorse XF24 Extracellular Flux Analyzer. Complex I-dependent
OCR was measured in the presence of glutamate and malate, inhibiting Complex II with
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malonate; Complex II-dependent respiration was assessed after the addition of succinate,
inhibiting Complex I with rotenone. In both cases, Atorvastatin-treated cells showed a de-
crease in basal respiration, which could be due to the decrease in endogenous CoQ levels.
Co-treatment with 10 nM UBQ and 30 uM Atorvastatin recovers the oxygen consumption
in the presence of both glutamate /malate and succinate (Figure 5A,B).

(A) (B)
Complex I-driven OCR Complex II-driven OCR

600" 1500

6

pmol O, /min /10" cells
6

pmol O,/min-10" cells

Figure 5. Mitochondrial respiratory activity in permeabilized human dermal fibroblasts following 24 h
treatment with 30 uM Atorvastatin alone or in combination with 10 nM UBQ. (A) Complex I-driven and
(B) Complex II-driven oxygen consumption rates were measured by high-resolution respirometry. Data
are expressed as mean + SEM (1 = 3). Statistical significance was assessed using Brown-Forsythe ANOVA
(*p <0.05;** p <0.01). Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®.

3.2.2. Atorvastatin Directly Impairs the Mitochondrial Electron Transport Chain Activity in
Isolated Mitochondria

We assessed the effect of Atorvastatin treatment on ETC activity in isolated mouse liver
mitochondria, finding a dose-dependent inhibition of both NADH-O, and Succinate-O,
activities with similar IC50 value (98.07 uM and 95.43 uM, respectively), as reported in
Figure 6A,B. To identify which ETC enzyme might be directly affected by Atorvastatin, we
tested the activity of functionally isolated Complex I using either decyl-ubiquinone (DB), a
CoQ analog, or ferricyanide ([Fe(CN)s]>~) as electron acceptors. Atorvastatin inhibited
the NADH-DB reductase activity, while rotenone insensitive NADH-[Fe(CN)g >~ activity
remained unaffected (Figure 6C,D). Notably, the activity of functionally isolated Complex
II, tested in the presence of succinate, DB, and DCPIP as electron acceptor, was not affected
by Atorvastatin treatment. (Figure 6E).

3.3. Effect of Atorvastatin on ROS Levels in HDF and Isolated Mitochondria

Given the controversial role attributed to statins as pro-oxidant or antioxidant drugs,
we tested the ROS production in HDF treated with Atorvastatin. General ROS levels were
measured using CM-H,;DCFDA, mitochondrial superoxide with MitoSOX Red, and lipid
peroxidation with the STY-BODIPY probe. HDF treated for 24 h with 30 uM Atorvastatin
showed increased DCF signal, while co-treatment with 10 nM UBQ reduced oxidative
stress. Moreover, UBQ treatment decreased both the basal level and the hydrogen peroxide-
induced oxidative stress, which was used as a positive control (Figure 7A,B).
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Figure 6. Dose-dependent effects of Atorvastatin on mitochondrial respiratory chain function in iso-
lated mouse liver mitochondria. (A) NADH-O, activity measured at various concentrations of Ator-
vastatin. NADH oxidation was monitored spectrophotometrically at A = 340 nm. (B) Succinate-O,
activity in the presence of different concentrations of Atorvastatin, assessed by oxygen consumption
using a Clark-type oxygen electrode. (C) Functionally isolated Complex I activity in the pres-
ence of different concentrations of Atorvastatin in mitochondria energized with NADH and using
decyl-ubiquinone (DB) or (D) ferricyanide ([Fe(CN)g]?7) as electron acceptors. NADH oxidation
and [Fe(CN)g]*>~ reduction were monitored spectrophotometrically at A = 340 nm and A = 420 nm,
respectively. (E) Functionally isolated Complex II activity measured in the presence of different
concentrations of Atorvastatin. Mitochondria were energized with succinate and the reduction in the
electron acceptor DCPIP (in the presence of DB) was followed at A = 600 nm. Data are presented as
mean + SEM. Statistical analysis was performed using the Brown—Forsythe ANOVA test (* p < 0.05).
Abbreviations: Ator = Atorvastatin; DB = decyl-ubiquinone; [Fe(CN)g]*~ = ferricyanide.

General ROS (B) Ctrl Ator H.P.

-UBQ

300 ym
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Figure 7. Evaluation of oxidative stress in HDF after treatment with 30 uM Atorvastatin and supplemen-
tation with 10 nM UBQ. (A) General ROS detected by means of DCF epifluorescence and (B) relative
images acquired by widefield fluorescence (Scale bar: 300 um). Data are mean &+ SEM. Statistical analysis
was performed using the Brown-Forsythe ANOVA test (* p < 0.05; ** p < 0.01; *** p < 0.0001; ns > 0.05).
Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®; HP. = Hydrogen Peroxide.
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To investigate the mitochondrial contribution to Atorvastatin-induced ROS, we mea-
sured mitochondrial superoxide production using the MitoSOX Red probe in HDF treated
with 30 uM Atorvastatin for 24 h; rotenone was used as a positive control. Atorvastatin treat-
ment significantly increased mitochondrial superoxide production, which was diminished
by 10 nM UBQ co-treatment (Figure 8A,B).

Ctrl Ator Rotenone

100 Lm
+UBQ
100 pum 100 um

Figure 8. Evaluation of oxidative stress in HDF mitochondria after treatment with 30 tM Atorvastatin
and supplementation with 10 nM UBQ. (A) Mitochondrial ROS detected with MitoSOX Red by
confocal microscopy and (B) representative images (Scale bar: 100 um:). Data are mean + SEM. Sta-
tistical analysis was performed using the Brown-Forsythe ANOVA test (** p < 0.01; **** p < 0.0001).
Abbreviations: Ator = Atorvastatin; UBQ = UBIQSOME®.

EAEK

(B)
-UBQ

Lastly, lipid peroxidation was evaluated using the STY-BODIPY dye in cells treated
with 30uM Atorvastatin and/or 10 nM UBQ; RSL3, a selective inhibitor of glutathione
peroxidase 4 was used as a positive control. We found no discernible effect on the levels of
lipid peroxidation induced by Atorvastatin. However, UBQ treatment conferred protection
against lipid membrane peroxidation in both control and RSL3-treated cells (Figure 9A,B).

As Complexes I and III of the ETC are considered the major ROS producers, we titrated
ROS production in freeze-thawed isolated mouse mitochondria incubated with NADH
or succinate in the presence of different concentrations of Atorvastatin. DCF fluorescence
showed that Atorvastatin had no effect on ROS production using NADH as an electron
donor, while radical species increased slightly using succinate (Figure 10A,B).

Nonetheless, ROS production at the mitochondrial level was observed in intact cells
(Figure 8A,B). To address the discrepancy between the increased ROS production in live
cells and the minimal ROS production detected in isolated mitochondria following Atorvas-
tatin treatment, we supplemented Atorvastatin-treated HDFs with succinate and assessed
mitochondrial superoxide production using the MitoSOX Green probe. As shown in
Figure 11, both Atorvastatin and rotenone treatments increased ROS levels. Notably, co-
incubation with rotenone and Atorvastatin abolished superoxide generation, suggesting
that ROS are generated by Complex I from reverse electron transfer (RET).
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Figure 9. Evaluation of oxidative stress in HDF membranes after treatment with 30 uM Atorvas-
tatin and supplementation with 10 nM UBQ. (A) Lipid peroxidation quantitation expressed as
green/red ratio of Bodipy fluorescence intensity acquired by confocal microscopy and (B) repre-
sentative images (Scale bar: 40 um). Data are mean + SEM. Statistical analysis was performed
using the Brown-Forsythe ANOVA test (* p < 0.05; ** p < 0.01; **** p < 0.0001). Abbreviations:
Ator = Atorvastatin; UBQ = UBIQSOME®.

(A) NADH-induced
mitochondrial-generated ROS
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Figure 10. ROS production in isolated mouse liver mitochondria incubated with Atorvastatin.
Mitochondria were incubated with 12.5, 25, 50, and 100 uM Atorvastatin and 5 ptM DCFDA, energized
with NADH (A) or succinate (B). Fluorescence was detected using a multi-plate reader every 5 min.
Data are mean 3 SEM. Statistical analysis was performed using the Brown-Forsythe ANOVA test
(*p <0.05; ** p < 0.01). Abbreviations: Ator = Atorvastatin.
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Figure 11. Atorvastatin induces ROS production via Reverse Electron Transport. Quantitation of
MitoSOX Green in cells treated with 30 uM Atorvastatin, 5 tM rotenone, or both, and energized with
20 mM succinate. Data are mean &+ SEM. Statistical analysis was performed using the Brown-Forsythe
ANOVA test (* p < 0.05; ** p < 0.01). Abbreviations: Ator = Atorvastatin.

4. Discussion

Statin therapy is broadly used for both primary and secondary prevention of car-
diovascular diseases, as its efficacy in lowering circulating LDL-cholesterol significantly
decreases the insurgence of major cardiovascular events and microvascular complica-
tions [28]. Despite being considered overall safe, with a benefit/risk ratio that justifies their
prescription, statins are associated with multiple side effects, particularly muscle-related
symptoms, such as pain and weakness, that undermine the patients’ compliance with
therapy. The molecular mechanisms underlying these effects, both in vitro and in vivo,
remain to be clarified. Therapy efficiency and side effects can vary significantly between
patients [29], and in vitro outcomes are also controversial, likely depending on the cell
model used [30,31]. This study provides significant insights into the impact of Atorvastatin,
a commonly prescribed statin, on the mitochondrial functions of human dermal fibroblasts
(HDF). Atorvastatin-treated HDF displayed impaired OCR, a decrease in ATP/ADP ratio,
and increased oxidative stress. It is assumed that statin-related symptoms are caused by a
reduction in Coenzyme Qjo, which is biosynthesized through the mevalonate pathway. We
observed a drastic reduction in total CoQq( content after Atorvastatin treatment, but it is not
clear whether the bioenergetic impairment is due to CoQ1 deficiency in the ETC, because
of a lowering of antioxidant defenses, or both. We evaluated the efficacy of UBIQSOME®,
a formulated CoQp, in alleviating these alterations. Our results demonstrated that co-
supplementation of CoQ1g in Atorvastatin-treated cells is efficient in recovering the altered
parameters in terms of ROS protection, ETC efficiency, OCR sustained by glutamate /malate
and succinate, and ATP/ADP ratio. However, seeing the plethora of statin-associated symp-
toms [32], it would be oversimplifying to state that Atorvastatin-induced side effects rely
only on CoQq deficiency. We observed a direct inhibition on functionally isolated Com-
plex I at the CoQjg binding site level. Complex I can be functionally divided into three
modules: the dehydrogenase module, the hydrogenase module, and the proton pump
module [33,34]. Atorvastatin inhibits Complex I activity at the hydrogenase level since
the oxidation of NADH in the presence of the CoQ analog decyl-ubiquinone (DB) is low-
ered. Notably, Atorvastatin treatment did not affect Complex I dehydrogenase activity,
since the rotenone-insensitive NADH-[Fe(CN)s]°>~ reaction was not altered. In a previ-
ous study from our laboratory, Fato et al. [27] demonstrated that Complex I inhibitors
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can be classified into two groups based on their ability to induce reactive oxygen species
(ROS). Class A inhibitors, such as rotenone, piericidin A, and rolliniastatin 1 and 2, en-
hance ROS production. In contrast, class B inhibitors, such as stigmatellin, mucidin, and
capsaicin (that are considered classical inhibitors of Complex III at the “O” center), at
high concentrations target Complex I and block it in a conformation that prevents ROS
generation during forward electron transfer. Our findings suggest that the mechanism
by which Atorvastatin inhibits Complex I is not rotenone-like, since Atorvastatin did not
increase ROS production in isolated mitochondria energized with NADH. Since ROS could
not originate from complex Ill—because Atorvastatin binds to the “O” center, a known
site of ROS production [35]—we hypothesized that the marked increase in mitochondrial
ROS observed in Atorvastatin-treated cells (Figure 8 A,B) should be attributed to reverse
electron flow through complex I. To validate the occurrence of RET, we supplemented
cells with succinate (a membrane-permeable metabolite) in the presence of Atorvastatin.
This treatment led to an increase in ROS production, which was significantly reduced
by rotenone treatment (Figure 11). Furthermore, our findings are consistent with those
reported by Wojcicki et al. [36], who observed that Atorvastatin and Simvastatin increased
ROS production in non-phosphorylating (State 4) mitochondria energized with succinate.
In contrast, ROS levels remained low in phosphorylating (State 3) mitochondria energized
with either malate-pyruvate (as NADH source) or succinate. Taken together, the results
presented in this paper, along with evidence from the literature, suggest a mechanism by
which Atorvastatin affects mitochondrial function. This mechanism involves the ability
of the molecule to inhibit Complex III by targeting the “O” center and to alter Complex
I activity. Atorvastatin inhibition may induce a Complex I conformation that prevents
the direct transfer of electrons from NADH to molecular oxygen. However, in the pres-
ence of elevated levels of CoQH,, Atorvastatin treatment may promote reverse electron
transfer (RET), leading to increased ROS production [37]. This exacerbation of oxidative
stress can impair mitochondrial function and compromise cell homeostasis, apparently
leaving the mitochondrial mass and the expression of genes involved in mitochondrial
function unaltered.

5. Conclusions

Our results show that Atorvastatin impairs oxygen consumption, associated with
Coenzyme Qj deficiency, radical species production, and a direct inhibition of mitochon-
drial Complexes I and III in vitro. We propose that Atorvastatin acts as a class B inhibitor
of Complex I, preventing the generation of reactive oxygen species during forward electron
transport. However, ROS produced in Atorvastatin-treated HDF energized with succinate
were blocked by rotenone, suggesting a reverse electron transfer.

The actual cellular concentration of the statin in vivo is not known, since impaired
clearance and tissue accumulation may vary among statin users; the potential accumulation
of lipophilic drugs in tissues and cells in vivo justifies using higher concentrations of statins
in in vitro studies [36,38,39]. CoQ1p supplementation counteracts Atorvastatin-induced
side effects by protecting cells from ROS and improving bioenergetic status. Further studies
are needed to determine whether these findings can be extended to other statins.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antiox14101147/s1, Figure S1: qPCR results; Table S1:
qPCR primers; S2: uncropped DCFDA microscopy images.
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ADP Adenosine Diphosphate

ATP Adenosine Triphosphate

CM-H,;DCFDA  Chloromethyl 2’-7’-dichlorodihydrofluorescein diacetate
DB Decyl-ubiquinone

DCFDA 2'-7'-dichlorodihydrofluorescein diacetate

DCPIP 2,6-Dichlorophenolindophenol sodium salt hydrate

ETC Electron transport chain

FCCP Carbonyl cyanide 4-(trifluoromethoxy) Phenylhydrazone
[Fe(CN)s >~ Ferricyanide

HBSS Hanks’ Balanced Salt Solution

HDF Human Dermal Fibroblasts

HMG-CoA 3-hydroxy-3-methyl-glutaryl-CoA

LDL Low density lipoprotein

NADH Reduced Nicotinamide adenine dinucleotide

OCR Oxygen consumption rate

ROS Reactive oxygen species

UBQ UBIQSOME®
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