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Therapeutic potential of Ubiqgsome® Supplementation in contrasting

Atorvastatin-induced cytotoxicity in vitro and CDKLS5 deficiency in vivo

Abstract

Statins are the primary treatment for managing elevated cholesterol levels linked to acute
cardiovascular risk. However, their use can lead to side effects, likely due to depletion of Coenzyme
Q1o (CoQu), a crucial part of the mitochondrial electron transport chain and an antioxidant in
membranes. Our study shows that Atorvastatin causes cytotoxic effects in human dermal fibroblasts
by inducing oxidative stress and mitochondrial dysfunction. Supplementation with a formulated
CoQu named Ubigsome® in statin-treated cells considerably reduced ROS levels and restored
mitochondrial oxygen consumption and the ATP/ADP ratio in the cells. Additionally, the data
suggest that at high doses, Atorvastatin’s off-target effects involve inhibition of mitochondrial
respiratory complexes I and III, triggering reverse electron transport and ROS production at
Complex I. These findings highlight the benefits of CoQ1 supplementation for reducing statin-
induced cytotoxicity and propose a mechanism explaining the adverse effects of Atorvastatin
treatment.

Ubigsome® was also tested in vivo, to ameliorate the oxidative stress related to the CDKL5 deficiency
disorder (CDD), a developmental encephalopathy caused by mutations in the cyclin-dependent
kinase-like 5 (CDKL5) gene, characterized by a complex and severe clinical presentation, including
early-onset epilepsy, cognitive, motor, visual, and gastrointestinal impairments. Currently, there is
no available medical treatment to mitigate, reverse, or improve the course of this disease and
enhance the patient’s quality of life. Although CDD is primarily a genetic disorder affecting the
brain, evidence suggests the presence of systemic abnormalities, such as a redox imbalance in

plasma and skin fibroblasts derived from CDD patients, as well as in cardiac myocytes of a mouse



model of CDD. To elucidate the role of oxidative stress in CDD pathophysiology, this study aimed
to investigate the therapeutic potential of Coenzyme Qi, known for its potent antioxidant
properties, using both in vitro and in vivo models of CDD. Our findings demonstrated that CoQio
supplementation decreased general and mitochondrial reactive oxygen species (ROS) levels and
restored glutathione homeostasis in vitro, using a neuronal cell model lacking the CDKL5 gene.
Notably, CoQiadministered as Ubigsome® provided a protective effect against lipid peroxidation
and DNA damage in the heart tissue of a murine CDD model, the Cdkl5*- female mouse, even

though no alterations in CoQioor CoQ9 content were observed in heart tissues.
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Abstract 1

Statins are the primary treatment for managing elevated cholesterol levels linked to acute
cardiovascular risk. However, their use can lead to side effects, likely due to depletion of Coenzyme
Q1o (CoQu), a crucial part of the mitochondrial electron transport chain and an antioxidant in
membranes. Our study shows that Atorvastatin causes cytotoxic effects in human dermal fibroblasts
by inducing oxidative stress and mitochondrial dysfunction. CoQio supplementation in statin-
treated cells considerably reduced ROS levels and restored mitochondrial oxygen consumption and
the ATP/ADP ratio in the cells. Additionally, the data suggest that at high doses, Atorvastatin’s off-
target effects involve inhibition of mitochondrial respiratory complexes I and III, triggering reverse
electron transport and ROS production at Complex I. These findings highlight the benefits of CoQuo
supplementation for reducing statin-induced cytotoxicity and propose a mechanism explaining the

adverse effects of Atorvastatin treatment.

Abstract 2

CDKLS5 deficiency disorder (CDD), a developmental encephalopathy caused by mutations in the
cyclin-dependent kinase-like 5 (CDKL5) gene, is characterized by a complex and severe clinical
presentation, including early-onset epilepsy, cognitive, motor, visual, and gastrointestinal
impairments. Currently, there is no available medical treatment to mitigate, reverse, or improve the
course of this disease and enhance the patient’s quality of life. Although CDD is primarily a genetic
disorder affecting the brain, evidence suggests the presence of systemic abnormalities, such as a
redox imbalance in plasma and skin fibroblasts derived from CDD patients, as well as in cardiac
myocytes of a mouse model of CDD. To elucidate the role of oxidative stress in CDD
pathophysiology, this study aimed to investigate the therapeutic potential of Coenzyme Q1o, known

for its potent antioxidant properties, using both in vitro and in vivo models of CDD. Our findings



demonstrated that CoQuo supplementation decreased general and mitochondrial reactive oxygen
species (ROS) levels and restored glutathione homeostasis in vitro, using a neuronal cell model
lacking the CDKL5 gene. Notably, CoQio administered as Ubigsome® provided a protective effect
against lipid peroxidation and DNA damage in the heart tissue of a murine CDD model, the CdklI5+-
female mouse, even though no alterations in CoQu or CoQo9 content were observed in heart tissues
or in striated muscle. The results underscore the potential of the antioxidant supplement CoQiuoas a
therapeutic strategy for counteracting the harmful oxidative stress associated with CDKL5
deficiency, or other diseases displaying oxidative stress; however, they also remark the challenge

linked to the biodistribution of CoQuoto peripheral tissues.



INTRODUCTION

1 Introduction

1.1. Cardiovascular diseases and Hypercholesterolemia

Cardiovascular diseases (CVD), consisting of ischemic heart disease, stroke, heart failure, peripheral
arterial disease, and a number of other cardiac and vascular conditions (ASCVD) !, remains a major
cause of premature mortality, contributing to reduced quality of life, and rising health care costs 2.
Dyslipidaemia, and in particular hypercholesterolemia, is recognised as one of the most important
risk factors associated with an increased risk of cardiovascular events 3. Hypercholesterolemia is
quite a common complex lipoprotein disorder defined by elevated plasma concentrations of total
cholesterol. While the focus is generally on low-density lipoprotein-associated cholesterol (LDL-C)
4 there is an increased interest in the consideration of other apoB-containing lipoproteins in the
development of ASCVD (VLDL, IDL, lipoprotein A), with the potential atherogenic actions of the
individual components of the lipidome and proteome of LDL, that goes beyond cholesterol and
apoB e,

Sustained hypercholesterolemia drives pathological outcomes through the retention and alteration
of apolipoprotein B-rich lipoproteins in the arterial intima, which incites endothelial dysfunction,
draws monocytes, fosters foam cell development, and promotes smooth muscle cells proliferation—
key features of atherogenesis. Over time, these processes culminate in the development of
atherosclerotic plaques, which can progress to unstable lesions prone to rupture, thrombotic
occlusion, and acute clinical events such as myocardial infarction, ischemic stroke, or sudden cardiac
death 7. Epidemiological and mechanistic studies have established a linear relationship between
LDL-C exposure and ASCVD risk, with each 38.7 mg/dL (1 mmol/L) reduction in LDL-C associated
with a ~21% relative risk reduction in major vascular events 8. Globally, 4.4 million deaths were
attributed to high LDL-C in 2019, which accounted for 12.6% of all risk-related deaths and had risen

by 46.7% compared to 1990 ° (Figure.1) . In 2019, 44% of global deaths from ischemic heart disease
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was attributable to high LDL cholesterol '°. While the advisable total cholesterol level should be
about 150 mg/dL, with LDL-C at or below 100 mg/dL according to the American Heart Association
1, it’s hard to precisely define the upper limits of cholesterol in plasma, since lipid profiles are
continuous variable that depend on sex, age, pre-existent conditions, used drugs, pregnancy, etc 2.
Although there is no threshold cholesterol below which CVD risk ceases to exist, its incidence is
higher in countries where mean adult levels of serum cholesterol are higher 1. According to the 2025
Consensus on the Clinical Pathway of Blood Cholesterol Management in Taiwan ', the
recommended LDL-C target values are < 130 mg/dL, < 115 mg/dL, <100 mg/dL, <70 mg/dL, and <
55 mg/dL for those at low, moderate, high, very high, and extremely high risk, respectively. Some
doubts have recently emerged about the actual link between high LDL-C blood levels and the
insurgence of cardiovascular events 15, however, the evidence from randomised controlled trials of
statins users demonstrates the benefit from lowering LDL-C levels to less than 1.8 mmol/I (70 mg/dl),

when absolute CVD risk is high 017 18,
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Figure 1. Worldwide increase of ischemic heart disease 1990-2019. Over recent decades, rapid economic development and social
advancements have greatly increased the incidence of metabolic risk factors, which include high systolic blood pressure (SBP), high
low-density lipoprotein cholesterol (LDL-c), high fasting plasma glucose (FPG), and high body mass index (BMI). Source: “Global

Burden of Disease Study 2019 suggests that metabolic risk factors are the leading drivers of the burden of ischemic heart disease” by

W. Wang et al. — Cell metabolism ¥,

Disorders of cholesterol and lipoprotein metabolism may be the result of unhealthy dietary habits
and physical inactivity 2%, uncontrolled diabetes mellitus ?!, and genetics 2. From a pure etiological
perspective, the commonest cause of hypercholesterolaemia is overproduction of LDL, mainly from
VLDL, and a scarce clearance of these lipoproteins from the bloodstream, due to polymorphisms in
certain genes, and in the presence of nutritional excess over energy expenditure 2 2.

Hypercholesterolemia is in fact an heterogeneous disorder, with several subtypes identified,

including familial hypercholesterolemia (FH), polygenic hypercholesterolemia, and secondary

hypercholesterolemia due to underlying conditions or lifestyle factors.
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Primary hypercholesterolemia is primarily driven by mutations in one (monogenic) or more

(polygenic) genes involved in lipoproteins metabolism, or can be idiopathic. Genes involved
comprise: LDL receptor, apolipoproteins APOB, APOA1, APOC2, APOA5, APOE, tribbles homolog
1 (TRIB1), and hepatic lipase (LIPC) 2 26 27 28 29,

It can be pure or combined, as the disorder can be characterized by solely increase of cholesterol, or
also triglycerides.

Primary hypercholesterolemia comprises:

*  Common hypercholesterolemia: polygenic, 70% of prevalence.

*  Familiar hypercholesterolemia (FH, 0.2% prevalence): monogenic (dominant) homozygous
or heterozygous. Most cases are due to mutation of the LDL receptor, with a smaller
proportion due to mutations of the apoB100 gene, and gain-of-function mutations of
proprotein convertase subtilisin kexin 9 (PCSKD9).

*  Autosomal recessive hypercholesterolemia: rare, due to dysfunction of an adaptor protein
(ARH protein) required for receptor-mediated hepatic uptake of LDL.

*  type III hyperlipoproteinemia caused by a defect in the ApoE2 protein, which prevents
efficient clearance of VLDL remnants.

Acquired or secondary hypercholesterolemia is a lipid disorder characterized by elevated

cholesterol levels that develop as a consequence of other underlying diseases or conditions, that
interfere with lipid regulation *. Common causes of secondary hypercholesterolemia include
endocrine disorders such as hypothyroidism, metabolic diseases like diabetes mellitus, kidney-
related conditions including nephrotic syndrome and chronic renal failure, liver diseases (such as
cholestasis or primary biliary cholangitis), and certain medications like steroids, thiazide diuretics,
beta-blockers, and others * 3. Lifestyle factors including unhealthy diet, obesity, and excessive

alcohol intake also contribute.
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Therapeutic strategies for hypercholesterolemia are stratified according to ASCVD risk and LDL-C
targets, as outlined by international guidelines (e.g., ESC/EAS, ACC/AHA) *. Dietary intervention
is a first-line therapeutic approach to manage pure or combined hypercholesterolemia and reduce
cardiovascular risk at all ages; adopting a heart-healthy habits such as dietary patterns
(Mediterranean, Portfolio, and DASH diets) with a focus on reducing saturated fats intake,
increasing viscous fibres, and the introduction of a regular physical activity, have demonstrated to
ameliorate the lipid profile . The decision to go beyond dietary advice and introduce lipid-lowering
medications is based on an assessment of risk, and takes account for the severeness of the
biochemical picture, comorbidities, age 3.
Pharmacological treatments include statins and non-statin drugs, such as ezetimibe, bile acid
sequestrants, and PCSK9 inhibitors.
Statins are the first-line, most effective prescribed therapy, used for primary or secondary
prevention, able to reduce LDL-C up to 60% through upregulation of hepatic LDL receptor (LDLR)
expression and increased LDL clearance . Used in case of detected hypercholesterolemia, or in
presence of risk factors that can increase cholesterol or cardiovascular factors (preventive approach),
their mechanism of action relies on the inhibition of the HMG-CoA reductase, mainly in the liver 3.
There is general agreement in Europe and the USA that the threshold for initiating statin treatment
(for very high risk patients) should be that of LDL-C > 1.8 mmol/l (> 70 mg/dl), and the target of
treatment should be LDL-C < 1.8 mmol/I (< 70 mg/dl) % 3. Patients that would benefit from statin
treatment, according to guidelines, are people with :

- known atherosclerotic CVD (coronary heart disease, stroke, and peripheral arterial disease);

- Type 1 diabetes for longer than 10 years, age > 40 years, presence of microalbuminuria, or

established nephropathy or other major cardiovascular risk factors;
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- Monogenic hyperlipidaemias (which include familial hypercholesterolaemia) and very high
cholesterol (defined by the European recommendations as > 8 mmol/l (309 mg/dl);

- patients with chronic kidney disease.
The different statin therapies lower LDL-C levels with different magnitude, depending on the type,
dose, individual response/tolerance .
When statin treatment is not sufficient, or tolerated, other non-statin medications are prescribed,
alone or in combination with statins or other cholesterol-lowering drugs.
Ezetimibe reduces the absorption of cholesterol by specifically targeting the Niemann-Pick C1-Like
1 protein (NPC1L1) in the small intestine, a transmembrane protein located at the apical membrane
of enterocytes that mediates the absorption of cholesterol (both derived from dietary intake and
biliary) and phytosterols from the gut lumen . When intestinal absorption of cholesterol is reduced,
chylomicrons with a reduced amount of cholesterol are formed, thus cholesterol delivery to the liver
is decreased. This leads to the activation of the SREBPs elements, that eventually lead to an increased
expression of LDLR . However, ezetimibe is less effective than statins, and only reduces LDL-C by
about 20% .
Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors are used when the maximal
tolerated dose of statin is not effective. PCSK9 is involved in the turnover of LDL, specifically
promoting the degradation of LDLR *#; moreover, recent studies have highlighted its role in
exacerbating atherosclerosis through a mechanism independent of LDLR #. PCSK9 inhibitors
include monoclonal antibodies or small interfering RNA, and lower LDL-C by 50-60% by decreasing
PCSK9 and Lipoprotein A levels.
Bempedoic acid lowers LDL-C by 15-25% by inhibiting the hepatic ATP citrate lyase (ACLY) activity
resulting in a decrease in cholesterol synthesis in the liver, and an up-regulation of LDL receptors.

It's employed when statin therapy is not efficient or tolerated.
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Lomitapide and evinacumab are approved for lowering LDL levels in patients with homozygous
familiar hypercholesterolemia, as they are not dependent on LDL receptors for decreasing LDL
levels. Lomitapide inhibits microsomal triglyceride transfer protein (MTP), essential for the
assembly and secretion of very low-density lipoproteins (VLDL) and chylomicrons by the liver and
intestine, respectively. Evinacumab is a monoclonal antibody that inhibits the activity of
angiopoietin-like protein 3 (ANGPTL3), which regulates the body's lipid profile by inhibiting
lipoprotein lipase (LPL) and endothelial lipase (EL); its inhibition results in the increased activity of
LPL and EL, and a decrease in LDL-C, HDL-C, and triglyceride levels. —ref

This thesis will discuss and explore in detail statins.

1.2. Statins

Statins are the treatment of choice for the management of hypercholesterolemia, because of their
safety profile and proven efficacy in preventing the risk of cardiovascular acute events in patients
with an assessed risk and/or a clinical history of CVDs #.

This class of drugs includes several compounds that differ in how effective they are, chemical
structures, pharmacokinetic profiles, and tolerability; however, they all share a common mechanism
of action, as they all are competitive inhibitors of the HMG-CoA reductase, the rate-limiting enzyme
of the mevalonate pathway, that leads to cholesterol biosynthesis .

After the discovery that HMGR was the “pacemaker for cholesterol biosynthesis” by Nancy Bucher
in the 1960’s #, Akira Endo and collaborators started postulating that some microbes may produce
secondary metabolites that could inhibit the enzyme, as a defence mechanism against other
microbes that required sterols and/or other mevalonate-derived isoprenoid compounds for their
growth. In the early 1970s they isolated the first statin, mevastatin (named compactin back then),

from Penicillium citrinum *; the compound was a potent inhibitor of HMG-CoA reductase (HMGCR)
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enzyme and active in vivo, but toxicology studies demonstrated evidence of lymphomas in dogs

receiving 200 mg/kg/day for 2 years ¥. Pravastatin was serendipitously discovered as an active

metabolite of mevastatin found in dogs urines %, followed by lovastatin (at first studied as

monacolin K) introduction by Merck #. Other statins, such as simvastatin, are also derivatives of

fungal products, but are chemically modified * 5. Fluvastatin, cerivastatin, atorvastatin,

rosuvastatin, and pitavastatin are completely synthetic, and all contain a fluorophenyl-substituted

indole ring 2.

1.2.1. Chemistry, pharmacodynamics, and pharmacokinetics of statins

The chemical structure of a statin can be broadly divided into three parts:

1.

the pharmacophore, a modified hydroxyglutaric acid structure, specifically a 3,5-

dihydroxyheptanoic acid unit (3R,5R stereochemistry is critical for activity) that closely
resembles the endogenous substrate HMG-CoA and the mevaldyl-CoA transition state
intermediate. This mimicry allows statins to competitively bind to the active site of the
enzyme HMG-CoA reductase, by forming polar interactions with the enzyme. The moiety
can be present in an active hydroxy-acid form, or an inactive lactone form, hydrolysed in vivo
to the respective active hydroxy-acid form;

an hydrophobic ring structure covalently linked to the pharmacophore, involved in the
binding of the statin to the enzyme; the ring can be a partially reduced
hexahydronaphthalene (lovastatin, simvastatin, pravastatin), a pyrrole (atorvastatin), an
indole (fluvastatin), a pyrimidine (rosuvastatin), a pyridine (cerivastatin), or a quinoline
(pitavastatin);

side groups on the rings that define the solubility properties of the drugs, and therefore many

of their pharmacokinetic properties.

10
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Type 1 statins have a substituted decalin ring structure similar to the natural statin mevastatin. They

include lovastatin, pravastatin, and simvastatin. These statins are either naturally derived or semi-

synthetic, often existing as inactive lactones that require metabolic activation to the active hydroxy-

acid form.

Type 2 statins are fully synthetic and have larger, more complex ring structures with additional

groups such as a fluorophenyl moiety replacing the butyryl group found in type 1 statins. This group

enables additional polar interactions, leading to tighter binding to the HMG-CoA reductase enzyme.

Examples include fluvastatin, atorvastatin, cerivastatin, and rosuvastatin > 5,

R

S-CoA

HMG-CoA

Type 1 statins

Pravastatin

Simvastatin

KPitavastatin

Fluvastatin

Type 2 statins

/
\

Atorvastatin Rosuvastatin

/

Figure 2. Chemical structures of HMG-CoA (natural substrate of HMG-CoA reductase) and different statins. Type 1 and type 2
statins are represented. The pharmacophore is represented in orange, the additional groups in black.

Notably, statins do not compete for the binding of the co-factor NADPH. Because statins are

competitive with respect to HMG-CoA, it appeared likely that their HMG-like moieties might bind

to the HMG-binding portion of the enzyme active site. However, in this binding mode their bulky

hydrophobic groups would clash with residues that compose the narrow pocket which

11
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accommodates the pantothenic acid moiety of CoA. By exploiting the conformational flexibility of
HMGR to create a hydrophobic binding pocket near the active site, the bulky, hydrophobic
compounds of statins occupy the HMG-binding pocket and part of the binding surface for CoA,
contacting residues within helices Lal and La10 of the enzyme's large domain. Thus, access of the
substrate HMG-CoA to the active site of the enzyme is blocked. The tight binding of statins is likely
due to the large number of polar and non-polar interactions between the inhibitors and the active
site of HMGR, which allows for the formation of hydrogen bonds. %. The structurally diverse, rigid
hydrophobic groups of the statins are accommodated in a shallow non-polar groove that is present

only when COOH-terminal residues of HMGR are disordered .

>

R568

Figure 3. Interaction of the cis-loop (residues 682—694 within helices Lal and La10 of the enzyme’s large domain) with the
endogenous substrates HMG, CoA, and NADP (A) and with Rosuvastatin (B). The active site is located at a monomer-monomer
interface. One monomer is coloured yellow, the other monomer is in green. Selected side chains of residues that contact the substrates
or the statin are shown in a ball-and-stick representation. HMG and CoA are coloured in magenta; NADP is coloured in green,
Rosuvastatin is coloured in purple. Source “Structural Mechanism for Statin Inhibition of HMG-CoA Reductase” by Eva S. Istvan
and Johann Deisenhofer — Science *

Enzyme activity assay of HMG-CoA reductase substrate catalytic fragments indicates that statins,

including simvastatin, pravastatin, fluvastatin, cerivastatin, atorvastatin and rosuvastatin, have a

12
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high affinity for HMG-CoA reductase with inhibition constants (Ki) of 5-44 nM while the Michaelis
constant (Km) of HMG-CoA is 4 uM, suggesting that all statins are potent inhibitors of this enzyme
58 59 60,

Statins are also classified in “hydrophobic” and “hydrophilic”; this definition is mainly based on
experimental partition coefficients '. The log P partition coefficient (commonly water-n-octanol) for
un-ionized drugs (or where the pH is adjusted to ensure the predominant species is un-ionized) and
the log D for ionized drugs (pH-dependent), are taken as measures of the lipophilicity of drugs.
Log D is usually measured at pH=7.4 (the physiological pH of blood serum). For un-ionized
compounds, log P =log D at any pH ¢2.

The lipophilicity (log D at pH 7.4) of some of the most prescribed statins are reported in Table 1.

Table 1. Relative lipophilicity (log D and log P at pH 7.4) of some of the most prescribed statins. Source: “Cognitive effects of statin
medications” by B. |. Kelley et al. — CNS Drugs %.

Statin Log D at pH 7.4 Log P at pH 7.0 Comparative lipophilicity  Protein binding (%)
Simvastatin 1.50-1.75 2.06 -+ 95-98

Lovastatin 1.70 - >95

Atorvastatin 1.00-1.25 1.61 +H++ 98

Fluvastatin 1.00-1.25 1.67 -+ 98

Rosuvastatin -0.25-0.50 0.13 ++ 88

Pravastatin -0.75-1.0 -0,23 + 43-67

Based on such data, rosuvastatin and pravastatin are commonly referred to as hydrophilic statins,
while simvastatin, lovastatin, fluvastatin, and atorvastatin are called hydrophobic statins ¢.

Depending upon their chemical structures, statins have different affinities for HMG-CoA reductase,
which determines their pharmacological effects, and different pharmacokinetic properties (i.e. tissue
distribution, metabolic stability, enzymes and transporters involved in their metabolism) 5'. These

characteristics may also be related to the adverse effects of statins, that will be discussed later.
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All statins currently on the market are well absorbed from the intestine. The mechanism for the
intestinal absorption of statins varies from one drug to another, involving passive diffusion and/or
specific transport systems ¢. The main target of statins is the liver, as the homeostasis of the body
cholesterol is controlled by this organ, although other tissues may be reached. To date the human
transporters involved in the uptake of statins have been characterized: pravastatin, cerivastatin,
pitavastatin, rosuvastatin and atorvastatin are substrates of human OATP1B1 (also referred to as
OATP-C/OATP2/LST-1, SLCO1B1/SLC21A6) ¢ ¢ 7. The hepato-selectivity of the statins is related to
the distribution of these transporters (also present in the intestine, where statins are first absorbed),
but also to their lipophilicity. The more lipophilic statins (especially those in lactone form) tend to
achieve higher levels of exposure in non-hepatic tissues, passively and non-selectively diffusing,
while the hydrophilic statins tend to be more hepato-selective .

Metabolism occurs in different ways. Lipophilic statins undergo hepatic and enteric metabolism via
cytochrome P450 (CYP450 family of enzymes) whereas the water soluble statins are excreted largely
unchanged. Pravastatin and rosuvastatin are mainly eliminated from the body by a transporter-
mediated excretion mechanism in the liver, and excreted in the urines; these statins have been not
shown to participate in any clinically relevant drug-drug interactions with CYP450 agents. Other
statins are excreted with the bile © 7071 72,

To respect to the closed or open form of the pharmacophore, statins in the acid form undergo
lactonization, via acyl glucuronide, and the lactonized form can be converted again to the open acid
form by carboxy esterase; subsequently, the compounds are metabolized or excreted into the bile or

urine, or directly metabolized by P450 as the lactone forms .
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1.2.2. Inhibition of the Mevalonate pathway
Statins are competitive reversible inhibitors of HMG-CoA reductase (HMGR) 7. The mevalonate
pathway is an essential anabolic pathway, crucial for cell growth, differentiation and structure of
cell membranes; it uses acetyl-CoA, NADPH and ATP to produce sterols and isoprenoid metabolites
that are essential for a variety of biological processes 7. The synthesized compounds include:
cholesterol and its derivatives (bile acids and steroid hormones), dolichols (essential for protein
glycosylation), heme A (part of the respiratory chain) and the isoprenoid sidechain of ubiquinone
(potent membrane antioxidant, and key component of the electron transport chain).
The efficiency of the pathway partially relies on the availability of the various substrates, that derive
from different processes in the cell: acetyl-CoA is produced following glucose, glutamine or acetate
metabolism; NADPH is produced from the pentose phosphate pathway, isocitrate dehydrogenase,
malic enzyme; ATP production relies on the oxidation of substrates as glucose or fatty acid, therefore
on the mitochondrial function.
The main steps of the pathway are represented in Figure 4:
1. Condensation of two acetyl-CoA molecules to form acetoacetyl-CoA, catalysed by acetyl-
CoA acetyltransferase.
2. Addition of a third acetyl-CoA to acetoacetyl-CoA, forming 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA), catalysed by HMG-CoA synthase.
3. Reduction of HMG-CoA to mevalonate by HMG-CoA reductase, using NADPH. This is the
rate-limiting and key regulatory step.
4. Phosphorylation of mevalonate to mevalonate-5-phosphate by mevalonate kinase.
5. Further phosphorylation to mevalonate-5-diphosphate by phosphomevalonate kinase.
6. Decarboxylation and phosphorylation of mevalonate-5-diphosphate to isopentenyl

pyrophosphate (IPP), releasing CO2, catalysed by mevalonate-5-diphosphate decarboxylase.
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7.

Isomerization of IPP to dimethylallyl pyrophosphate (DMAPP) by isopentenyl-diphosphate
isomerase. IPP and DMAPP serves as monomeric units for the consequent synthesis of all
downstream metabolites in a so-called “head-to-tail” manner, such as 15-carbon
intermediate farnesyl pyrophosphate (FPP).

FPP constitutes the major branch-point in polyisoprene biosynthesis. This compound can
participate in three different sets of enzymatic reactions. In the first set two FPP units, thanks
to repeated “head-to-head” condensations, form squalene, the first intermediate for the sterol
pathway. In the second set of reactions, FPP molecules are converted into long-chain
polyisoprene alcohols. In the third set FPP condensate with isopentenyl, through “head-to-
tail” polymerizations, producing long chain isoprenoids. The main features of these long-
chain polyprenols are that double bonds are in the trans configuration. Once the chain length
reaches 10 isoprene units in human cells, the polyisoprenil tail is transferred to the

benzoquinone head in order to initiate COQ1o biosynthesis.
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Figure 4. Key biochemical reactions of the mevalonate pathway. Mevalonate (MVA) pathway enzymes condense three acetyl-CoA
molecules in a two-step reaction to produce 3-hydroxy-3-methylglutaryl CoA (HMG-CoA). Both reactions are reversible and in
equilibria, with the intracellular concentration of acetyl-CoA being the primary driver. HMG-CoA is then reduced by HMG-CoA
reductase (HMGCR) to produce MVA via an irreversible reaction. MVA is then converted into isopentenyl-diphosphate (IPP)
through a series of enzymatic steps, which serves as a monomeric unit for the consequent synthesis of all downstream metabolites
(metabolites discussed in this Review are highlighted in pink). Dashed arrows indicate multiple steps. ACAT2, acetyl-CoA
acetyltransferase 2; FDFT1, farnesyl-diphosphate farnesyltransferase 1; FDPS, farnesyl diphosphate synthase; FPP, farnesyl
diphosphate; GGPP, geranylgeranyl-diphosphate; GGPS1, geranylgeranyl diphosphate synthase 1; HMGCS1, HMG-CoA synthase
1; IDI, isopentenyl diphosphate isomerase; MVD, mevalonate-diphosphate decarboxylase; MVK, mevalonate kinase; PMVK,
phosphomevalonate kinase. Source “The interplay between cell signalling and the mevalonate pathway in cancer” by P.]. Mullen —
Nature Reviews Cancer 7.

The reduction of the HMG-CoA to mevalonate by the HMG-CoA reductase is the limiting step of

the pathway, meaning the activity of HMGCR controls the overall speed of the pathway. The
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reaction lead by HMGCR is a four-electron reductive deacylation of HMG-CoA to CoA and
mevalonate that proceeds as follows:

(SYHMG-CoA +2NADPH + H* & (R)mevalonate + 2NADP* + CoA-SH .
HMGCR activity and levels are tightly regulated through feedback mechanisms to maintain lipid
homeostasis. The regulation proceeds at four levels:

1. transcriptional: when cholesterol levels are low, Sterol Regulatory Element-Binding Proteins
(SREBPs) bind to the promoter of the HMGR gene, activating its transcription and increasing
enzyme production;

2. translational: high levels of farnesol inhibit the translation of HMGR mRNA;

3. post-translational: low ATP levels activate AMPK, which phosphorylates HMGR at serine
871/872, inhibiting the enzyme;

4. turnover: when high sterol levels are detected through the sterol-sensing domain, the
enzyme is ubiquitinated on specific lysine residues, and degraded in the proteasome
system 7°.

The inhibition of HMGR efficiently decreases the enzyme activity, blocking the mevalonate pathway
upstream. This translates into a lower synthesis of all the metabolic intermediates, starting from

mevalonate, including cholesterol.

1.2.3. Cholesterol-lowering effect in vivo

About 50% or more of the total cholesterol in the body is endogenous and it is mainly synthesized
in the liver, so the liver is the target organ of statins 7.

The associated reduction in intracellular cholesterol concentration induces the activation of the
SREBPs elements, that leads to an increased transcription and expression of LDL-receptor on the

hepatocyte cell surface; this results in an increased extraction of LDL-C from the bloodstream.
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SREBPs activation also leads to an increase in the expression of the HMGR as a feedback mechanism,
which can sound contradictory in terms of efficacy of the therapy; however, cytochrome P450 7A1
(CYP7A1, cholesterol 7a-hydroxylase), which is specific to the liver, transforms intracellular
cholesterol to bile acids, leading to a reduction of cholesterol in hepatocytes, although it is taken up
via upregulated LDL-receptors. Biodegradation of cholesterol in the liver and excretion of bile acids
results in a reduction of total cholesterol in the body. 7

Statins have beneficial effects on plasma lipid profiles beyond lowering LDL-cholesterol: they
modestly increase high-density lipoprotein-cholesterol (HDL-C) blood concentration by
approximately 4% to 10%, and the change is greater in patients with lower baseline HDL-C levels
and in those with the combination of high triglycerides and low HDL-C.

Statins also reduce triglyceride concentrations, which contributes to improved lipid profiles
7. Statins also exert beneficial cardiovascular effects that go beyond their lipid-modifying properties.
These non-lipid effects are often referred to as pleiotropic effects. One key mechanism involves
inhibiting the synthesis of non-steroidal isoprenoid compounds, such as farnesyl-pyrophosphate
(FPP) and geranyl-geranyl-pyrophosphate (GGPP), important for the post-translational
modification of proteins such as prenylation, which is crucial for the function of various proteins
involved in cell signalling and survival .

Anti-atherosclerotic effects of the statins include:

Inhibition of migration and proliferation of arterial myocytes
- Inhibition of macrophage growth

- Inhibition of cholesterol accumulation in macrophages

- Inhibition of cell adhesion

- Induction of myocytes apoptosis in proliferative lesions

- Inhibition of tissue factor expression and activity 8.

19



INTRODUCTION

1.2.4. Side effects of statins

Statins are the most prescribed drugs worldwide, since they are considered safe and effective in
reducing the risk of occlusive vascular events, as reported by meta-analyses of individual participant
data from randomised trials %2. Nonetheless, many statin users — 30% or more — abandon the therapy
within 1 year, due to adverse effects, raising the risk of cardiovascular acute events. The reasons
behind discontinuation of the therapy are many, as statins are associated with an increased risk of
diabetes mellitus (a 10% proportional increase, primarily affecting patients with pre-existing
diabetes risk factors), hepatic transaminase elevations, cognitive dysfunction and several symptoms
such as myalgia, even if a causal link between statin use and these symptom:s is still debated #.
Statin-associated muscle symptoms (SAMS) is the most prevalent registered adverse effect related
to statins. Observational studies indicate an incidence of SAMS of 30%, while on the other hand,
randomized clinical trials suggest a much lower rate (about 5%) % 8 8. Muscle symptoms include
myalgia (intended as muscle pain or aching, stiffness, tenderness, or cramp), myopathy, and
myositis with or without creatine kinase (CK) elevation, and in the most severe cases as
rhabdomyolysis (1-2 cases per 10,000 person-years of statin use) .

SAMS are the most important and commonly reported side effect of statins primarily because they
are the leading cause of statin intolerance, non-adherence, and discontinuation. This is critical
because discontinuing statins due to these symptoms can increase the risk of adverse cardiovascular
outcomes due to inadequate lipid management. Because SAMS can lead to stopping or switching
statins, they represent a major clinical challenge in managing patients requiring long-term

cardiovascular protection ¥.
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1.2.5. Molecular basis of SAMS

How statins injure skeletal muscle is not clear, as the pathophysiology of SAMS is not fully
understood. Several and controversial mechanisms have been proposed. Data and speculations
result from observational studies in statin users or in vitro studies in cell models.

A first factor to take into account is the chemical properties of the statins that influence their
pharmacokinetics. Higher lipophilicity in statins is associated with lower hepato-selectivity because
lipophilic statins more readily cross cell membranes and thus distribute more widely into
extrahepatic tissues, including muscle and other organs, rather than remaining concentrated in the
liver. This broader tissue distribution contrasts with hydrophilic statins, which are more hepato-
selective due to their limited ability to diffuse across cell membranes, leading to preferential uptake
by liver cells. Therefore, a higher hepato-selectivity is believed to reduce the risk of adverse side
effects such as SAMS because this selectivity limits the drug's accumulation in muscular tissue. This
relationship is supported by studies showing that muscle side effects are more common with
lipophilic statins like simvastatin and atorvastatin, compared to hydrophilic ones like pravastatin
and rosuvastatin. The mechanism appears to be multifactorial but includes the dosage, the degree
of uptake and clearance, and a possible accumulation in muscle tissue due to an increase of systemic
exposure, influencing toxicity such as muscle pain, inflammation, and damage % #.

The pleiotropic effects displayed by the statins can be attributed to the consequences of the inhibition
of the mevalonate pathway (on-target effects), that causes decreased biosynthesis of many key
molecules, or to off-target effects.

On-target effects.

The mevalonate pathway is a critical metabolic route responsible for the biosynthesis of cholesterol,

and other essential intermediate metabolites, such as isoprenoids, dolichols, heme A. By inhibiting
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the pathway upstream, at the rate-limiting enzyme level — by a competitive inhibition of HMGR -
statins decrease biosynthesis of multiple intermediate metabolites, essential for the cell homeostasis.
The reduction in cholesterol biosynthesis in muscle cells by statins leads to a reduction in their
cholesterol contents of the plasma membrane. This may cause breakdown of the T-tubular system
and subsarcolemmal rupture, as reported by Draeger et al. *°. However, this hypothesis conflicts with
the fact that cholesterol reduction obtained by squalene synthase or PCSK9 inhibition does not
trigger myotoxicity, suggesting that the toxic effect may derive from the accumulation of
intermediate metabolites, or other off-target effects °! 2.

Some reports support the hypothesis of the lower prenylation of small GTP-binding proteins (Ras,
Rac, Rho) which can lead to altered homeostasis and apoptosis of myocytes % % %,

Many authors support the hypothesis of the secondary deficiency of CoQuoas the leading cause for
SAMS. CoQuo, a lipophilic molecule located in the membranes, plays a pivotal role in the inner
mitochondrial membrane, taking part of the electron transport chain and ATP production.
Moreover, it’s a potent membrane antioxidant and has a role in the biosynthesis of pyrimidines. In
some studies myopathy has been reported to be associated with muscle CoQuo deficiency, while
some other studies question this point, as collected data are contradictory * * 8. For example, Laakson
et al. reported that CoQuo in the skeletal muscle is not reduced by administration of statins while

Paiva et al. showed that it is reduced in patients taking a high dose of simvastatin * 1%,

Off-target effects.

Pleiotropic effects of statins have been described as independent of cholesterol lowering outcomes.
Statins have been described as powerful antagonists of the chloride (Cl-) channel in the muscle

membrane, Pierno et al. reported a marked reduction of the resting chloride conductance (gCl) with
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an increase of sarcolemma excitability that shifted the mechanical threshold for contraction towards
more negative potentials 1°1.

A recent study revealed that SAMS is associated with the off target inhibition of mitochondrial
complex III by statin lactones 1°2. This last remark opens the question about the diverse mechanisms
of action that the different statins may exert. In fact, it's widely discussed that the pleiotropic
observed effects may depend on the chemical structure of the compound, and specifically be
characteristic of the lipophilic statins 1 14, Lipophilic statins have higher pro-apoptotic activity than
hydrophilic statins, which is likely due to differential transmembrane uptake '%. Lipophilicity is
related to hepato-selectivity: the more lipophilic statins tend to achieve higher levels of exposure in
non-hepatic tissues, such as muscle tissue. Rosuvastatin and pravastatin, which mainly rely on active
transport into the liver, tend to display less collateral effects, especially regarding muscle symptoms,
although no statin treatment is recommended in case of rhabdomyolysis. Finally, interindividual
difference in the pharmacological and/or toxic side effects have been associated to genetic variability,
as for example some patients may be more susceptible to SAMS due to polymorphisms in genes
encoding proteins involved in statin uptake and metabolism, such as the solute carrier organic anion
transporter family member 1B1 (SLCO1B1) or cytochrome P450 (CYP2D6, CYP3A4, CYP3A5) 1. An
altered metabolism and clearance of lipophilic statins (hydrophilic are expelled almost unaltered)
may increase their concentration in tissues. Moreover, it has recently been identified that pravastatin,
simvastatin, and fluvastatin inhibit human OATs (organic anion transporters) activity 1%

In this thesis we will discuss the statin-induced side effects in relation to Coenzyme Q1o deficiency.
Statins reduce CoQulevels in blood and muscle tissue, which can impair mitochondrial function and
reduce cellular energy production. This mitochondrial dysfunction leads to muscle symptoms like
fatigue, pain, and in severe cases, rhabdomyolysis. Several studies have shown statin therapy causes

a significant drop in CoQuolevels, correlating with the severity of muscle symptoms 1%,
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One prospective study specifically on atorvastatin revealed a nearly 50% reduction in plasma CoQuo
levels after 30 days of treatment '®. This reduction is relevant since CoQu is essential for
mitochondrial energy production in muscle cells, and its deficiency is linked to muscle-related side
effects like myalgia and exercise intolerance. Supplementation with CoQi has shown promise in
alleviating these muscle symptoms by helping restore mitochondrial function, though more research
is still needed for definitive conclusions. Some meta-analyses have found mixed results, with certain
studies not demonstrating significant benefits, indicating that more research is needed to define the

precise role of CoQusupplementation in statin therapy '1°.

1.3. Coenzyme Q1o

There is consensus that CoQio depletion may be a plausible, though not fully proven, mechanism
behind muscle-related SAMS 1. Case reports and clinical studies have shown muscle symptoms
improving with CoQ10 supplementation in mitochondrial and primary CoQuo deficiency
myopathies, but results in SAMS-suffering patients are inconsistent, with some trials showing
benefit and others not 2.

Coenzyme Q, also named Ubiquinone (CoQ), is a highly hydrophobic molecule ubiquitously
distributed in every eukaryotic cell membrane. Chemically, it’s a 2,3-dimethoxy, 5-methyl, 6-
polyisoprene parabenzoquinone, in which the polyisoprene tail can vary in length, depending on
the species. In humans, coenzyme Q10 (CoQuo) is therefore a 1,4-benzoquinone, in which "Q"
refers to the quinone chemical group and "10" refers to the number of isoprenyl chemical subunits.
The benzoquinone group cycles between a reduced (ubiquinol) and an oxidized (ubiquinone)
form: each carbonyl group can accept one electron, and the redox cycle occurs by the transfer of

one electron at the time, a process that generates a semiquinone intermediate. The tail helps
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anchoring CoQuo firmly within the lipid bilayer of cell membranes, maintaining the molecule’s

proper orientation and mobility within the membranes.
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Figure 5. Coenzyme Q chemical structure and single electron transfer redox reactions of the CoQ head group, whereby CoQ can
cycle through the oxidized (CoQ), radical (CoQH*), and fully reduced (CoQH:) forms. Source “Understanding coenzyme Q" by Y.
Wang et al. — Physiological Reviews 3.

The CoQiohead group is derived from the essential amino acid phenylalanine, which is converted
into tyrosine and, subsequently, 4-hydroxybenzoate (4-HB). Despite this, biosynthetic details of 4-
HB production biosynthesis from tyrosine remain still unclear. The tail is attached to the ring
precursor 4-HB in the matrix side of the inner mitochondrial membrane, through an aromatic
substitution, catalysed by the mitochondrial enzyme COQ2, which represents the rate-limiting
enzyme for the biosynthesis of CoQu, although it has been speculated that Ubiadl, a prenyl-
transferase in the Golgi, may be responsible for this reaction, to produce the pool of non-
mitochondrial CoQu 4. The head group is then modified by other components of the COQ-
synthome, the multiprotein biosynthetic complex involved in CoQu biosynthesis. The ring is
hydroxylated at positions 5 and 6 by COQ6 and COQ? respectively, O-methylated by COQ3 at
positions 5 and 6, and C-methylated at position 2 by COQ5. The sequences of these reactions follow
the chemical logic of electrophilic aromatic substitution (EAS) reactions on the aromatic ring. Finally,

COQ4 is required for the oxidative decarboxylation of the C1 carbon **.
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Figure 6. The primary eukaryotic pathway, conserved from Saccharomyces cerevisiae to humans, of CoQ biosynthesis. CoQ
production begins with the head group precursor 4-HB, derived from tyrosine, and tail subunit IPP, derived from the mevalonate
pathway, which are both transported into the mitochondrial matrix by unknown means. Following tail polymerization and head

group attachment, CoQ intermediates are processed through a series of head group modifications to yield mature CoQ. Biosynthetic
enzymes that catalyze each reaction are denoted by the circled number above each arrow. Unidentified enzymes and transporters are
indicated by circled question marks. Auxiliary proteins with some unclear involvement in CoQ biosynthesis are depicted in red
circles. “+" symbol near dashed arrows designates a hypothesized supportive role for the indicated reaction. Abbreviations: 4-HBz, 4-
hydroxybenzaldehyde; 4-HMA, 4-hydroxymandelate; 4-HPP, 4-hydroxyphenylpyruvate; AADAT, mitochondrial alpha-
aminoadipate aminotransferase; ALDH3A1, aldehyde dehydrogenase 3A1; DDMQ, demethoxy-demethyl-coenzyme Q; DMQ,
demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q; DMAPP, dimethylallyl pyrophosphate; FDX2 (FDX1L), mitochondrial
ferredoxin 2 (ferredoxin 1-like); FDXR, ferredoxin reductase; FPP, farnesyl pyrophosphate; GPP, geranyl pyrophosphate; HPLD,
hydroxyphenylpyruvate dioxygenase-like protein; IDI1, isopentenyl-diphosphate delta isomerase 1; IPP, isopentenyl pyrophosphate;

PDSS1, prenyl (decaprenyl) diphosphate synthase subunit 1, PPDHB, polyprenyl-dihydroxybenzoate; PPHB, polyprenyl-

hydroxybenzoate; PPVA, polyprenyl-vanillic acid; TAT, tyrosine aminotransferase. Source “Coenzyme Q biochemistry and

biosynthesis” by R.M. Guerra et al. — Trend in Biochemical Sciences '°.

CoQu plays different important roles in the cells.
1. It's a crucial component of the electron transport chain in the inner membranes of
mitochondria. It shuttles electrons from Complex I (NADH dehydrogenase) and Complex II

(succinate dehydrogenase) to the cytochrome bcl complex (Complex III), where it is
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oxidized. This electron transfer process at Complex III is called the Q cycle. During the Q
cycle, a ubiquinol molecule (CoQH-2) binds to the Qo site of Complex III and donates two
electrons: one electron is transferred to cytochrome c (which then leaves Complex III) via the
Rieske iron-sulfur protein and cytochrome c1; the other electron is transferred to a bound
ubiquinone (CoQ) at the Qi site via the two cytochromes b, partially reducing it to a
semiquinone radical (CoQH®). Two protons from ubiquinol are released into the
intermembrane space. A second ubiquinol molecule binds to the Qo site and donates two
electrons analogously; at this point the ubiquinol at the Qi site dissociates and two other
protons are released into the intermembrane space. Thus, the Q cycle couples electron
transfer with proton translocation (four in total), and the proton pumping contributes
directly to the proton motive force used by ATP synthase to generate ATP, but also to
maintain the mitochondrial redox balance and to prevent oxidative stress.
2. Coenzyme Qu in its reduced form is a potent antioxidant involved in multiple antioxidant
systems and processes:
e it directly scavenges reactive oxygen species (ROS) and prevents lipid peroxidation
in mitochondrial and cellular membranes, protecting them from oxidative damage.
This process is directly linked to the maintenance of a forward electron flow in the
mitochondrial respiratory chain.
e acts as indirect antioxidant, by helping regenerating other key antioxidants such as
a-tocopherol (vitamin E) and ascorbate (vitamin C).
e canincrease the production and activity of enzymes like superoxide dismutase (SOD)
and glutathione peroxidase, which are crucial for detoxifying ROS and preventing

ferroptosis.
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e influences gene expression related to antioxidant responses via pathways like
Nrf2/Keapl/ARE, promoting the synthesis of detoxifying and antioxidant enzymes.
3. CoQu acts as an electron acceptor and obligatory cofactor of other mitochondrial

dehydrogenases, including:

dihydroorotate dehydrogenase (DHODH), for pyrimidine nucleotides biosynthesis;

glycerol 3-phosphate dehydrogenase (G3PDH), a part of the glycerophosphate

shuttle;

e the electron transport flavoprotein dehydrogenase (ETFDH), a key enzyme of fatty
acid -oxidation and amino acid catabolism;

e proline dehydrogenase (PRODH) and proline dehydrogenase 2 (PRODH2), both of
which are involved in proline, glyoxylate, and arginine metabolism;

e choline dehydrogenase (CHDH), which is primarily found in liver and kidney in
humans and catalyzes the oxidation of choline to glycine betaine;

e sulfide-quinone oxidoreductase (SQOR), which is essential for detoxification of

hydrogen sulfide 3.

At the same time CoQ is involved in ROS production in the ETC. It remains to be established to what
extent the amount of CoQ and its redox state contributes to total mitochondrial ROS in a given cell
or cell type in a particular physiological state 7. In the ETC, Complex I and Complex III are generally
detected as sources of ROS. At Complex I, electrons move from NADH to the flavin mononucleotide
(FMN, the Ir site) to iron-sulfur clusters, and finally to CoQ. The CoQ reduction site (the Iq site) is
located at the junction of the hydrophobic membrane arm and the hydrophilic matrix arm !,
Complex I-linked substrates (i.e., glutamate, malate or pyruvate) provide NADH that feed electrons

to the respiratory chain in the forward direction, contributing to the generation of ROS possibly from
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the Ir site, the N2 centre, or the CoQ* 1120, Complex I can also produce ROS when electrons flow
through Complex I in the reverse direction, in which electrons flow back from CoQH: to Complex I
and reduce NAD+ to NADH. In this scenario, a highly reduced CoQ pool (that provides the
electrons) and a high protonmotive force are necessary, but it is still debated which site actually
contributes to the ROS generation ?!. Complex III catalyses a reaction of net oxidation of CoQH: and
reduction of Cyt ¢, in a process (the Q cycle) that may involve single electron transfers, according to
some authors. The formation of a CoQ* intermediate after the first electron transfer (Qo site) has
been postulated but not demonstrated 2> 12, however, blocking Qo with inhibitors such as
stigmatellin, prevents ROS formation. On the other hand, X-ray and cryo-EM structural studies have
documented a CoQ occupancy within the Qi site 12 124, Mechanistically, heme bH reduces CoQ to
CoQe- after an electron is transferred from the first CoQHz, and reduces CoQ*- to CoQH: after a
second oxidation event. As the CoQ* intermediate that is formed after every first electron transfer
needs to remain at the Qi site until the second electron transfer, the CoQ*- in the Qi site is predicted
to be tightly bound and stable. Antimycin A, the best-known Qi site inhibitor, blocks the electron
transfer from heme bH to the Qi site and thus inhibits the reduction of the CoQ pool at the Complex
II1 125 126,

CoQuois unevenly distributed in cells and tissues, with higher concentrations found in tissues with
greater energy demands. The highest levels of CoQuoare present in the heart, liver, kidneys, and
muscles, which require more ATP for their functions. These tissues contain higher amounts of CoQuo
per gram of protein to support the intense mitochondrial activity needed for energy production.
CoQuoin muscle cells is predominantly located in the mitochondria, where it plays a critical role in
the oxidative phosphorylation process necessary for ATP production. Muscles with a high oxidative
metabolism, such as those composed mainly of slow-twitch (type I) fibers, contain higher

concentrations of CoQuo compared to muscles with predominantly fast-twitch (type II) glycolytic
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fibers. This distribution reflects the higher mitochondrial content in oxidative muscle fibers '%7.
Studies show that mitochondrial CoQuolevels increase with muscle maturation and are correlated
with markers of oxidative metabolism such as succinate dehydrogenase (SDH) activity and slow
ATPase activity. Muscles relying on oxidative metabolism have more CoQuoto support their greater
energy needs and protect against oxidative damage, especially with aging.

Therefore, given the importance of CoQuo, and given the high energy demand of muscle cells, it can
be easily asserted that statin-induced CoQu depletion may impair mitochondrial respiratory
capacity, leading to reduced energy availability and increased oxidative stress in muscle fibers, and
that this alteration of homeostasis can contribute to symptoms such as muscle pain, weakness,
cramps, and fatigue observed in many patients on statins.

Besides, there is a clear analogy between the symptoms experienced by patients with primary
Coenzyme Quo deficiency and those seen in statin users. Primary CoQuodeficiency is a rare, inherited
disorder characterized by low levels of CoQuin tissues, particularly affecting the brain, muscles,
kidneys, and heart, due to mutations in one or more genes involved in CoQiobiosynthesis.
Symptoms of primary CoQiodeficiency often include muscle weakness, exercise intolerance, muscle
pain, and elevated creatine kinase levels, closely mirroring the muscle symptoms seen in statin-
treated patients. The impact of creatine kinase levels, which are index of cell damage, is still debated,
as observational studies cannot directly link high levels of creatine kinase to the insurgence of SAMS
128129 In both conditions, the underlying issue seems to be an impaired mitochondrial energy
production due to insufficient CoQuo, that leads to muscle dysfunction and damage. This similarity
supports the idea that statin-induced CoQio depletion (secondary deficiency) contributes to the
development of SAMS. This analogy strengthens the rationale for considering CoQuo
supplementation to potentially alleviate muscle symptoms associated with statin therapy, though

clinical response can vary '*. In primary CoQu deficiency, supplementation is critical to prevent
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progression, highlighting the essential role of CoQu in muscle and systemic health. However,
response to CoQiuo supplementation can vary, likely depending on the cause of CoQuo deficiency,
individual polymorphisms, dosage and duration of treatment *.

CoQuois absorbed primarily through the small intestine, with some authors highlighting that the
bioavailability of the reduced form is superior over the oxidized form. Once absorbed, it is
incorporated into chylomicrons and transported to the liver via the lymphatic system. In the liver,
CoQuo is then redistributed into the bloodstream, where it binds predominantly to lipoproteins
including very low-density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density
lipoproteins (HDL) 3'. CoQ1o molecules maintain their original form (reduced or oxidized) when
incorporated into the lipoproteins after intestinal absorption '*2. Once incorporated into lipoproteins,
they are transported through the bloodstream via VLDL, LDL, and HDL to various tissues. The main
pathways of CoQuo elimination are through the bile ducts and feces; a small fraction is eliminated in
the urine . However, exogenous supplementation may not always work effectively due to several
reasons related to its absorption, metabolism, and delivery to tissues. CoQuois highly hydrophobic
and tends to crystallize, which limits its absorption in the gastrointestinal tract, where it needs to
dissolve into a watery environment before absorption '*. Some individuals inherently have a low
capacity to absorb Coenzyme Q1o (CoQuo) due to genetic variations and other factors influencing its
metabolism and transport. For example, genetic polymorphisms in genes such as NQO1 (NAD(P)H
quinone dehydrogenase 1 and apoE have been shown to affect CoQuo levels in the body and its
response to supplementation. Certain genotypes are associated with lower baseline CoQuolevels and
altered metabolism, which can lead to reduced absorption efficiency or altered distribution of CoQuo
in tissues 135 1%, Even when blood CoQuolevels rise, its transport into tissues and cells is complex and
not fully understood. Cellular uptake mechanisms may involve endocytosis of lipoprotein particles

or interaction with specific plasma membrane transport proteins, but the exact pathways remain
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unclear. Efficient delivery to mitochondria in target tissues remains a challenge '¥. Effective

supplements often require crystal modification or formulations to enhance bioavailability 3.

1.3.1. CoQu formulations

To overcome the issue of its low adsorption and bioavailability, various formulations of CoQiohave
been conceived. For example, CoQiodissolved in oils such as soybean or palm oil 16117 141, medium-
chain triglycerides oleogels 2, or other vegetable oils tends to have better stability and absorption
than powder-based forms.

Liposomes, nanocapsules, and nanoemulsions are advanced pharmaceutical and nutraceutical
delivery systems designed to enhance the solubility, bioavailability, and targeted delivery of drugs
and nutrients like Coenzyme Quo.

Liposomes are spherical vesicles composed of one or more phospholipid bilayers, mimicking
natural cell membranes that can encapsulate both hydrophilic compounds (in the aqueous core) and
lipophilic compounds (within the lipid bilayer). Nanocapsules are nano-scaled vesicular systems
where the drug is confined to a cavity surrounded by a polymeric membrane. They offer protection
of sensitive drugs and controlled release profiles; polymers can be natural or synthetic,
biodegradable or non-biodegradable. Nanoemulsions and microemulsions are oil-in-water

emulsions with droplet sizes typically below or over 200 nm respectively, stabilized by surfactants.
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Figure 7. Schematic representation of different types of lipid-based nanoparticles for drug delivery. Source: “Exploring the
therapeutic potential of lipid-based nanoparticles in the management of oral squamous cell carcinoma” by A. Chaudhary -
Exploration of Targeted Anti-tumor Therapy 4.

Examples of advanced CoQ1oformulations designed to improve bioavailability are Qter®, LIBADDS
and Ubigsome®.

Qter® is a water-soluble CoQuo formulation, obtained by terclatration of native CoQuo. This technique
involves grinding native CoQiowith a pharmaceutically inactive matrix of maltodextrins to maintain
CoQuin its monomeric form, which significantly enhances its bioavailability and biological efficacy.
Research by Bergamini et al. demonstrated that Qter® has much better cellular uptake compared to
native CoQu, requiring doses 10 to 100 times lower to achieve similar intracellular and
mitochondrial CoQuolevels. Unlike native CoQuo, which tends to accumulate in extra-mitochondrial
membranes and has limited mitochondrial availability, Qter® effectively reaches and integrates into
the inner mitochondrial membrane where it exerts its functional roles 4.

In LiBADDS (Lipid-Based Auto-Emulsifying Drug Delivery System), CoQuis dissolved in medium-

chain triglycerides and other lipids and is absorbed on a solid mixture composed mainly of
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maltodextrin and sodium starch octenyl succinate under mechanical stirring. In this formulation,
the maltodextrin matrix acts as a carrier supporting CoQu in a dispersed state, improving its
dissolution profile when in contact with gastrointestinal fluids 4.

For the study presented in this thesis, we have tested CoQuoformulated as Ubiqsome®, provided by

Indena S.p.A., which co-funded the Ph.D. project.

1.3.2. Ubiqsome®

Ubigsome® is a lipid-based formulation that encapsulates CoQu in liposome-like phospholipid
vesicles named Phytosome® The basic difference between liposomes and Phytosomes® is that, in
liposomes, the active biomaterial is dissolved in the central cavity containing or in the layers of
the membrane(s), in Phytosomes® it is an integral part of the membrane, being the carried
molecules stabled through chemical bonds to the polar head of the phospholipids 4.

Another substantial difference is the preparation.

Liposomes are formed by physically encapsulating the active compound inside phospholipid
bilayer vesicles. The process generally involves hydrating a thin lipid film formed of phospholipids,
followed by mechanical dispersion and sonication. Phytosomes® are prepared by chemically
complexing (binding) phytoconstituents with phospholipids, usually phosphatidylcholine. This
process is done in an aprotic organic solvent where phospholipids and the active compounds
interact to form a molecular complex typically in a 1:1 or 2:1 molar ratio. After complex formation,
solvent removal and drying methods like vacuum evaporation, precipitation, lyophilization, or
spray drying isolate the Phytosome® complex. The resulting chemical bonding between

phospholipid polar heads and the phytochemical is key to enhance stability and bioavailability.
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Figure 8. Schematic representation of Phytosome® preparation. Phospholipids (commonly phosphatidylcholine) and the
phytochemical (bioactive plant compound) are each dissolved in suitable organic solvents such as dichloromethane or methanol. The
two solutions are mixed by gentle stirring, allowing the phytochemical to form a chemical complex with the polar head groups of the

phospholipids via hydrogen bonding. Lastly, the solvent mixture is evaporated under vacuum or rotary evaporation to form a thin,
dry film of the Phytosome® complex. Source “Phytosomes as a New Frontier and Emerging Nanotechnology Platform for
Phytopharmaceuticals: Therapeutic and Clinical Applications” by S. Koppula et al. — Phytotherapy Research 1.

The bioactive compound is chemically bound to the phospholipid, forming a stable complex 46 14,

Ubigsome® has already been studied in vitro by Rizzardi et al. 1%, who investigated the bioenergetic
and antioxidant effects of Ubigsome® in human intestinal (I407) and rat muscle (H9¢2) cell lines. The
study found that Ubigsome® significantly increases cellular and mitochondrial CoQu content,
improving mitochondrial function and antioxidant capacity compared to equivalent concentrations
of standard CoQu. Cicero et al. ', conducted a double-blind, randomized, placebo-controlled
crossover study that showed that Ubiqgsome® improved plasma total antioxidant capacity and

endothelial reactivity in healthy subjects, supporting cardiovascular health benefits.
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1.4. CDKLS5 deficiency disorder

CDKLS5 (cyclin-dependent kinase-like 5) deficiency disorder (CDD) is a rare and severe X-linked
developmental encephalopathy caused by mutations in the CDKL5 gene, with an estimated
incidence of approximately 1 in 40,000 to 60,000 live births and a female-to-male ratio of 4:1 (males
rarely survive fetal development) ''; clinically overlapping with the Rett syndrome, CDD is
considered a different disease, even though CDKL5 mutations can arise also in patients suffering
from Rett syndrome. CDD manifests with profound neurological symptoms including early-onset
seizures, intellectual disability, cortical visual impairment, disrupted sleep patterns, and significant
motor deficits. Advances in clinical characterization have expanded the phenotypic spectrum to
include frequent peripheral manifestations such as gastrointestinal dysfunction, irregular
respiration, hypotonia, and scoliosis '52. The CDKL5 gene encodes a serine-threonine kinase highly
expressed in neurons, particularly localized within axons, dendrites, and dendritic spines 5. Mouse
models of CDD demonstrate that loss of CDKL5 expression in the central nervous system results in
impairments across motor, sensory, cognitive, and socio-emotional behaviours, mirroring the
human clinical phenotype. Studies using Cdkl5-deficient mice and neuronal cultures have
consistently implicated CDKL5 in critical neuronal processes including survival, dendritic
branching, axonal growth, and synaptic functionality >*. Recent evidence indicates that the role of
CDKLS5 extends beyond the CNS, affecting non-neuronal tissues. Notably, heterozygous Cdkl5 +/-
female mice exhibit cardiac structural and functional abnormalities, including QTc interval
prolongation, elevated heart rate, fibrosis, mitochondrial dysfunction, and increased reactive oxygen
species (ROS) production - markers commonly associated with cardiac aging. Correspondingly,
Cdkl15-null brains display features of accelerated neuronal senescence, encompassing elevated DNA
damage and mitochondrial deficits. These findings correlate with reports of systemic redox

imbalance observed in plasma samples from CDD patients. Oxidative stress, is increasingly
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recognized as a common pathogenic mechanism in various neurodevelopmental disorders. Besides,
CDKLS5 deficiency is associated with mitochondrial dysfunction: studies in patient-derived neuronal
cells and Cdkl5-null mouse models reveal significant impairments in mitochondrial bioenergetics
155, Coenzyme Quo plays a crucial role as antioxidant, protecting mitochondrial and cellular
membranes from free radical damage, and ameliorates mitochondrial functions . CoQuo
supplementation is still debated, given its poor bioavailability, even if some studies report benefits
in terms of protection from oxidative stress in neurodegenerative diseases, cardiomyopathies, and
metabolic disorders, although no direct correlation between the onset of the disease and CoQuolevels

have been reported 157 1%,
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Aim of the study

Statins are the cornerstone therapy for the primary and secondary prevention of cardiovascular
disease due to their potent LDL-cholesterol-lowering effects. However, their use is associated with
a range of adverse effects, most notably statin-associated muscle symptoms (SAMS), which can lead
to discontinuation and compromised cardiovascular protection. The pathogenesis of SAMS is
multifactorial, but a leading hypothesis implicates that statin-induced depletion of Coenzyme Q1o
(CoQu), a critical cofactor in mitochondrial respiration and antioxidant defence, may be one of the
main causes. CoQiodepletion, in fact, may contribute to mitochondrial dysfunction, oxidative stress,
and muscle damage. While CoQuo supplementation in statin users has been proposed as a strategy
to mitigate side effects and gain compliance, clinical evidence remains inconsistent, partly due to
variability in formulations and dosing regimens. This study aimed to investigate how Atorvastatin
exerts toxic effects in human dermal fibroblasts. Atorvastatin is one of the most prescribed statins
and is associated with a range of side effects, some of which are reported more frequently or severely
than with other statins. Atorvastatin is administered as a prodrug, since the pharmacophore is in
lactone form. The lactone ring of statins has been implicated in the drug's lipophilicity and a possible
accumulation in peripheral tissues, due to a scarce hepato-selectivity, may be responsible for side
effects. Moreover, the lactone ring may be display off-target effects, as already demonstrated by
Schirris et al. 12, who have reported that these drugs can inhibit the Qo centre of complex III. Here
we investigated the effects linked to CoQuo deficiency and off-target effects likely due to a high
concentration used. We used the potential beneficial effects of Ubigsome®, a CoQuo formulation to
alleviate Atorvastatin-induced side effects, addressing a significant unmet need in statin therapy.
Moreover, the collaboration with another team of researchers, gave us the opportunity to test the
efficacy of Ubiqsome® treatment in vivo, establishing an additional objective for this thesis. This side

project served as a complementary endeavour to the main study, providing an opportunity to
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address a significant challenge: the biodistribution of CoQu in peripheral tissues, and the

effectiveness of the oral supplementation.
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2. Materials and Methods

2.1. Cell Cultures and Treatments

Human dermal fibroblasts (HDF) from a healthy middle aged donor, were cultured in Dulbecco's
Modified Eagle Medium (DMEM, Euroclone, Milan, Italy), supplemented with 10% fetal bovine
serum (FBS), 100 L.U./mL Penicillin and 100 pug/mL Streptomycin, and grown at 37 °C in 5% CO2
with saturating humidity. For drug treatment, cells were seeded on an appropriate support and
grown for 24 hours in complete culture medium before treatment. Cell count for seeding was
performed by using the Trypan blue exclusion method '*; protein content was assessed by using the
Lowry method . Treatments were performed using Atorvastatin Calcium, Ubiqgsome® (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 are referred to the equivalent CoQio present in the

formulation.

HDF from a patient handling a mutation in the enzyme COQ? (patient P118 '°') were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Euroclone, Milan, Italy), supplemented with 10% fetal
bovine serum (FBS), 100 I.U./mL Penicillin and 100 pg/mL Streptomycin, and grown at 37 °C in 5%
CO2 with saturating humidity. Cell count for seeding was performed by using the Trypan blue
exclusion method '*; treatments were performed using Atorvastatin Calcium (Sigma-Aldrich St.

Louis, MO, USA), with or without UBQ, for 24 hours.

Wild type and CDKL5-KO (CRISPR-Cas9 generated ¢2) SH-SY5Y neuroblastoma cells (ECACC,

Sigma-Aldrich, St. Louis, MO, USA) cells were cultured in Dulbecco’s modified Eagle’s medium
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(DMEM; Euroclone, Milan, Italy). Cell count for seeding was performed by using the Trypan blue
exclusion method '*; treatments were performed using Ubiqsome® (UBQ, Indena, Milan, Italy) or

Phytosome® alone for 24 hours.

2.2. Viability assay

For Atorvastatin treatments 3 x 10° HDF per well were seeded on a multi-96 well plate and let attach
for 24 hours before treatment. For the treatments, cells were incubated with a range of concentrations
between 3 uM and 100 uM of Atorvastatin for 24 hours, 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 '*. 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 pl of DMSO per
well were added to dissolve formazan salts. Absorbance was read at A=570 nm using a Victor Nivo

multiplate reader spectrophotometer (PerkinElmer, Waltham, MA, USA).

HDEF-P118 were seeded at a density of 5x10° HDF per well on a multi-96 well plate and let attach
for 24 hours before treatment. Cells were incubated with a range of concentrations between 3 uM
and 300 uM of Atorvastatin for 24 hours, or Atorvastatin + 10 nM UBQ, and viability was evaluated

via MTT.

2.3. Oxygen consumption rate

Oxygen consumption rate was measured in HDF using a Seahorse XF24 Extracellular Flux Analyzer
(Agilent, Santa Clara, CA, USA). 1 x 10* cells per well were seeded onto a Seahorse XF24 cell culture
microplate and incubated for 24 hours prior to treatment with 3 uM, 30 uM, 50 uM, 100 pM

Atorvastatin with and without 10 nM UBQ. Plates were washed with Seahorse assay media
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(Seahorse Bioscience, Billerica, MA, USA), supplemented with 1g/L glucose, 1mM sodium
pyruvate, and 2 mM L-glutamine, and incubated in a CO2-free incubator at 37°C for 1 hour 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; rotenone 1 uM and antimycin
A 5 uM to block the mitochondrial chain at the end of the experiment. Cells were counted using Cell
Imaging Reader BioTek Cytation 1 (Agilent, Santa Clara, CA, USA) prior to the analysis, to normalize

data.

For SH-SY5Y and SH-SY5Y-KO, the cellular oxygen consumption was measured through
polarography, using an oxygraph chamber (Instech Mod. 203, Plymouth Meeting, PA, USA), as
reported in ¢ Briefly, SH-SY5Y and SH-CDKL5-KO cells were washed in NaCl 0.9% and
trypsinized; cells were collected and centrifuged, and the pellet was resuspended in non-complete
medium. The cell suspension was put in the oxygraphy chamber, and the oxygen consumption rate
was measured in the basal condition and in presence of oligomycin A 0.4 uM, FCCP 2 uM, and

rotenone 1 uM plus antimycin A 5 uM. The results were normalized on total protein content.

2.4. Nucleotides extraction

Nucleotides from cultured HDF were extracted following Jones et al. > with minor modifications
and quantified by HPLC. Briefly, 1.5 x 10° cells were seeded in a T25 flask and let ad-here for 24 hours
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 x 4.6 mm), with A=260 nm. ATP and ADP were
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quantified by measuring the area under the curve of identified peaks and interpolating the result in
a standard curve. Data were normalized on protein content.

Nucleotides from homogenized heart and muscle tissues were extracted similarly.

2.5. CoQ quantitation

2.5.1. Coenzyme Q1 content in Atorvastatin-treated HDF

CoQuowas extracted from cultured cells as described by Takada et al. ' with minor modifications.
Briefly, cells were pelleted and resuspended in 200 pl PBS. 10 ul 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 minutes and centrifuged at 1800 g for 10 minutes. 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.
20 pL of samples were injected into a two-pump HPLC system equipped with photodiode array
detector (Agilent, Santa Cruz, CA, USA) and a C18 column (Kinetex, Phenomenex, 5 um 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 CoQ7 and
CoQu 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 extraction yield (based

on extracted CoQ)y) .

2.5.2. Coenzyme Q content in plasma
Total plasma CoQy and CoQuo content was measured through high-performance liquid
chromatography (HPLC) as described above, with minor modifications. 200 uL of plasma were

diluted 1:1 with bi-distilled water before the application of the protocol.
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2.5.3. Coenzyme Q content in tissues

Total CoQy and CoQuolevels were also measured in heart and muscle tissue homogenates. Briefly,
tissues were homogenized using a Turrax; the homogenates were then subjected to 15 strokes in a
glass potter and filtered with gauze. The resulting homogenates were extracted for CoQs and CoQuo
as described above. All procedures were carried out at 4°C. The CoQ content was normalized to the

protein content, measured with the Bradford method '*’.

2.6. Mitochondrial mass

Mitochondrial mass was assessed by measuring the citrate synthase activity 18 in a 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); 500 uM oxalacetate was used to start the reaction. The enzymatic activity

was measured following the reduction of DTNB to TNB (¢ =13.6 mM-1 cm™) at A=412 nm over time.

2.7. Mitochondrial chain functionality in permeabilized cells

Activity of the electron transport chain (ETC) was measured by OCR using a Sea-horse XF24
Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA) after 24 hours treatment with 30 pM
Atorvastatin, 10 nM UBQ or both. 1.5x10* cells were seeded in a Seahorse XF24 cell culture
microplate and incubated for 24 hours prior to treatment; the day of the experiment the plates were
washed with Seahorse assay media (Seahorse Bioscience), and incubated in a CO2-free incubator at
37°C for 1 hour 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

44



MATERIALS & METHODS

glutamate/malate and 40 pM malonate, while Complex II-related respiration was conducted adding
10 mM succinate and 1 uM rotenone to the medium. Basal oxygen consumption was measured.

A similar experiment was conducted by measuring Complex I and Complex II-driven OCRs after
acute treatment with 30 uM of Atorvastatin. In this case 3 x 10 cells were seeded in a Seahorse XF24
cell culture microplate and incubated for 24 hours prior to treatment; the day of the experiment, the
plates were treated as mentioned above, and substrates for Complex I or Il were provided. After the
initial basal respiration record, 30 uM of Atorvastatin, or an equal volume of Seahorse medium were

injected and OCRs were recorded.

2.8. Mitochondrial chain functionality in isolated mitochondria

The activity of the mitochondrial chain was also measured in isolated freeze-thawed mouse liver
mitochondria. Mouse liver mitochondria were isolated according to Bergamini et al. 1 with minor
modifications; 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. 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
containing a respiration buffer (0.25 M sucrose, 50 mM HEPES, 4 mM MgSO4, 10 mM KH2PO4, pH

7.4); the reaction was started by adding 20 mM of succinate to the chamber.
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2.9. Complex I activity

Specific Complex I hydrogenase activity in the presence of Atorvastatin was assayed
spectrophotometrically as in Spinazzi et al. 1”° 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 uM antimycin A, 1 mg/ml BSA and 70 uM NADH (¢ = 6.22 mM-1 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)s]*- (¢ =1 mM-1 cm™) reduction 7! in 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 contain-ing a 50 mM potassium phosphate
buffer, 1 mg/ml BSA and 25 uM antimycin A; 70 uM NADH and 250 uM of [Fe(CN)s]>- were used to

start the reaction and [Fe(CN)s]*>- re-duction was followed over time at A=420 nm.

2.10. Complex II activity

Complex II activity in the presence of Atorvastatin was assayed spectrophotometrically as in
Spinazzi et al. '7°, using a Jasco V-750 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 phosphate buffer at pH 7.5; 50 uM decyl-ubiquinone (DB)
and 2,6-Dichlorophenolindophenol sodium salt hydrate (DCPIP, € = 16 mM-1 cm™) were used to

start the reaction; DCPIP reduction was followed over time at A=600 nm.
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2.11. Oxidative stress

2.11.1. 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-H2DCFDA, Thermo Fisher
Scientific, Waltham, MA, USA). 2 x 104 cells per well were seeded onto a 24 well plate and incubated
for 24 hours with 30 uM of Atorvastatin, 10 nM UBQ or both. Positive controls were generated
adding 300 uM of hydrogen peroxide. Then cells were loaded with 5 uM of the probe for 45 minutes
at 37°C and washed twice with Hanks' Balanced Salt Solution (HBSS). Epifluorescence was captured
using a Zeiss Celldiscoverer7 (Zeiss, Jena, Germany), in a controlled atmosphere (37°C, 5% CO),
with the green channel. Single-cell fluorescence intensity was analysed with Image] Version 1.54p

(National Institutes of Health, Bethesda, MD, USA).

Oxidative stress in SHSY-5Y and SH-CDKL5-KO was measured in intact cells using the reactive
oxygen species indicator 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA, Thermo Fisher
Scientific, Waltham, MA, USA), as previously described. Briefly, the cells were seeded in 96-well
plates at 4 x 10* cells per well. After 24 hours to allow adhesion, the cells were incubated with 100
nM UBQ or Phytosome® dissolved in complete medium for 24 hours at 37 °C in 5% CO2. After this
time, the cells were incubated with 10 uM DCF-DA in complete medium for 30 minutes, washed
with Hank’s balanced salt solution (HBSS), and the fluorescence value in each well was measured
(Aex = 485 nm; Aem = 535 nm) with a plate reader (Enspire, Perkin Elmer, Shelton, CT, USA). The

fluorescence emission was normalized on protein content using the Lowry method.
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2.11.2. Measurement of mitochondrial ROS production in intact cells

Mitochondrial ROS production (mROS) in HDF was measured 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, Martinsried, Germany) and
incubated for 24 hours prior to treatment with 30 uM Atorvastatin or 10 nM UBQ. For mROS
detection cells were loaded with 5 uM Mito-SOX Red for 30 minutes at 37°C and washed twice with
HBSS before the measurement. The cells were then imaged using a Leica SPE confocal microscope
at Aex=396 nm; Aem = 610 nm (Leica Microsystems, Wetzlar, Germany) and analysed using the 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 hours prior to
treatment with 30 uM Atorvastatin. Cells were stained with 1 uM MitoSOX Green for 30 minutes at
37°C and washed twice with HBSS; 20 mM succinate in HBSS were added to each well before the
measurement, in order to observe reverse electron transport. Green fluorescence was acquired using
a multi plate reader spectrophotometer (PerkinElmer Victor Nivo, Waltham, MA, USA).

mROS in SHSY-5Y were measured by MitoSOX Green as described above, seeding 10x10° cells/well

in a multi-96 plate, and using 5 uM of probe.

2.11.3. Measurement of membranes peroxidation in intact cells

The determination of membrane lipid peroxidation was performed using the lipid peroxidation
sensor dye STY-BODIPY 172. 1 x 10 cells per well were seeded in a p-Slide 8 Well (Ibidi, Germany)
and incubated for 24 hours 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 hour, 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 C1si confocal microscope (Nikon, Tokyo, Japan)

48



MATERIALS & METHODS

and fluorescence intensities were quantified using the Image] software Version 1.54p. Fluorescence
was acquired by two-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.

2.11.4. Glutathione content assay

The glutathione (GSH) levels were quantified using a bioluminescent GSH/GSSG-Glo® kit (Promega,
Madison, WI, USA), following the manufacturer’s instruction. Briefly, cells were seeded in 96-well
plates at 4 x 10* cells per well and let adhere for 24 hours. The cells were then incubated with 100 nM
UBQ or vehicle dissolved in complete medium for 24 hours at 37 °C in 5% COz. After this time, the
cells were lysed with 25 uL. GSH or GSSG lysis reagents, and luciferin generation reagent was added
(50 uL), followed by luciferin detection regent (100 pL). The luminescent signal was measured with
a Glomax microplate reader (Promega, Madison, WI, USA), and the GSH/GSSG ratio was calculated
as [(net total glutathione RLU — net GSSG RLU)/(net GSSG RLU)] x 2, where RLU stands for Relative

Light Units.

2.11.5. Measurement of lipid peroxidation products in tissue homogenates

Lipid peroxidation in the heart tissue homogenates from Cdkl5%- and Cdkl5*+ female mice was
assessed by measuring the biomarker Malondialdehyde (MDA) as in Reilly et al. 3. Briefly, the
quantification of MDA was performed through reaction with thiobarbituric acid (TBA), and the
measurement of the TBA-MDA adduct was carried out at 535 nm using a Jasco V-750
spectrophotometer. 1,1,3,3-tetramethoxypropane (Sigma-Aldrich, St. Louis, MO, USA) was used as

standard.
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2.11.6. ROS production in isolated mitochondria

ROS production in isolated mouse liver mitochondria was followed over time as in Fato et al. '7* with
minor modifications. 0.5 mg/ml mitochondria were energized with 70 uM NADH, or 20 mM
succinate, in presence of different concentrations of DMSO-dissolved Atorvastatin ranging from 12.5
UM to 100 uM, and 5 puM of the fluorogenic dye 2',7"-Dichlorodihydrofluorescein diacetate (DCFDA).
Fluorescence of oxidized DCF was recorded every 5 minutes in a multi plate reader

spectrophotometer (PerkinElmer Victor Nivo, Waltham, MA, USA).

2.12. Real time PCR

A set of genes central for mitochondrial function was tested with Real-Time PCR. Briefly, 2 x 10° cells
were seeded in a multi-6 well plate and allowed to attach for 24 hours before treatment. Cells were
incubated with 30 uM of Atorvastatin with and without 10 nM of UBQ for 6 hours. After the
incubation period, cells were washed with cold PBS, detached by trypsin, and centrifuged at 7500
rpm at 4°C. The pellets were transferred into liquid nitrogen and stored at -80°C until processed.
Gene expression analysis was used to quantify the possible change in expression of a selected set of
genes: citrate synthase (CS), succinate dehydrogenase (SDH), peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-la), and electron-transferring-flavoprotein
dehydrogenase (ETFDH). SYBR-green Real-Time qPCR (PowerUp™ SYBR™ Green Master Mix;
ThermoFisher) was used for gene expression analysis, using 3-Actin and GAPDH as housekeeping
genes. The 2-AACt method was used for relative gene expression quantification. Primer sequences

are listed in Table 2.
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Table 2. List of genes with relative accession numbers and primer sequences.

Gene Gene accession number | Primer sequences
B-ACTIN NMO001101 Fw 5-ACCTTCTACAATGAGCTGCG-3’

Rv 5-CCTGGATAGCAACGTACATGG-3’
GAPDH NM_002046 Fw 5-ACATCGCTCAGACACCATG-3

Rv 5-TGTAGTTGAGGTCAATGAAGGG-3
Cs NM_004077.3 Fw 5-CATTGACTCTAACCTGGACTGG-3’

Rv 5’-ACTTACATTGCCACCCTCATG-3
SDH NM_004168.2 Fw 5-TGGTTGTCTTTGGTCGGG-3’

Rv 5-GCGTTTGGTTTAATTGGAGGG-3’
PGCla NM_013261.5 Fw 5-ACCAAACCCACAGAGAACAG-3¥

Rv 5-GGGTCAGAGGAAGAGATAAAGTTG-3’
ETFDH NM_004453.4 Fw 5-TTCAACTTCTACTGTGCCTCG-3’

2.13. Lactate quantitation

Rv 5-GCCTGCACCAACTATTACAAC-3’

Extracellular lactate quantitation was assessed by meaning of lactate dehydrogenase (LDH) activity

measured in a Jasco V-750 spectrofluorometer (Jasco, Tokyo, Japan) equipped with thermostatic

control and cuvette stirring device. Cells were treated with 30 uM of Atorvastatin with and without

UBQ for 24 hours. The day of the experiment, cells were incubated with fresh untreated medium,

and aliquots of media were collected after 3 hours and 6 hours. Briefly, the collected media were

diluted 2:1 with perchloric acid (PCA) 1 M, vortexed and incubated for 2 hours at 4°C to allow

protein precipitation. Samples were then centrifuged at 13.000g at 4°C and 100 pl of the supernatant

were added to the cuvette containing 1 ml of buffer (10 mM Tris - 500mM Glycine pH 9.2, containing

1U/ml of rabbit muscle LDH type II) and 2,5 mM of NAD*. NAD*reduction was followed over time

as absorbance increase (AAbs/min) at A =340 at (37°C). Resulting AAbs/min values were interpolated

on a standard curve, and data were normalized on protein content.
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2.14. Mice treatment

For in vivo treatment, 6-8-month-old Cdkl5%* and Cdkl5*- female mice were provided with drinking
water containing UBQ or vehicle (Phytosome®) for two weeks. The daily intake of UBQ for each
mouse was equivalent to ~500 mg of UBQ (corresponding to 100 mg of CoQuo) per kilogram of body
weight. Considering an average daily consumption of 5 mL of drinking water and an average body
weight of 30 g per mouse, drinking water was prepared with a concentration of 3 mg/mL of UBQ.
The solutions were renewed three times a week. At the end of the treatment, the mice were weighed
and put under deep anaesthesia through inhalation of 2% isoflurane in pure oxygen. Blood and
tissue samples were collected, and the mice were sacrificed through cervical dislocation. The hearts
and femoral quadriceps were quickly removed, cleaned from the surrounding structures, and
thoroughly washed in PBS to remove all blood, then weighed. The tissues were quickly frozen in

isopentane, cooled in liquid nitrogen, and stored at —80 °C until used for CoQioextraction.

2.15. Solid State NMR

To allow the characterization of Coenzyme Qi inside the Ubigsome® formulation, solid state NMR
(ssNMR) measurements were performed on a Bruker Avance NEO WB with wide bore magnet (89
mm) operating at a 'H frequency of 400 MHz. Crystalline bare CoQi, Ubigsome® and the
Phytosome® vector were analysed. The chemical shift for all nuclei was referenced to the **C signal
of adamantane at 38.46 ppm. A 1.9 mm cross polarization-magic angle spinning (CP MAS) probe
was used for the characterization employing a zirconia rotor with a VESPEL turbine. One
dimensional *C-'"H spectra were acquired through cross polarization (CP) by exciting the 'H nuclei
and transferring the magnetization to the heteronucleus. The spin rotation frequency was set to 15
KHz. The 90° pulse duration for *C was 2.94 us. The contact time for CP was set to 2.5 ms. Spectra

from the analysed samples were collected.
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2.16. Raman spectroscopy

Raman spectra of crystallin CoQuo (referred to as CoQu), Ubigsome® and Phytosome® (vector) were
collected before and after dissolution in tap water for 5 days. Spectra were collected at t=0
(immediately dissolved powders) and t=5 (5 days after dissolution) in triplicate, using a Bruker
MultiRam FT-Raman spectrometer, which features a cooled Ge-diode detector. The excitation source
utilized was an Nd3+-YAG laser operating at 1064 nm, configured in a backscattering arrangement
(180°). The diameter of the focused laser beam was approximately 100 pm, with a spectral resolution
of 4 cm™ and a laser power of around 100 mW at the sample. Each spectrum represented the average

of 5000 acquisitions. The attribution of the bands was performed on the basis of the existing literature

175176 177

2.17. Simulated digestion

2.5 g of CoQuoand UBQ were subjected to simulated digestion, following the “INFOGEST static in
vitro simulation of gastrointestinal food digestion” protocol '78. Volumes were annotated to calculate
the theoretical final concentration of CoQu in the digested samples. 300 ul of digested and
undigested samples (approximately 30 mM) were used for CoQu extraction (see paragraph 2.5.1.).
The dry extracts were resuspended in 4 ml of ethanol and diluted 1:200 prior to the injection. 20 pL
of samples were injected into a two-pump HPLC system equipped with photodiode array detector
(Agilent, Santa Cruz, CA, USA) and a C18 column (Kinetex, Phenomenex, 5 um 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. CoQuo peaks at A =275 nm
were identified and quantified by interpolating the area under the curve with a calibration curve.

Results were compared to the expected (calculated) outcomes.
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2.18. 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 significance of results was
obtained using the Brown-Forsythe ANOVA test. A probability level of p < 0.05 was considered to

be statistically significant.
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3. Results

3.1. Atorvastatin induces mitochondrial dysfunction by lowering CoQu levels and by
targeting Complex I and III in the mitochondrial chain.

3.1.1. 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 hours. The MTT test revealed a dose-dependent reduction in
cell viability after Atorvastatin treatment. The UBQ supplementation was partially able to rescue cell

viability at 10 nM. (Figure 9), while showing toxicity at higher concentrations.
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Figure 9. Cell viability of human dermal fibroblasts following 24 hours-treatment with Atorvastatin (3, 30, 50, or 100 uM) alone or
in combination with Ubigsome® (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 = Ubigsome®

3.1.2. Atorvastatin induces mitochondrial disfunction
We first quantified CoQio concentrations in HDF after Atorvastatin treatment by HPLC, and

observed a drastic drop at all concentrations of Atorvastatin tested (Figure 10), indicating a
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decreased biosynthesis of the molecule. This is in line with the on-target effect of the statins, which

lower CoQuo concentrations by inhibiting the HMG-CoA reductase.

Coenzyme Qq,

300
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Figure 10. CoQuo levels after 24 hours-treatment with 30 uM Atorvastatin 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.

Given the importance of CoQuo in maintaining the efficiency of the electron transport in the
mitochondrial chain, we investigated the effect of Atorvastatin on the mitochondrial functionality
by measuring the Oxygen consumption rate (OCR, Figure 11 A) in fibroblasts using the Seahorse
XF24 Extracellular Flux Analyzer. The basal and ATP-linked respirations were significantly reduced
by 3, 30, 50 and 100 uM Atorvastatin treatment, leaving oligomycin-related respirations unaltered;
the co-supplementation with 10 nM of UBQ was able to restore the altered parameters to control

levels. UBQ alone had no effect on the OCR for the considered parameters (Figure 11 B,C,D).

56



RESULTS

(A) OCR

1097 basal oligomycin FCcp rotenone/antimycin

+

Ctrl

Ator 30 uM + 10 nM UBQ

Ator 50 uM+ 10 nM UBQ
Ator 100 uM + 10 nM UBQ

=L 7

] - Ator 3 uM

© 6 ~ Ator 30 M

; —*= Ator 50 uM

E ] ~ Ator 100 uM

S % -+ UBQ10nM

E = Ator 3 uM +10 nM UBQ

s 34 -
-
-

1 —
v T - T 1
0 50 100 150
Time (minutes)
(B) Basal respiration ()] Oligomycin respiration (D) ATP-linked respiration

o e

N
g
1

6
N
>3

1

nmol O, / min /10" cells
6

nmol O, / min /10" cells
6

g
nmol O, / min/ 10" cells

=
5
1

)
@
1

ng >
S &S SFHHTL &S ST TSNS &
oS ST ST S8 s oS @SS ST ST s
O
& :\xo“’ SN v‘; S F TS TS S
&
o ) o @$ o oF S8
S o K & & v;@‘v Y"& VL&&

Figure 11. Oxygen consumption rate in cells treated with various concentrations of Atorvastatin with and without supplementation
with 10 nM UBQ for 24 hours. (A) Representative OCR pro-file, (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). Abbreviations: Ator =
Atorvastatin; UBQ = Ubigsome®.

We decided to pursue the experiments at 30 uM of Atorvastatin, as at this concentration of drug, we
both observed a decrease in viability (~25%) and in mitochondrial functionality.

To confirm the dysfunction at the mitochondrial level, we extracted adenine nucleotides from HDF
treated with 30 uM Atorvastatin, 10 nM UBQ or both for 24 hours, and quantified ATP and ADP by

liquid chromatography (HPLC). We observed a significant decrease in ATP content and ATP/ADP
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ratio, with an increase in ADP, following treatment with Atorvastatin. Supplementation with UBQ

partially but significantly recovered the bioenergetic impairment (Figure 12).
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Figure 12. ATP, ADP and ATP/ADP ratio after 24 hours-treatment with 30 uM Atorvastatin 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 = Ubigsome®.

The uptake of CoQuo after co-supplementation with 10 nM of UBQ was confirmed by measuring

CoQuo content by HPLC (Figure 13).

Figure 13. CoQuolevels after 24 hours-treatment with 30 uM Atorvastatin and 10 nM UBQ. Data are mean + SEM (n =3).
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Statistical significance was assessed using Brown-Forsythe ANOVA (*p < 0.05; **p < 0.01). Abbreviations: Ator = Atorvastatin;

UBQ = Ubigsome®.
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Mitochondrial mass was measured by means of citrate synthase activity, which is considered a

reliable marker to estimate total mitochondrial content. Despite the observed impairment of the

mitochondrial function, the overall mitochondrial mass is not altered after treatment with

Atorvastatin, as indicated by the unaltered citrate synthase activity (Figure 14).
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Figure 14. Mitochondrial mass after 24 hours-treatment with 30 uM Atorvastatin with and without 10 nM UBQ detected as DTNB

reduction to TNB. Data are mean + SEM (n = 3). Statistical significance was assessed using Brown-Forsythe ANOVA (*p < 0.05;
*p <0.01). Abbreviations: Ator = Atorvastatin;, UBQ = Ubigsome®.

Moreover, RT-PCR analysis confirmed that the expression of CS and other genes central to

mitochondrial function (namely SDH, PGCla and ETFDH) was not significantly altered in HDF

after Atorvastatin treatment (Figure 15).
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Figure 15. Real Time PCR analysis in human dermal fibroblasts following a 6-hour treatment with 30 uM of Atorvastatin alone or
in combination with 10 nM Ubigsome®. The Y-axis reports 2-AACt values corresponding to gene expression normalized to controls.
Data represent relative gene expressions of citrate synthase, succinate dehydrogenase, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha, and electron-transferring-flavoprotein dehydrogenase, normalized on p-Actin (A) and GAPDH (B).
Data are expressed as mean = SEM (n = 3). Statistical significance was assessed using Tukey’s multiple comparisons test.
Abbreviations: Ator = Atorvastatin; UBQ = Ubigsome® CS = citrate synthase; SDH = succinate dehydrogenase; PGC-1ax =
peroxisome proliferator-activated receptor gamma coactivator 1-alpha; ETFDH = electron-transferring-flavoprotein dehydrogenase.

Lactate levels were measured in the collected media at 3 and 6 hours after replacing the Atorvastatin
and UBQ supplemented media with fresh media. Atorvastatin-treated cells showed an increased
release of lactate in the medium, compared to controls, and displayed a higher rate of production
between the two considered time points. UBQ slightly decreased the production of lactate between
the 3 and 6 hours considered. These results suggest that the Atorvastatin-treated cells were relying

more on glycolysis for energy production rather than oxidative phosphorylation, which is in line

with the observed mitochondrial dysfunction (Figure 16).
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Figure 16. Lactate production of HDF treated with 30 uM of Atorvastatin alone or in combination with 10 nM Ubigsome® . Lactate
in the media was collected after 3 and 6 hours of replacing the media with fresh ones (A), and the rate of production was calculated as
the difference in lactate content between the 6 and the 3 hours (B).

3.1.3. 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 Atorvastatin for 24 hours,
using the Seahorse XF24 Extracellular Flux Analyzer. Complex I-dependent OCR was measured in
the presence of glutamate and malate, inhibiting Complex II with 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 decrease in basal respiration, which could be due to the
decrease in endogenous CoQuo levels. Co-treatment with 10 nM UBQ and 30 puM Atorvastatin
recovers the oxygen consumption both in the presence of gluta-mate/malate and succinate (Figure

17 A,B).
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Figure 17. Mitochondrial respiratory activity in permeabilized human dermal fibroblasts following 24 hours-treatment with 30 uM
Atorvastatin alone or in combination with 10 nM UBQ. (A) Complex I-driven and (B) Complex 1I-driven oxygen consumption rates
were measured by high-resolution respirometry. Data are expressed as mean = SEM (n = 3). Statistical significance was assessed
using Brown-Forsythe ANOVA (*p < 0.05; **p < 0.01). Abbreviations: Ator = Atorvastatin; UBQ = Ubigsome®.

In order to understand if the inhibitory effect could be direct on enzymes of the ETC, permeabilized
HDF were acutely treated with Atorvastatin, during OCR measurement with a Seahorse instrument.
A similar impairment of the OCR was observed in the Complex I and Complex II-driven respirations

(Figure 18). To account for any effects due to volume differences in the wells, the same volume of

respiration medium was added as a control, which showed no impact on the OCR.
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Figure 18. Mitochondrial respiratory activity in permeabilized human dermal fibroblasts following acute treatment with 30 uM
Atorvastatin. (A) Complex I-driven and (B) Complex 1I-driven oxygen consumption rates were measured by high-resolution
respirometry. Data are expressed as mean + SEM (n = 3). Statistical significance was assessed using Brown-Forsythe ANOVA (*p <
0.05; ****p < 0.0001). Abbreviations: Ator = Atorvastatin.

3.1.4. Atorvastatin impairs the mitochondrial electron transport chain activity in isolated
mitochondria

Since the inhibitory effect on the OCR seemed to be immediate and directed to the mitochondria
(Figure 17 and 18), we assessed the effect of Atorvastatin on the ETC activity in isolated mouse liver
mitochondria, finding a dose-dependent inhibition of both NADH-O: and Succinate-O: activities

with similar ICso value (98.07 uM and 95.43 uM respectively), as reported in Figure 19 A and B.
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Figure 19. Dose-dependent effects of Atorvastatin on mitochondrial respiratory chain function in isolated mouse liver mitochondria.
(A) NADH-O; activity measured at various concentrations of Atorvastatin. 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.
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 CoQiw analogue, or
ferricyanide ([Fe(CN)¢]*) as electron acceptors. Atorvastatin inhibited the NADH-DB reductase
activity (hydrogenase module), while rotenone insensitive NADH-[Fe(CN)¢]* (dehydrogenase
module) activity remained unaffected (Figure 20 A, B). 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. (Figure 20 C).
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Figure 20. (A) Functionally isolated Complex I activity in the presence of different concentrations of Atorvastatin in mitochondria
energized with NADH and using decyl-ubiquinone (DB) or (B) ferricyanide ([Fe(CN)s]>)as electron acceptors. NADH oxidation
and [Fe(CN)s]> reduction were monitored spectrophotometrically at A=340 nm and A=420 nm, respectively. (C) Functionally
isolated Complex II activity measured in the presence of different concentrations of Atorvastatin. Mitochondria were energized with
succinate and the reduction of 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)s]> = ferricyanide.

3.1.5. Effect of Atorvastatin on ROS levels in HDF

Given the controversial role attributed to statins as pro-oxidant or anti-oxidant drugs, and given the
observed mitochondrial dysfunction, we tested the production of ROS in HDF following treatment
with Atorvastatin. General ROS levels were measured using CM-H2DCFDA, lipid peroxidation with
the STY-BODIPY probe, and mitochondrial superoxide with MitoSOX Red.

HDF showed an increased fluorescence signal deriving from the oxidation of the CM-H.DCFDA
probe, after treatment for 24 hours with 30 uM Atorvastatin, indicating an increase in reactive
oxygen species production, while the co-treatment with 10 nM UBQ reduced the general oxidative
stress. Moreover, UBQ treatment decreased the hydrogen peroxide-induced oxidative stress, which

was used as a positive control (Figure 21 A, B).
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Figure 21. Evaluation of oxidative stress in HDF after treatment with 30 uM Atorvastatin and supplementation with 10 nM UBQ.
(A) General ROS detected by means of DCF epifluorescence and (B) relative images acquired by widefield fluorescence (Scale bar:
300 pm). Data are mean + SEM. Statistical analysis was performed using the Brown-Forsythe ANOVA test (*p < 0.05; *p < 0.01;
P < 0.001; ***p < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ = Ubigsome®; H.P. = Hydrogen Peroxide.

Lipid peroxidation was evaluated using the STY-BODIPY dye in cells treated with 30 uM of
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 22 A, B).
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Figure 22. Evaluation of oxidative stress in HDF membranes after treatment with 30 uM Atorvastatin 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) representative 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 < 0.001; ***p < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ =
Ubigsome®.

Finally, to investigate the mitochondrial contribution in Atorvastatin-induced ROS, we measured
mitochondrial superoxide production using the MitoSOX Red probe in HDF treated with 30 uM
Atorvastatin, with and without UBQ for 24 hours; rotenone was used as a positive control.
Atorvastatin treatment significantly increased mitochondrial ROS production, which was

diminished by 10 nM UBQ co-treatment (Figure 23 A, B).
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Figure 23. Evaluation of oxidative stress in HDF mitochondria after treatment with 30 uM Atorvastatin and supplementation with
10 nM UBQ. (A) Mitochondrial ROS detected with Mito-SOX Red by confocal microscopy and (B) representative images (Scale bar:
100 um:). Data are mean + SEM. Statistical analysis was performed using the Brown-Forsythe ANOVA test (*p < 0.05; **p < 0.01;
< 0.001; ***p < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ = Ubigsome®.

3.1.6. Effect of Atorvastatin on ROS levels in isolated mitochondria

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 detected over time
showed that Atorvastatin had no effect on ROS production using NADH as electron donor, while

radical species increased slightly using succinate (Figure 24 A, B).
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Figure 24. ROS production in isolated mouse liver mitochondria incubated with Atorvastatin. Mitochondria were incubated with
12.5, 25, 50, 100 uM Atorvastatin and 5 uM DCFDA, energized with NADH (A) or succinate (B). Fluorescence was detected using
a multi-plate reader every 5 minutes. Data are mean + SEM. Statistical analysis was performed using the Brown-Forsythe ANOVA

test (*p < 0.05; **p < 0.01). Abbreviations: Ator = Atorvastatin.

Nonetheless, ROS production at the mitochondrial level was observed in intact cells (Figure 23 A,

B). We attributed the observed discrepancy to the fact that Atorvastatin could induce mitochondrial

ROS differently, unlike complexes inhibitors such as rotenone or antimycin that induce ROS

generation during direct electron transfer across the ETC. K. Wojcicki et al. ' observed a marked
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production of ROS in State 4 mitochondria energized with succinate but not with malate+pyruvate,
which suggests a mechanism of reverse electron transfer. Thus we decided to test the hypothesis
that Atorvastatin, a known inhibitor of the Qo centre in Complex III, could induce ROS generation
by a reverse electron transfer (RET) through Complex I in cells supplemented with succinate. The
analysis of fluorescence of MitoSOX Green showed an increase in mROS in Atorvastatin-treated
HDF as shown in Figure 25. Notably, co-treatment of HDF with Atorvastatin and rotenone reduced

mROS to control levels.

Mitochondrial ROS

*

600,000

*%

400,000+

200,000

mitoSOX fluorescence intensity (A.U.) / cell

Figure 25. Atorvastatin induces ROS production via Reverse Electron Transport. Quantitation of MitoSOX Green in cells treated
with 30 uM Atorvastatin, 5 uM 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.

3.1.7. CoQuo-deficient cells are more resistant to Atorvastatin treatment.
Atorvastatin was also tested in HDF retrieved from a patient (P118) with a homozygous mutation in
the enzyme COQ?, which catalyses the hydroxylation of the 5-demethoxyubiquinone-10 (DMQ10),

an intermediate in the CoQuobiosynthesis. These cells contain very low levels of endogenous CoQuo,
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with an increase in DMQu content, and display impaired OCR and respiratory parameters;

moreover, in these cells the mevalonate pathway is downregulated, and cholesterol levels are lower

than controls . The MTT assay showed that treatment with Atorvastatin impacted less on the

viability of these mutant cells, showing a higher LD50, compared to control wild type HDF (Figure

26).
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Figure 26. Cell viability of COQ7-deficient HDF from patient P118, following 24 hours-treatment with Atorvastatin (3, 30, 50, 100

or 300 uM) alone or in combination with Ubigsome® (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 <0.01;

% < 0.0001). Abbreviations: Ator = Atorvastatin; UBQ = Ubigsome®

A possible explanation to this result is that where CoQuo biosynthesis is already disrupted, the

mevalonate pathway is downregulated, and the mitochondrial chain is not functional I,

Atorvastatin wouldn’t impact in cell viability as in normal conditions.
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3.2. Ubiqsome® has beneficial effects in in vitro and in vivo models of CDKL5 deficiency
disorder.

3.2.1. Ubiqsome reduces oxidative stress in SH-CDKL5-KO cells

Since oxidative stress is a characteristic trait of the CDD phenotype, we evaluated the effect of UBQ
supplementation on oxidative stress in a human neuronal cell model of CDKL5 deficiency (SH-
CDKL5-KO). The DCF fluorescence showed a marked increase in total ROS production in KO cells,
reduced by the supplementation of 100 nM of UBQ (Figure 27 A).

SH-CDKL5-KO cells showed a decrease of the reduced/oxidized glutathione ratio (GSH/GSSG)
compared to parental cells, confirming a higher oxidative stress status. Treatment with 100 nM of
UBQ significantly increased the GSH/GSSG ratio in KO cells, suggesting a protective effect, whereas
no effect was observed in parental cells (Figure 27 B).

Lastly, SH-CDKL5-KO cells displayed an increase in mitochondrial ROS, as detected by probing the

cells with MitoSox Green, which was diminished by UBQ (Figure 27 C,D).
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Figure 27. Effect of treatment with UBQ on oxidative stress in SH-CDKL5-KO cells. (A) Oxidative stress determination in SH-
SY5Y and SH-CDKL5-KO cells by DCF fluorescence. (B) Evaluation of reduced/oxidized glutathione ratio (GSH/GSSG) in SH-
SY5Y and SH-CDKL5-KO before and after treatment with UBQ. (C) Oxidative stress determination in mitochondria of SH-SY5Y
and SH-CDKL5-KO cells before and after treatment with UBQ, using MitoSOX Green. (D) Representative images of cells stained
with MitoSOX Green and DAPI (blue). Data are mean + SEM. Statistical analysis was performed using the Brown-Forsythe
ANOVA test (*p < 0.05; *p < 0.01; *** p <0.001). Abbreviations: UBQ = Ubigsome®; Wt = SH-CDKL5; Mut = SH-CDKL5-KO.

To note, parental and KO cells displayed no difference in CoQ1ocontent, measured by HPLC, nor in
the OCR, measured by polarography (Figure 28 A, B). On the other hand, CoQu quantitation

demonstrated a good uptake by both cell lines (Figure 28 A).
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Figure 28. Coenzyme Qio quantitation by HPLC in the SH-SY5Y and SH-CDKL5-KO cells before and after supplementation with
UBQ (A); OCR of SH-SY5Y and SH-CDKL5-KO cells (B). Data are mean + SEM. Statistical analysis was performed using the
Brown-Forsythe ANOVA test (*p < 0.05; **p < 0.01). Abbreviations: UBQ = Ubigsome®; Wt = SH-CDKL5; Mut = SH-CDKL5-KO.

3.2.2. Ubiqsome® is well uptaken in vivo and is effective in reducing oxidative stress

Coenzyme Qo supplementation remains a challenge because of its scarce biodistribution in the
peripheral tissues. The formulated CoQio product, Ubigsome® has demonstrated superior cellular
uptake and intracellular delivery compared to crystalline CoQuo, enhancing its bioavailability within
target cells. To evaluate a beneficial effect of Ubiqsome® in vivo, we supplemented healthy (Cdkl5**)
and Cdkl5* mice, 6-8-month-old, with this product, in order to reduce the oxidative stress induced
by the mutation. Mice were orally administered (dissolved in drinking water) with 500 mg/kg/die
of formulated CoQuo for two weeks. A group of vehicle-treated Cdkl57- and Cdkl5** female mice
were used as treatment controls. The estimation of daily consumption of water for the vehicle- and
UBQ-treated groups showed no treatment or genotype differences (4.5 + 0.5 mL/day), suggesting a
similar UBQ intake between Cdkl5%* and Cdkl57- mice. We first investigated if the UBQ was
absorbed, by measuring CoQioand CoQy content in the plasmas of vehicle and UBQ-treated mice.
Mutant mice showed a decrease in CoQio content (~ 55%) compared to healthy controls, while no

difference was observed in the CoQv content. UBQ supplementation successfully raised both CoQo
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and CoQuo content in plasma, suggesting that it was well absorbed in the intestine. However, the

increase was evident for the wild type mice (+164% CoQqy, + 85% CoQu), than for the mutant ones

(+20% CoQs, +13% CoQuo).
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Figure 29. Coenzyme Qo and Q1o content in plasma of Cdkl5+ and Cdkl5*~ mice, before and after oral supplementation of UBQ, 500
mg/kg/die for two weeks. Statistical analysis was performed using the Brown-Forsythe ANOVA test (*p < 0.05). Abbreviations: UBQ
= Ubigsome®; Wt = Cdkl5*"; Mut = CdkI5"~.

Tissues of mutant and control mice, treated with vehicle or UBQ, were analysed for CoQ content,

before and after supplementation, in order to investigate its endogenous levels in the different

conditions, and to assess to what extent this formulation could deliver CoQuo in peripheral tissues.

We found that heart tissues didn’t display differences in CoQ content between control and mutant

mice, and UBQ supplementation did not alter this outcome (Figure 30 A,B). Muscles (femoral

quadriceps) from mutant mice seemed to show a lower CoQ content, nonetheless, UBQ did not alter

these parameters (Figure 30 C,D).
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Figure 30. CoQo and CoQuo contents from hearts (A,B) and muscles (C,D) from Cdkl5** and CdkI5*- mice after two weeks of
Ubigsome® supplementation. Statistical analysis was performed using the Brown-Forsythe ANOVA test (*p < 0.05). Abbreviations:
UBQ = Ubigsome®; Wt = Cdki5*"; Mut = CdkI5*".

Since Cdkl5*- female mice are characterized by typical signs of heart aging, which can manifest as
oxidative stress, we investigated lipid peroxidation in those tissues, by measuring levels of MDA,
which is a byproduct of lipid peroxidation. Despite the lack of a detectable CoQ increase, MDA
quantitation revealed an increase in oxidative stress in the cardiac tissue of mutant mice compared
to controls, decreased by UBQ treatment, suggesting that CoQiomay have reached the organ (Figure

31).
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Figure 31. Lipid peroxidation by means of MDA content. Data are shown as percentage of MDA. Statistical analysis was performed
using the Brown-Forsythe ANOVA test (*p < 0.05). Abbreviations: UBQ = Ubigsome®; Wt = Cdkl5**; Mut = CdkI5*".

3.3. Ubiqsome® maintains CoQu chemical properties, is stable in water, and resistant to
digestion.

3.3.1. CoQuin the formulation maintains its crystallin structure

Solid state NMR (ssNMR) analyses of crystalline bare CoQ1o, Ubigsome® and the Phytosome® vector
revealed that CoQuo preserves its crystalline structure inside the formulation. The spectrum of
Ubigsome® exhibits characteristic peaks corresponding to crystalline Coenzyme Qu as well as
signals from the Phytosome® vector, suggesting that both carrier and solute maintain the original

structures, and that no covalent bonds are formed during the preparation process (Figure 32 A,B).
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Figure 32. NMR spectra of crystalline CoQuo (light blue), Ubigsome® (red) and Phytosome® (green). (A) superimposed and (B)
stacked spectra revealing peak correspondences.

3.3.2. CoQu and Ubiqsome® exhibit long-term stability in aqueous solutions and withstand
simulated digestive conditions

Considering the results from in vivo studies, we decided to test the stability of crystalline and
formulated CoQu in tap water, as well as the Phytosome® vector, through Raman spectroscopy.
Samples were analysed right after dissolution (t=0) and after 5 days (t=5). Comparison of the spectra
indicated there was no difference in the intensity and position of all peaks at the two different times,

for what concerns CoQuo (Figure 33).
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Figure 33. Raman spectra of crystallin CoQuo at t = 0 days (black line) and t = 5 days (red line) in the 1750-350 cm* spectral range.
In the inset, the Raman spectra in the 3050-2800 cm" spectral range, relative to CH stretching vibrations. v: stretching vibrations; 6:
bending vibrations; s: symmetrical vibrations; as: anti-symmetrical vibrations; ip: in-plane vibrations; op: out-of-plane vibrations; is:

vibrations involving the isoprenic moiety of CoQuo.

In the Ubigsome® formulation all the observed bands are attributable to CoQ1o, without any sensible

change in their position (Figure 34).
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Figure 34. Raman spectra of UBQ at t = 0 days (black line) and t =5 days (red line) in the 1750-350 cm spectral range. In the inset,
the Raman spectra in the 3050-2800 cm? spectral range, relative to CH stretching vibrations. v: stretching vibrations; O: bending
vibrations; s: symmetrical vibrations; as: anti-symmetrical vibrations; ip: in-plane vibrations; op: out-of-plane vibrations; is:
vibrations involving the isoprenic moiety of CoQuo.
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Spectra of the Phytosome® vector evidenced some differences at t=5, compared to t=0: in particular,
some intensity ratios can be regarded as marker of the interaction between the alkyl chains of fatty
acids composing the phospholipids. In fact, the intensity ratio between the band at 2925 cm™ and the
band at 2852 cm! (both attributed to CH vibration), increased at t=5, indicating a decrease of the
hydrophobic interactions between alkyl chains *. The intensity ration between the bands at 1660
cm! (C=C) and 1440 cm (C-H), and indicating the unsaturation degree of alkyl chains, remained
unaffected at t=5. Raman spectra at t=5 also showed some peaks attributed to impurities (i.e.,
chlorophylls, carotenoids and anthocyanins) which showed peaks at 1610, 1512, 1360 and 1050 cm!
181, The presence of these pigments (or their degradation) induced a marked increase of the
fluorescence background of t=5 Raman spectrum as showed in Figure 35: the apparent intensity
increase in the spectrum at t=5 can be attributed to the increased fluorescence emission by those
pigments. These small changes detected in the Raman spectra of Phytosome® were not detected in
the Ubiqsome® spectra, due to the strong Raman emission of CoQio molecules, which completely
overlap and mask the typical peaks of phospholipids, that could be detected only thanks to

difference spectra (Figure 35).
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Figure 35. Raman spectra of Phytosome® at t = 0 days (black line) and t = 5 days (ved line) in the 1750-350 cm-1 spectral range. In
the inset, the Raman spectra in the 3005-2850 cm-1 spectral range, relative to CH stretching vibrations. v: stretching vibrations; o:
bending vibrations; s: symmetrical vibrations; as: anti-symmetrical vibrations; cis: cis conformation; trans: trans conformation;
gauche: gauche conformation; chol: choline moiety.

In order to better detect the variations between UBQ and CoQuo at t=0 days and t=5 days, the
difference spectra (UBQ — CoQu) were calculated and considered (blue line). Difference spectra
show negative and positive peaks: negative peaks can all be attributed to CoQio, (UBQ contains
approximately 20% of CoQ1o). Conversely, positive peaks are attributable to lipids of the formulation
and are indicated in Figures 36 and 37. Most of those peaks changed their position compared to pure
Phytosome® (i.e., bands at 3013-3009, 1371-1366, 1301-1300, 1267-1265, and 1084-1080 cm-1),
indicating a chemical interaction between lipids and CoQuothat affects the hydrophobic interactions
between CH2 and CH3 groups of fatty acid acyl chains and of the choline head group (the 3013-3009
cm! band).

Interestingly, at t=0, the CoQiobands at 999 (ring breathing vibration) and 801 (out-of-plane bending)

cm ! showed a different behaviour (not only a simple decrease), which highlights that CoQuoalso is
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slightly interacting with lipids in the formulation: as a matter of fact, both bands decrease their width

in the formulated CoQuo. This effect was not detected at t =5 days.
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Figure 36. Raman spectra of CoQuo (black line); UBQ (red line) at t = 0 days and their difference spectrum (UBQ- CoQuo, blue line)
in the 1750-350 cm! spectral range. In the inset, the Raman spectra in the 3050-2800 cm™' spectral range, relative to CH stretching
vibrations. v: stretching vibrations; 6: bending vibrations; s: symmetrical vibrations; as: anti-symmetrical vibrations; ip: in-plane
vibrations; op: out-of-plane vibrations; is: vibrations involving the isoprenic moiety of CoQuo; gauche: gauche conformation; chol:
choline moiety. Asterisks indicate CoQ1o bands affected by the interaction with lipids and discussed in the text.
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Figure 37. Raman spectra of CoQuo (black line); UBQ (red line) at t =5 days and their difference spectrum (UBQ- CoQuo, blue line)
in the 1750-350 cm spectral range. In the inset, the Raman spectra in the 3050-2800 cm! spectral range, relative to CH stretching
vibrations. v: stretching vibrations; o: bending vibrations; s: symmetrical vibrations; as: anti-symmetrical vibrations; ip: in-plane
vibrations; op: out-of-plane vibrations; is: vibrations involving the isoprenic moiety of CoQuo; gauche: gauche conformation; chol:

choline moiety.

The simulated digestion had apparently no impact in the structure of bare or formulated CoQuo, as

HPLC analyses only revealed the presence of one peak, with the expected retention time, and with

an area under the curve matching the expected amounts (Figure 38).
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Figure 38. Representative HPLC chromatograms of crystalline CoQ10 (A) and UBQ-extracted CoQ10 (B) before (blue) and after

Figure 39. Quantitation of the extracted CoQ10 before and after simulated digestion.
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4, Discussion

4.1. Ubiqgsome® ameliorates bioenergetic impairment induced by Atorvastatin

Statin therapy is broadly used for both primary and secondary prevention of cardiovascular
diseases, as its efficacy in lowering circulating LDL-cholesterol significantly decreases the
insurgence of major cardiovascular events and microvascular complications 2. Although 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. Therapy efficiency and side effects can vary
significantly between patients 183, and in vitro outcomes are also controversial, likely depending on
the cell model used 84 1%, This study provides significant insights in-to 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 of Coenzyme
Qu, which is biosynthesized through the mevalonate pathway. We observed a drastic reduction in
total CoQuo content after Atorvastatin treatment, but it is not clear whether the bioenergetic
impairment is due to CoQu deficiency in the ETC, or because of a lowering of antioxidant defences,
or both. We evaluated the efficacy of Ubiqgsome®, a formulated CoQuo, in alleviating these alterations.
Our results demonstrated that co-supplementation of CoQuin Atorvastatin-treated cells is efficient
in recovering the altered parameters, in terms of ROS protection, ETC efficiency, OCR sustained by
gluta-mate/malate and succinate, and ATP/ADP ratio. However, seeing the plethora of statin-
associated symptoms ¥, it would be oversimplified to state that Atorvastatin-induced side effects
only rely on CoQiodeficiency. We observed a direct inhibition on functionally isolated Complex I at
the CoQu binding site level. Complex I can be functionally divided into three modules: the

dehydrogenase module, the hydrogenase module and the proton pump module ¥ 185, Atorvastatin
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seems to inhibit Complex I activity at the hydrogenase level, since the oxidation of NADH in the
presence of the CoQ analogue decyl-ubiquinone (DB) is lowered, while the rotenone-insensitive
NADH-[Fe(CN)s]*> reaction occurring at the dehydrogenase module of Complex I was not affected.
In a previous study from our laboratory, Fato et al. 7* demonstrated that Complex I inhibitors 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, enhance ROS production during
forward electron transport. 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 Atorvastatin, a lactone containing statin, blocks the “O”
centre of Complex III, preventing ROS generation 2, we hypothesized that the marked increase in
mitochondrial ROS observed in Atorvastatin-treated cells (Figure 23 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
25). Furthermore, our findings are consistent with those reported by Wojcicki et al. 7, 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” centre and to alter Complex I
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activity. Atorvastatin inhibition may induce a Complex I conformation that prevents the direct
transfer of electrons from NADH to molecular oxygen. However, in the presence of elevated levels
of CoQH>, Atorvastatin treatment may promote reverse electron transfer (RET), leading to increased
ROS pro-duction '®. This exacerbation of oxidative stress can impair mitochondrial function and
compromise cell homeostasis, switching the metabolism to a more glycolytic one, apparently leaving

unaltered the mitochondrial mass and the expression of genes involved in mitochondrial function.
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Figure 40. Schematic representation of the proposed mechanism of mitochondrial ROS generation induced by Atorvastatin in the
presence of succinate: the reverse electron transport (RET) determines ROS generation via Complex I.

4.2. Ubiqsome® ameliorate oxidative stress in a CDKL5-deficient model

Despite the uptake of CoQuo after UBQ supplementation in vitro, and its efficacy in reducing
oxidative stress in SH-CDKL5-KO cells, the in vivo supplementation led to contrasting results. UBQ
was well absorbed in the intestine, as plasma analysis revealed a higher content of both CoQy and
CoQuo after supplementation, especially in control mice; however, peripheral tissues showed no
change in CoQ levels, in both control and mutant mice. Nonetheless, UBQ was effective in reducing

oxidative stress in cardiac tissues.
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DISCUSSION

In order to comprehend what limits the uptake of Coenzyme Qioby tissues, we analysed the stability
of the formulation after dissolution in tap water, to mimic the conditions of administration in vivo;
Raman spectroscopy, conducted by Professor Michele Di Foggia, revealed no changes in the
structure of CoQio both in the crystalline and formulated samples after 5 days in water and light
exposure, as the characteristic peaks were retained in the samples. We also questioned whether pH
fluctuations and digestive enzymes presence could interfere with the structure of the molecule, thus
crystalline and formulated CoQu underwent an in vitro simulated digestion, but no significant
alterations were noticed during the HPLC analysis. Lastly, we asked the team of Professor Daniele
Cortecchia (University of Bologna) to investigate whether CoQiumaintained its crystalline structure
after being dissolved in the formulation. The analysis revealed that no chemical interactions were
occurring between CoQioand the phospholipids, and that CoQiomaintained its crystalline structure,
which may represent a limit in a drug delivery contest, since amorphous-structured molecules are

usually better up taken than their crystallin counterparts .
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