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Background. Diabetes mellitus (DM) presents a significant global health challenge with considerable cardiovascular implications.
Coenzyme Q10 (CoQ10) has gained recognition for its potential as a natural antioxidant supplement in the management of
diabetes and its associated cardiovascular complications. Aim. This comprehensive review systematically examines the scientific
rationale underlying the therapeutic properties of CoQ10 in mitigating the impact of diabetes and its cardiovascular conse-
quences. The analysis encompasses preclinical trials (in vitro and in vivo) and clinical studies evaluating the efficacy and
mechanisms of action of CoQ10. Result & Discussion. Findings reveal that CoQ10, through its potent antioxidant and anti-
inflammatory attributes, demonstrates significant potential in reducing oxidative stress, ameliorating lipid profiles, and regulating
blood pressure, which are crucial aspects in managing diabetes-induced cardiovascular complications. CoQ10, chemically
represented as CsoHgoO,4, was administered in capsule form for human studies at doses of 50, 100, 150, 200, and 300 mg per day
and at concentrations of 10 and 20 uM in sterile powder for experimental investigations and 10 mg/kg in powder for mouse
studies, according to the published research. Clinical trials corroborate these preclinical findings, demonstrating improved
glycemic control, lipid profiles, and blood pressure in patients supplemented with CoQ10. Conclusion. In conclusion, CoQ10
emerges as a promising natural therapeutic intervention for the comprehensive management of diabetes and its associated
cardiovascular complications. Its multifaceted impacts on the Nrf2/Keapl/ARE pathway, oxidative stress, and metabolic reg-
ulation highlight its potential as an adjunct in the treatment of diabetes and related cardiovascular disorders. However, further
extensive clinical investigations are necessary to fully establish its therapeutic potential and assess potential synergistic effects with
other compounds.
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1. Introduction

L.1. Diabetes Mellitus (DM). DM is a significant metabolic
disorder characterized by elevated blood sugar levels,
resulting from a complex interplay of genetic and envi-
ronmental factors. It has emerged as a major chronic
noncommunicable disease that profoundly impacts the
health and well-being of individuals worldwide [1].
According to the International Diabetes Federation (IDF),
the number of people living with diabetes was estimated at
536.6 million in 2021, and this figure is projected to reach
783.2 million by 2045 [2]. Consequently, diabetes has
become an increasingly pressing concern both in clinical
practice and public health initiatives [3]. Diabetes is as-
sociated with various complications, including heart dis-
ease, nephropathy, neuropathy, retinopathy, cataracts, and
a range of other health issues [4]. Among these compli-
cations, cardiovascular disease stands out as one of the
most prevalent and severe consequences of diabetes, being
a leading cause of illness and mortality in diabetic in-
dividuals [5]. The primary goal of diabetes treatment is to
manage and lower blood glucose levels in affected patients,
which is typically achieved through the use of antidiabetic
medications and lifestyle adjustments such as weight
management, healthy dietary choices, and increased
physical activity [6]. Presently, the mainstay of diabetes
treatment involves insulin and hypoglycemic medications,
which often entail side effects such as hypoglycemic epi-
sodes, headaches, dizziness, nausea, and hypersensitivity
reactions. Furthermore, these pharmaceutical in-
terventions often fall short in providing long-term relief
from diabetes symptoms [5, 7]. Hence, there is a growing
need to identify effective, natural compounds with fewer
adverse effects for the management of diabetes and its
associated complications [8]. In light of the rising preva-
lence of the diabetes epidemic, its social and economic
ramifications, and the limitations of conventional phar-
maceuticals, increasing attention has been directed toward
the exploration of antioxidant supplements derived from
natural sources, which hold promise for the treatment of
diabetes and its complications [9]. The present study aimed
to examine the antioxidant properties of COQ10 and its
potential beneficial effects on oxidative stress induced by
diabetes and associated cardiovascular complications.

2. Coenzyme Q10 (COQ10)

COQI10 is a notable supplement utilized in the management of
various health conditions, including cardiovascular diseases,
diabetes, neurological disorders, and metabolic irregularities
such as hyperlipidemia and hypertension, as well as mito-
chondrial diseases [10]. Extensive research has highlighted the
beneficial impacts of CoQ10 in safeguarding against diabetes
and its associated cardiovascular complications. These effects
are purportedly linked to its antioxidant properties, anti-
inflammatory attributes, antihypertension, hypoglycemic ef-
fects, and the ability to counteract hyperlipidemia aimed at
ameliorating diabetes and its cardiovascular ramifications
[11-13].
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This review endeavors to elucidate the scientific basis
supporting the therapeutic properties of CoQl0 as
a promising antioxidant in the context of managing diabetes
and its consequential cardiovascular complications. Re-
search has primarily ascribed the advantageous impacts of
CoQ10 to its well-documented bioenergetic and antioxidant
properties [14]. Although the vast majority of individuals
tolerate coenzyme Q10 without any side effects, it is possible
to experience mild adverse effects such as nausea, vomiting,
diarrhea, stomach upset, and appetite loss. It may elicit
allergic skin rashes in certain individuals. In addition, it may
cause a drop in blood pressure [15]. Furthermore, it seeks to
provide an overview of the specific effects and underlying
molecular mechanisms through which CoQ10 may con-
tribute to the improvement of diabetes and its associated
cardiovascular issues.

2.1. CoQI10’s Beneficial Impacts on Diabetes and Associated
Cardiovascular ~ Consequences. 2,3-Dimethoxy-5-methyl-
6-polyprenyl-1,4-benzoquinone, or CoQ10, is a lipophilic
substance that resembles a vitamin. It is found in many
different types of life and functions as a strong agent with
anti-inflammatory, antiapoptotic, and antioxidant proper-
ties [16]. CoQ10 is made up of two key elements, including
a benzoquinone ring that aids in the transmission of elec-
trons to the mitochondrial membrane’s respiratory chain.
This aids adenosine triphosphate production, which helps
cells generate energy. The other component is an isoprenoid
chain, which provides the molecule’s hydrophobic charac-
teristics (Figure 1). Isoprenyl chain lengths vary between
species. For example, humans contain CoQ10, which has 10
isoprenyl units, but rats normally have CoQ9 [17]. In human
cells, the quinone head of CoQ is joined to a chain of nine
(CoQ9) or ten isoprene units (CoQ10) to form CoQ. Al-
though coenzyme Q10 makes up a sizable component of
total CoQ and can rise in response to oral treatment, co-
enzyme Q9 is more prevalent in mice and rat tissues than it is
in human tissues. It was discovered that CoQ10 is absorbed
into the brain. Moreover, the exogenous lipid significantly
increases the amount of CoQ9 that is produced internally
[18]. CoQ10 is essential for protecting cells from oxidative
damage and increasing cellular energy. Furthermore, CoQ10
may be used as an adjuvant therapy in the management of
infectious disorders, according to certain research. It is
commonly known that oxidative stress and inflammation
play important roles in bacterial and viral illnesses. CoQ10
works to prevent viral infections by acting as an antioxidant
and reduces inflammation, either directly or indirectly. In
order to fight a disease, immune cells release reactive oxygen
species (ROS) and cytokines during an infectious process.
The direct antioxidant effect of CoQ10 can prevent lip-
operoxidation, which is a product of these ROS. By sup-
pressing the expression of the nuclear factor kappa B (NF-
kB) gene, CoQ10 may have anti-inflammatory properties by
lowering the synthesis of interleukin 1 (IL-1), IL-6, and
tumor necrosis factor o (TNF-a) gene expression [19]. It is
primarily prevalent in the heart, liver, kidneys, and pancreas
and is present in cell membranes throughout the body,
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Quinone Head Group Coenzyme Q10
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FIGURE 1: The chemical structure of coenzyme Q10 comprises
a benzoquinone ring bonded to an isoprenoid side chain that
consists of ten connected isoprenyl groups.

particularly in the inner mitochondrial membrane [19, 20].
Despite the fact that the human body naturally produces
CoQ10, the synthesis of this vitamin-like substance de-
creases with age, which may result in deficits in elderly
people [21]. Coenzyme Q10 (ubiquinol) is present in the
cellular membrane and functions to prevent oxidation of
lipoproteins and the lipid membrane by being enzymatically
maintained in its reduced state. However, as people age, their
body produces less coenzyme Q10 [22, 23]. The human lung,
heart, spleen, liver, and kidney have the maximum con-
centration of CoQIl0 around age 20, after which it pro-
gressively declines with more aging. CoQ10 is present in
small amounts in a variety of food sources and is also
produced industrially in labs for use as a dietary supplement
or medicine [24].

While diabetes can lead to a range of health issues, vas-
cular complications are primarily responsible for the majority
of morbidity and mortality rates in diabetic patients [25].
Research indicates that diabetes contributes to vascular se-
nescence, which is linked to persistent inflammation and
heightened oxidative stress resulting from elevated blood
sugar levels. These factors play a pivotal role in the devel-
opment of endothelial dysfunction [26]. Type 2 diabetes, the
prevailing form of diabetes, is associated with specific man-
ifestations including dyslipidemia, atherosclerosis, and hy-
pertension [27]. In the context of T2D, insulin resistance and
obesity collectively contribute to increased fasting triglyceride
(TG) and LDL cholesterol levels, while simultaneously causing
a decline in HDL cholesterol concentrations. The accumu-
lation of lipids exacerbates the progression of diabetes, po-
tentially leading to complications such as heart failure,
myocardial infarction, stroke, or cardiovascular death [5, 12].

In cardiovascular diseases (CVDs), the prolonged use of
therapies such as statins, a prevalent class of lipid-lowering
medications, can effectively manage dyslipidemic compli-
cations but may concurrently lower serum levels of CoQ10
over time. CoQIlO0 is an essential component of

mitochondrial respiration and energy production within
muscle cells. Statins work by inhibiting the enzyme HMG-
CoA reductase, which is a crucial enzyme regulating the
synthesis of cholesterol as well as CoQ10. It appears that
gemfibrozil (Lopid) as a lipid-lowering drug may decrease
coenzyme Q10 levels and propranolol, and metoprolol may
inhibit coenzyme Q10-dependent enzymes. This inhibition
leads to a decrease in CoQ10 levels in both muscle tissue and
serum [28]. CoQ10 assumes a crucial role in addressing
diabetes and its associated cardiovascular complications
through a variety of mechanisms. Its advantageous effects in
managing these conditions stem from its potent antioxidant
and anti-inflammatory properties, its capacity to counteract
abnormal lipid levels, and its essential role in maintaining
mitochondrial function [29]. In the following sections, we
will explore a diverse range of recent examinations, in-
cluding in vivo, in vitro, and clinical trials, to elucidate the
underlying mechanisms through which CoQ10 offers pro-
tection against diabetes-related cardiovascular complica-
tions. These findings are summarized in Tables 1 and 2.

2.2. The Role of CoQ10 in Mitigating Oxidative Stress and Its
Impact on Diabetes-Induced Cardiovascular Complications.
The heightened prevalence of diabetes and the consequent
increase in mortality rates prompted the World Health
Organization to issue a grave warning, particularly em-
phasizing its impact on developing nations [59]. Diabetes is
frequently accompanied with increased oxidative stress,
which contributes significantly to the onset and progression
of cardiovascular diseases. CoQ10, a powerful antioxidant,
has been studied for its ability to prevent oxidative damage
in diabetes patients [60]. According to research, CoQ10
supplementation may help decrease oxidative stress by
neutralizing reactive oxygen species and minimizing oxi-
dative damage to cells and tissues. CoQ10’s antioxidant
activity has been linked to protection against a variety of
diabetes-related cardiovascular complications, including
endothelial dysfunction, atherosclerosis, and myocardial
damage [61]. Furthermore, CoQ10 supplementation has
been proven to increase endothelial function, reduce in-
flammation, and boost mitochondrial activity, all of which
contribute to its potential cardioprotective benefits in di-
abetic complications [62]. Overall, previous research has
shown that CoQ10 is important in countering oxidative
stress and has a positive influence on reducing diabetes-
induced cardiovascular complications. In this section, we
will examine how CoQ10 influences cardiovascular com-
plications induced by diabetes by regulating oxidative stress.

Dyslipidemia, which is defined by elevated levels of
triglycerides (TG), total cholesterol (TC), low-density li-
poprotein cholesterol (LDL-C), and low levels of high-
density lipoprotein cholesterol (HDL-C), significantly in-
creases the risk of atherosclerosis and cardiovascular disease
in diabetic individuals. Atherosclerosis pathogenesis in-
cludes mechanisms such as hyperglycemia, nonenzymatic
glycosylation of lipids, activation of signaling pathways
leading to the generation of proinflammatory cytokines/
chemokines, and enhanced oxidative stress [63]. Oxidative
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TaBLE 2: Clinical trial of CoQ10 in the treatment of diabetes and its cardiovascular complications.

Study group Number of Intervention Duration Outcomes Reference
patients (capsule)
. . |HbAlc
Subjects with T2DM 37 200 mg/day CoQ10 12 weeks |SBP, DBP [43]
. . |HbA1lc
Subjects with T2DM 56 200 mg/day CoQ10 12 weeks | Weight, BMI [44]
Subjects with T2DM with LVDD 36 200 mg/day CoQ10 25 weeks ll?g [45]
. . TCAT, SOD, GPx
Subjects with CAD 51 300 mg/day CoQ10 12 weeks | TNE-a, 1L-6 [46]
. . |FBG, HbAlc
Subjects with T2DM 38 150 mg/day CoQ10 8 weeks |TC, LDL, LPa [47]
THDL
. . L |TC, LDL
Subjects with hyperlipidemia and MI 52 200 mg/day CoQ10 12 weeks |LDL/HDL, TC/HDL [48]
|SBP, DBP
. o |HOMA-IR, CRP
Subjects with diabetic neuropathy 62 200 mg/day CoQ10 12 weeks TInsulin sensitivity, TAC [49]
ty
|HbAlc
Subjects with T2DM 64 200 mg/day CoQ10 12 weeks |LDL [50]
|ADMA, nitrite and nitrate
Subjects with T2DM 52 100 mg/day CoQ10 8 weeks IMDA levels [51]
. . |HOMO-IR, MDA
Obese and T2DM subjects with CHD 60 100 mg/day CoQ10 8 weeks 1TAC, GSH [52]
T2DM subjects with CHD 60 100 mg/day CoQ10 8 weeks |IL-6 and protein carbonyl levels [53]
. . |FBG
Subjects with T2DM 68 100 mg/day CoQ10 12 weeks 1CoQ10, CATactivity, TAC, and QUICKI [54]
Subjects with diabetic nephropathy 50 100 mg/day CoQ10 12 weeks MDA and AGE:s levels [55]
TQUICKI
Prediabetes subjects 80 200 mg/day CoQ10 8 weeks |HOMA-IR and oxygen-free radical [56]
|HbAlc, MES
Subjects with T2DM 50 100 mg/day CoQ10 12 weeks THDL [57]
1CAT, GPx
. . |HbAIc
Subjects with T2DM 27 100 mg/day CoQ10 12 weeks LoxLDL [58]

AGEs, advanced glycation end products; ADMA, asymmetric dimethylarginine; BMI, body mass index; CRP, C-reactive protein; CHD, coronary heart
disease; CAD, coronary artery disease; FMD, flow-mediated dilation; GSH, glutathione; HOMO-IR, homeostatic model assessment of insulin resistance; IL-6,
interleukin 6; LPO, lipid peroxidation; LPa, lipoprotein(a); MES, medication effect score; QUICKI, quantitative insulin sensitivity check index.

stress, defined as an imbalance between the formation of
reactive oxygen species (ROS) and the body’s innate anti-
oxidant defense systems, causes protein and lipid perox-
idation, as well as DNA mutagenesis [12, 64, 65]. ROS plays
a key role in inflammatory responses, vascular tone alter-
ations, and LDL-C oxidation. Diabetes and its consequences,
such as cardiovascular disease and dyslipidemia, cause an
increase in ROS generation inside the arterial wall [66].
NADPH oxidase, xanthine oxidase, mitochondrial enzymes,
and uncoupled endothelial nitric oxide synthase (eNOS) are
all important ROS generators in blood vessels [63]. NADPH
oxidases (NOX) are considered the principal ROS producers
in the cardiovascular system, contributing to the formation
of superoxide anions by transferring electrons from NADPH
to molecular oxygen. NOX activity in macrophages en-
hances the development of oxLDL (oxidized low-density
lipoprotein), which then boosts ROS production [67].
Xanthine oxidase, which is released from the liver into the

circulation, binds to the endothelial cell membrane, causing
the production of superoxide anions and hydrogen peroxide
via the use of molecular oxygen. Its levels are shown to be
higher in human atherosclerotic plaque [68]. Furthermore,
mitochondrial enzymes normally create superoxide anions
under healthy situations, whereas mitochondrial malfunc-
tion or the failure of antioxidant systems can result in
pathological states defined by excessive ROS generation [69].

Several studies have shown that CoQ10 can effectively
reduce hyperglycemia, total cholesterol (TC), LDL-C, and
triglyceride levels in diabetic rats while increasing HDL-C
concentrations [30, 40, 41]. Furthermore, in a study of
hypertensive rats, a treatment with 10 mg/kg of CoQ10 over
6 weeks significantly lowered blood pressure, TC, LDL-C,
tumor necrosis factor « (TNF-«), and the lipid peroxidation
product malondialdehyde (MDA). It also raised the levels of
total antioxidant capacity (TAC) [34]. Tsai et al. demon-
strated that CoQl0 significantly mitigated the oxidative
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stress induced by oxLDL, thus elevating the activity of eNOS,
catalase (CAT), and superoxide dismutase (SOD) enzymes.
This finding suggests its potential to protect against ath-
erogenesis through NO-related pathways in human um-
bilical vein endothelial cells [22].

Khosrowbeygi et al. found that consuming 100 mg/day of
CoQ10 raised TAC, catalase activity, and QUICKI, while
decreasing oxidative stress and fasting blood sugar (FBS)
levels in women with T2DM [54]. Similarly, Hosseinzadeh-
Attar et al. reported that giving 200 mg/day of CoQ10 to
T2DM patients resulted in a substantial decrease in HbAlc
levels, indicating better glycemic management. Furthermore,
a significant reduction in serum LDL-C levels was detected,
which may provide protection against atherosclerotic plaques
and consequent cardiovascular problems in T2DM patients
[50]. Kadhim Mohammed-Jawad et al. discovered that
a 150mg/day of CoQl0 supplementation over 8weeks
resulted in a noticeable drop in blood cholesterol and LDL-C
levels, with a substantial influence on HDL-C in 38 individuals
with T2DM [47]. These findings support the findings of
Kolahdouz Mohammadi et al., who provided 200 mg/day of
CoQ10 to T2DM patients for 12 weeks [70]. Emerging data
show that oxidative stress contributes to hyperglycemia, in-
sulin resistance, and beta cell dysfunction [71]. CoQ10 in-
sufficiency is linked to beta cell dysfunction, as well as reduced
glucose and fatty acid metabolism in the liver, resulting in
diminished insulin activity. CoQ10 supplementation lowers
blood glucose levels and increases insulin sensitivity by
modulating the insulin signaling pathway, which includes the
phosphorylation of insulin receptor substrate (IRS) proteins
and glucose transporter 2 (GLUT2), as well as improving the
lipid profile and adipocytokines [72, 73]. CoQ10 promotes
fatty acid oxidation by activating AMPK and PPARa. As
a result, this mechanism boosts lipoprotein lipase and apo-
lipoprotein A-V (APO-AV) gene expression, potentially
lowering TG and VLDL levels [74, 75]. PPAR« inhibits sterol
regulatory element-binding protein (SREBP) maturation, thus
reducing fatty acid and triglyceride production and increasing
the size of LDL-C particles. This size growth is especially
beneficial in preventing vascular problems in diabetic patients
[75]. Activating PPAR« can decrease cellular inflammation
and oxidative stress by inhibiting the AP-1 and NF-xB sig-
naling pathways [76]. Hodgson et al. found that daily treat-
ment with 200 mg/day of CoQ10 over a 12-week period in
T2DM patients resulted in a substantial drop in both systolic
and diastolic blood pressure, as well as a reduction in HbAlc
levels [43]. CoQ10 supplementation has demonstrated ex-
cellent antihypertensive effects in coronary artery disease,
leading researchers to conclude that CoQ10 intake can ef-
fectively decrease blood pressure in hypertensive individuals
[77]. In clinical hypertension, CoQ10 appears to increase
coronary vasodilation and endothelial function [72].

Nitric oxide (NO), a critical vasoprotective element in
the endothelium produced by eNOS, may become dys-
functional under conditions of oxidative stress, potentially
leading to the inactivation of NO by an excess of superoxide
anions. CoQ10 may effectively reduce blood pressure by
decreasing peripheral resistance through the augmentation
of NO availability [78].

In addition, Lee et al. found that supplementation with
300 mg/day of CoQ10 significantly improved the activities of
antioxidant enzymes and reduced inflammation in patients
with coronary artery disease (CAD) during statin therapy
[46]. Yen et al. demonstrated that 100 mg/day of CoQ10
supplementation led to a significant increase in catalase
(CAT) and glutathione peroxidase (GPx) activity in patients
with T2DM [57]. Moreover, a systematic review and meta-
analysis revealed that CoQ10 supplementation significantly
decreased malondialdehyde (MDA), while also increasing
total antioxidant capacity (TAC) and superoxide dismutase
(SOD) activity [79]. The primary antioxidant systems in the
endothelial-vascular system involve essential antioxidant
enzymes such as SOD, CAT, GPx, and the nitric oxide
molecule [66]. SOD functions by converting superoxide
radicals into hydrogen peroxide, which are subsequently
broken down by CAT and GPx. Moreover, GPx facilitates
the reduction of various peroxides, including lipid peroxides
and oxidized phospholipids [63]. These antioxidant enzymes
serve as the initial defense against ROS, and a decline in their
activities can lead to lipid peroxidation and oxidative
damage to cells, particularly in individuals affected by di-
abetes and coronary artery disease [60, 80]. Oxidative stress
has been recognized as a factor that plays a significant role in
the onset of diabetes and its associated complications [81].
The nuclear factor erythroid 2-related factor 2 (Nrf2),
a critical transcription factor, plays a pivotal role in com-
batting oxidative stress. In normal conditions, Nrf2 is se-
questered in the cytoplasm through its binding to the
repressor protein Keap1 (Kelch-like ECH-associated protein
1), resulting in the ubiquitination and degradation of Nrf2.
Keapl contains several cysteine residues that function as
sensors of oxidative stress and act as negative regulators of
Nrf2 [82]. Modification of cysteine residues in Keapl leads
to the translocation of Nrf2 into the nucleus, where it forms
a heterodimer with a small Maf protein and binds to the
antioxidant response element (ARE), ultimately inducing
the expression of heme oxygenase 1 (HO-1) and other ARE-
regulated genes such as CAT, SOD, and GPx [83]. In a study
by Susana Siewert et al., a robust correlation between Nrf2
and HO-1 was demonstrated, with mRNA levels being
significantly lower in the diabetic group than in the healthy
control group. The findings of this study suggest a reduction
in genes associated with antioxidant defense mechanisms in
individuals with diabetes [84]. Given the close association
between T2DM and oxidative damage, the involvement of
the Nrf2/Keapl/ARE pathway in addressing this unresolved
clinical issue has become a topic of significant interest. It is
now evident that dysfunction of this pivotal antioxidant
pathway plays a central role in the pathogenesis of diabetes
and its diverse complications [85-87] (Figure 2).

Research findings have revealed the potential of CoQ10
in enhancing various physiological aspects in the context of
diabetes. Specifically, in diabetic rat models, CoQ10 treat-
ment led to a notable increase in Nrf2 expression and
catalase activity within the liver tissue, accompanied by
a significant reduction in MDA levels and considerable
improvements in the lipid profile. These results indicate that
the antioxidative effects of CoQ10 in diabetes might be
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FIGURE 2: The Nrf2/Keapl/ARE pathway has a role in a wide range of tissues.

attributed to the activation of the Nrf2/ARE pathway [88].
Moreover, Sun et al’s study highlighted CoQ10’s role in
activating the Nrf2/Keapl/ARE pathway, consequently
improving mitophagy and reducing damage to the kidneys
in diabetic nephropathy [89]. Another study demonstrated
that CoQ10 prevents diabetic nephropathy via prohibited
mitochondrial dysfunction, proteinuria, and glomerular
hyperfiltration [90]. In addition, Li et al. observed that
CoQ10 facilitates the nuclear localization of Nrf2, enhancing
cellular antioxidant defense and mitigating H,0,-induced
neurotoxicity in pheochromocytoma (PC12) cells [91].
Further research suggested that CoQ10 supplementation
significantly elevated Nrf2 and NQO1 expression in the
hearts of elderly diabetic rats, thereby enhancing the heart
function in elderly individuals with diabetes through the
augmentation of endogenous antioxidant enzymes [92].

The reduction in Coenzyme Q10 concentration and
antioxidant capacity observed in diabetes and its related
cardiovascular complications underscores the significance of
supplementing with potent antioxidants. Numerous pre-
vious studies have demonstrated that various antioxidants,
including CoQ10, quercetin, curcumin, resveratrol, vitamin
C, and vitamin E, offer preventive and therapeutic benefits in
the context of diabetes and its associated cardiovascular
complications [93]. Various studies have demonstrated
a significant reduction in cyclic adenosine monophosphate
(cAMP) and adenosine triphosphate (ATP) levels under
conditions of oxidative stress [94, 95].

Recent research suggests that CoQ10 supplementation
leads to an increase in cAMP production. cAMP serves as
a crucial intracellular second messenger that activates
AMPK, an energy sensor that, in turn, enhances the ex-
pression of sirtuinl (Sirtl) [96]. Subsequently, Sirtl aug-
ments the expression of Nrf2 by promoting its nuclear
translocation and facilitating its binding to the ARE region.
Nrf2, in turn, enhances the activity of mitochondrial elec-
tron transport chain complexes and upregulates the activity
of antioxidant enzymes [88]. In this manner, CoQ10 serves
to increase antioxidant activities through the induction of
the Nrf2/Keapl/ARE pathway, thereby potentially alleviat-
ing the impact of diabetes and its associated cardiovascular
complications [88, 92, 97, 98].

3. Conclusion and Future Perspectives

CoQ10 is recognized as a powerful antioxidant that dem-
onstrates protective effects against a spectrum of diseases,
including diabetes and associated cardiovascular complica-
tions. Current research suggests that CoQ10 operates through
mechanisms that include the reduction of oxidative stress,
anti-inflammatory actions, and the regulation of glucose and
lipid metabolism. By modulating the Nrf2/Keapl/ARE
pathway, CoQ10 can ameliorate diabetes-induced oxidative
stress and subsequently stimulate the production of antiox-
idant enzymes. CoQ10 is generally considered to be phar-
macologically safe, exhibiting good efficacy with minimal side
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effects. The limitations of CoQ10 supplementation in clinical
trials include issues with absorption, bioavailability, and the
heterogeneity of study designs, which make it challenging to
identify its real impact. CoQ’s limited bioavailability continues
to be a significant obstacle to its application, despite extensive
research into novel formulation strategies and the direct
application of ubiquinol and ubiquinone, which is more
accessible to cellular compartments and does not require
cellular reduction. Despite these limitations, CoQ10 supple-
mentation has shown promising results in certain clinical
trials, which demonstrated a reduction in the relative risk of
cardiac-related deaths in heart failure patients. However, it is
important to acknowledge the conflicting results and the need
for further research to elucidate the specific effects of CoQ10
and its potential value in clinical applications, especially in the
context of oxidative stress. Future research should focus on
addressing the limitations of CoQ10 supplementation, such as
improving its bioavailability and conducting well-designed,
homogenous clinical trials to determine its efficacy in various
populations and disease conditions. However, additional
studies are required to verify the effectiveness of CoQ10 and to
elucidate the diverse mechanisms by which it can serve as
a promising alternative in the prevention and treatment of
diabetes and its associated cardiovascular complications. The
disadvantage is that although studies on the effect of CoQ10
on the Nrf2/Keapl/ARE signaling pathway have been re-
ported in animal experiments, the effect of this compound on
the expression of genes involved in this pathway has not been
reported in clinical trials. Therefore, large-scale clinical trials
in this regard will contribute to a more comprehensive un-
derstanding of the full therapeutic potential of CoQ10. In
addition, considering the ability of CoQ10 in different cellular
signaling pathways to generate a stable cell condition, further
research studies on the potential synergistic effects of CoQ10
with other natural or synthetic compounds and the study of its
possible mechanisms can be one of the most interesting topics
for future studies.

Abbreviations

AMPK:  AMP-activated protein kinase

AP-1: Activator protein-1

ARE: Antioxidant response element
ATP: Adenosine triphosphate

CAD: Coronary artery disease

cAMP:  Cyclic adenosine monophosphate
CAT: Catalase

Co Q10: Coenzyme Q10

CVD: Cardiovascular disease

DM: Diabetes mellitus
eNOS:

Endothelial nitric oxide synthase
GLUT2: Glucose transporter 2
GPx: Glutathione peroxidase
HDL-C: High-density lipoprotein cholesterol
HO-1:  Heme oxygenase 1
IDEF: International Diabetes Federation

IRS: Insulin receptor substrate
Keapl:  Kelch-like ECH-associated protein 1
LDL-C: Low-density lipoprotein cholesterol

MDA:  Malondialdehyde
NADPH: Nicotinamide adenine dinucleotide phosphate
NO: Nitric oxide

NOX: NADPH oxidases
Nrf2: Nuclear factor erythroid 2-related factor 2
PPARa: Peroxisome proliferator-activated receptor alpha

QUICKI: Quantitative insulin sensitivity check index

ROS: Reactive oxygen species

Sirtl: Sirtuinl

SOD: Superoxide dismutase

SREBPs:  Sterol regulatory element-binding proteins
TAC: Total antioxidant capacity

TC: Total cholesterol

TG: Triglyceride

VLDL:  Very low-density lipoprotein.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

S.D and E.S conceptualized the study. N.N and M.S curated
the data. F.S, N.N, and A.S-R wrote the original draft. SD
reviewed and edited the manuscript. M.S visualized the
study. SD and OA supervised the study. All authors have
read and agreed to the published version of the manuscript.

References

[1] D.-D. Huang, G. Shi, Y. Jiang, C. Yao, and C. Zhu, “A review
on the potential of Resveratrol in prevention and therapy of
diabetes and diabetic complications,” Biomedicine ¢ Phar-
macotherapy, vol. 125, Article ID 109767, 2020.

[2] S. Damtie, L. Workineh, A. Berhan et al., “The magnitude of
undiagnosed diabetes mellitus, prediabetes, and associated
factors among adults living in Debre Tabor town, northcentral
Ethiopia: a community-based cross-sectional study,” Heliyon,
vol. 9, no. 7, Article ID 17729, 2023.

[3] K.Nawata, M. Ii, and R. Kassai, “Over-and under-provision of
diabetes screening: making more efficient use of healthcare
resources,” Public Policy Review, vol. 19, no. 1, pp. 1-36, 2023.

[4] R. Singh, H. K. Rao, and T. G. Singh, “Advanced glycated end
products (ages) in diabetes and its complications: an insight,”
Plant Arch, vol. 20, no. 1, pp. 3838-3841, 2020.

[5] M. Su, W. Zhao, S. Xu, and J. Weng, “Resveratrol in treating
diabetes and its cardiovascular complications: a review of its
mechanisms of action,” Antioxidants, vol. 11, no. 6, p. 1085,
2022.

[6] R. A. DeFronzo, E. Ferrannini, L. Groop et al., “Type 2 di-

abetes mellitus,” Nature Reviews Disease Primers, vol. 1, no. 1,

pp. 15019-15022, 2015.

A. Chaudhury, C. Duvoor, V. S. Reddy Dendi et al., “Clinical

review of antidiabetic drugs: implications for type 2 diabetes

mellitus management,” Frontiers in Endocrinology, vol. 8, p. 6,

2017.

[8] R. Azizi, A. Mohammadi, and A. Khajehlandi, “The effect of
Aqueous extract of Barberry and Selected training on some
blood factors in men with Type2 diabetes (A Quasi-
experimental study),” Jorjani Biomedicine Journal, vol. 8,
no. 4, pp. 11-16, 2020.

[7



10

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

M. Rafieian-Kopaei, M. Ghasemi-Dehnoo, H. Amini-Khoei,
and Z. Lorigooini, “Oxidative stress and antioxidants in di-
abetes mellitus,” Asian Pacific Journal of Tropical Medicine,
vol. 13, no. 10, pp. 431-438, 2020.

F. Samimi, M. Baazm, E. Eftekhar, and F. Jalali Mashayekh,
“Effect of coenzyme Q10 supplementation on liver total ox-
idant/antioxidant status in streptozotocin-induced diabetic
rats,” Journal of Arak University of Medical Sciences, vol. 22,
no. 4, pp. 28-39, 2019.

F. M. Gutierrez-Mariscal, S. de la Cruz-Ares, J. D. Torres-
Pena, J. F. Alcald-Diaz, E. M. Yubero-Serrano, and J. Lépez-
Miranda, “Coenzyme Q10 and cardiovascular diseases,”
Antioxidants, vol. 10, no. 6, p. 906, 2021.

P. V. Dludla, T. M. Nyambuya, P. Orlando et al., “The impact
of coenzyme Q10 on metabolic and cardiovascular disease
profiles in diabetic patients: a systematic review and meta-
analysis of randomized controlled trials,” Endocrinology, di-
abetes & metabolism, vol. 3, no. 2, p. 118, 2020.

G. Renke, M. B. Pereira, and A. Renke, “Coenzyme Q10 for
diabetes and cardiovascular disease: Useful or Useless?”
Current Diabetes Reviews, vol. 19, no. 4, pp. €290422204261-
€290422204272, 2023.

I. Cirilli, E. Damiani, P. V. Dludla et al., “Role of coenzyme
Q10 in health and disease: an update on the last 10 years
(2010-2020),” Antioxidants, vol. 10, no. 8, p. 1325, 2021.

I. Amar-Yuli, A. Aserin, and N. Garti, “Coenzyme QI0:
functional benefits, dietary uptake and delivery mechanisms,”
in Designing Functional Foods, pp. 676-700, Elsevier,
Amsterdam, The Netherlands, 2009.

S. Zhao, W. Wu, J. Liao et al., “Molecular mechanisms un-
derlying the renal protective effects of coenzyme Q10 in acute
kidney injury,” Cellular & Molecular Biology Letters, vol. 27,
no. 1, pp. 57-19, 2022.

S. Q. E. Lee, T. S. Tan, M. Kawamukai, and E. S. Chen,
“Cellular factories for coenzyme Q 10 production,” Microbial
Cell Factories, vol. 16, pp. 39-16, 2017.

C. Andreani, C. Bartolacci, M. Guescini et al., “Combination
of coenzyme Q 10 intake and moderate physical activity
counteracts mitochondrial dysfunctions in a SAMP8 mouse
model,” Oxidative Medicine and Cellular Longevity, vol. 2018,
Article ID 8936251, 15 pages, 2018.

S. Sifuentes-Franco, D. C. Sdnchez-Macias, S. Carrillo-Ibarra,
J. J. Rivera-Valdés, L. Y. Zuiiga, and V. A. Sanchez-Lopez,
“Antioxidant and anti-inflammatory effects of coenzyme Q10
supplementation on infectious diseases,” Healthcare, vol. 10,
no. 3, p. 487, 2022.

E. I. Kandil, W. E. Zahran, A. S. Helmy, and N. H. Ahmed,
“Attenuation of Hepatorenal toxicity induced by paracetamol
and gama irradiation with coenzyme q10 co-supplementation
in male albino rats,” Egyptian Journal of Pure and Applied
Science, vol. 53, pp. 35-43, 2015.

S. S. Parmar, A. Jaiwal, O. P. Dhankher, and P. K. Jaiwal,
“Coenzyme Q10 production in plants: current status and
future prospects,” Critical Reviews in Biotechnology, vol. 35,
no. 2, pp. 152-164, 2015.

K.-L. Tsai, Y.-H. Huang, C.-L. Kao et al., “A novel mechanism
of coenzyme Q10 protects against human endothelial cells
from oxidative stress-induced injury by modulating NO-
related pathways,” The Journal of nutritional biochemistry,
vol. 23, no. 5, pp. 458-468, 2012.

H. Tsuneki, E. Tokai, T. Suzuki et al., “Protective effects of
coenzyme Q10 against angiotensin II-induced oxidative stress
in human umbilical vein endothelial cells,” European Journal
of Pharmacology, vol. 701, no. 1-3, pp. 218-227, 2013.

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

International Journal of Endocrinology

P. Kapoor and A. Kapoor, “Coenzyme Q10-a novel molecule,”
Journal, Indian Academy of Clinical Medicine, vol. 14, no. 1,
pp. 37-45, 2013.

H. Wu, V. Norton, K. Cui et al., “Diabetes and its cardio-
vascular complications: comprehensive network and sys-
tematic analyses,” Frontiers in Cardiovascular Medicine, vol. 9,
Article ID 841928, 2022.

N. Di Pietrantonio, P. Di Tomo, D. Mandatori, G. Formoso,
and A. Pandolfi, “Diabetes and its cardiovascular complica-
tions: potential role of the Acetyltransferase p300,” Cells,
vol. 12, no. 3, p. 431, 2023.

E. Longato, B. Di Camillo, G. Sparacino, L. Gubian,
A. Avogaro, and G. P. Fadini, “Cardiovascular outcomes of
type 2 diabetic patients treated with SGLT-2 inhibitors versus
GLP-1 receptor agonists in real-life,” British Medical Journal
Open Diabetes Research & Care, vol. 8, no. 1, p. 1451, 2020.
Y. Rabanal-Ruiz, E. Llanos-Gonzdlez, and F. J. Alcain, “The
use of coenzyme Q10 in cardiovascular diseases,” Antioxi-
dants, vol. 10, no. 5, p. 755, 2021.

M. Muztaba, M. I. Khan, M. Khalid, M. Tarique, J. Akhtar, and
M. Ahmad, “CoQ10: a miraculous and clinically vital co-
enzyme for normal body functions, prevention and treatment
of diseases,” Journal of Pharmaceutical Sciences and Research,
vol. 10, pp. 976-982, 2018.

K. Modi, D. Santani, R. Goyal, and P. Bhatt, “Effect of co-
enzyme Q10 on catalase activity and other antioxidant pa-
rameters in streptozotocin-induced diabetic rats,” Biological
Trace Element Research, vol. 109, no. 1, pp. 025-034, 2006.
T. Serizawa, J. Oku, M. Ilizuka et al., “Beneficial effects of
coenzyme Q10 on impaired left ventricular performance in
streptozotocin diabetic rats,” Japanese Heart Journal, vol. 29,
no. 2, pp. 233-242, 1988.

H. Ahmadvand and M. Ghasemi-Dehnoo, “Antiatherogenic,
hepatoprotective, and hypolipidemic effects of coenzyme Q10
in alloxan-induced type 1 diabetic rats,” ARYA atherosclerosis,
vol. 10, no. 4, pp- 192-198, 2014.

Y. P. Zhang, A. Eber, Y. Yuan et al, “Prophylactic and
antinociceptive effects of coenzyme Q10 on diabetic neuro-
pathic pain in a mouse model of type 1 diabetes,” Anesthe-
siology, vol. 118, no. 4, pp. 945-954, 2013.

H. A. Shamardl, S. M. El-Ashmony, H. F. Kamel, and
S. H. Fatani, “Potential cardiovascular and renal protective
effects of vitamin D and coenzyme Q10 in I-NAME-induced
hypertensive rats,” The American Journal of the Medical
Sciences, vol. 354, no. 2, pp. 190-198, 2017.

K. Huynh, H. Kiriazis, X.-J. Du et al., “Coenzyme Q 10 at-
tenuates diastolic dysfunction, cardiomyocyte hypertrophy
and cardiac fibrosis in the db/db mouse model of type 2
diabetes,” Diabetologia, vol. 55, no. 5, pp. 1544-1553, 2012.
M. ]. De Blasio, K. Huynh, C. Qin et al., “Therapeutic targeting
of oxidative stress with coenzyme Q10 counteracts exagger-
ated diabetic cardiomyopathy in a mouse model of diabetes
with diminished PI3K (pl10«) signaling,” Free Radical Bi-
ology and Medicine, vol. 87, pp. 137-147, 2015.

H. H. Chen, T. C. Yeh, P. W. Cheng et al., “Antihypertensive
potential of coenzyme Q10 via free radical scavenging and
enhanced Akt-nNOS signaling in the nucleus tractus solitarii
in rats,” Molecular Nutrition & Food Research, vol. 63, no. 6,
Article ID 1801042, 2019.

F. M. Rauscher, R. A. Sanders, and J. B. Watkins, “Effects of
coenzyme Q10 treatment on antioxidant pathways in normal
and streptozotocin-induced diabetic rats,” Journal of Bio-
chemical and Molecular Toxicology, vol. 15, no. 1, pp. 41-46,
2001.



International Journal of Endocrinology

(39]

[40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

S. M. Eleawa, M. Alkhateeb, S. Ghosh et al., “Coenzyme Q10
protects against acute consequences of experimental myo-
cardial infarction in rats,” International journal of physiology,
pathophysiology and pharmacology, vol. 7, no. 1, pp. 1-13,
2015.

H. S. Al-Thakafy, S. M. Khoja, Z. M. Al-Marzouki,
M. Z. Zailaie, and K. M. Al-Marzouki, “Alterations of
erythrocyte free radical defense system, heart tissue lipid
peroxidation, and lipid concentration in streptozotocin-
induced diabetic rats under coenzyme Q10 supplementa-
tion,” Saudi Medical Journal, vol. 25, no. 12, pp. 1824-1830,
2004.

M. Anwar, M. Abd El-Moniem, H. A. Megahed, S. E. El-
Toukhy, N. A. Mohammed, and E. R. Youness, “Effect of
coenzyme Q10 supplementation on markers of oxidative
stress in streptozotocin induced diabetic rats,” Journal of
Applied Pharmaceutical Science, vol. 4, no. 6, pp. 009-015,
2014.

H.-Y. Tsai, C.-P. Lin, P.-H. Huang et al., “Coenzyme Q10
attenuates high glucose-induced endothelial progenitor cell
dysfunction through AMP-activated protein kinase path-
ways,” Journal of Diabetes Research, vol. 2016, Article ID
6384759, 14 pages, 2016.

J. Hodgson, G. Watts, D. Playford, V. Burke, and K. Croft,
“Coenzyme Q10 improves blood pressure and glycaemic
control: a controlled trial in subjects with type 2 diabetes,”
European Journal of Clinical Nutrition, vol. 56, no. 11,
pp. 1137-1142, 2002.

P. Mehrdadi, R. Kolahdouz Mohammadi, E. Alipoor,
M. Eshraghian, A. Esteghamati, and M. Hosseinzadeh-Attar,
“The effect of coenzyme Q10 supplementation on circulating
levels of novel adipokine adipolin/CTRP12 in overweight and
obese patients with type 2 diabetes,” Experimental and
Clinical Endocrinology & Diabetes, vol. 125, no. 3, pp. 156-162,
2016.

G. T. Chew, G. F. Watts, T. M. Davis et al., “Hemodynamic
effects of fenofibrate and coenzyme Q10 in type 2 diabetic
subjects with left ventricular diastolic dysfunction,” Diabetes
Care, vol. 31, no. 8, pp. 1502-1509, 2008.

B.-J. Lee, Y.-F. Tseng, C.-H. Yen, and P.-T. Lin, “Effects of
coenzyme QI0 supplementation (300 mg/day) on anti-
oxidation and anti-inflammation in coronary artery disease
patients during statins therapy: a randomized, placebo-
controlled trial,” Nutrition Journal, vol. 12, pp. 142-149, 2013.
N. Kadhim Mohammed-Jawad, M. Al-Sabbagh, and K. A. Al-
Jezaeri, “Role of L-carnitine and coenzyme Q10 as adjuvant
therapy in patients with type 2 diabetes mellitus,” American
Journal of Pharmacological Sciences, vol. 2, no. 5, pp. 82-86,
2014.

M. Mohseni, M. R. Vafa, S. J. Hajimiresmail et al., “Effects of
coenzyme ql0 supplementation on serum lipoproteins,
plasma fibrinogen, and blood pressure in patients with hy-
perlipidemia and myocardial infarction,” Iranian red crescent
medical journal, vol. 16, no. 10, Article ID 16433, 2014.

M. Akbari Fakhrabadi, A. Zeinali Ghotrom, H. Mozaffari-
Khosravi, H. Hadi Nodoushan, and A. Nadjarzadeh, “Effect of
coenzyme QIO on oxidative stress, glycemic control and
inflammation in diabetic neuropathy: a double blind ran-
domized clinical trial,” International Journal for Vitamin and
Nutrition Research, vol. 84, no. 5-6, pp. 252-260, 2014.

M. Hosseinzadeh-Attar, R. Kolahdouz Mohammadi,
M. Eshraghian et al., “Reduction in asymmetric dimethy-
larginine plasma levels by coenzyme Q10 supplementation in

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

(62]

11

patients with type 2 diabetes mellitus,” Minerva Endo-
crinologica, vol. 40, no. 4, pp. 259-266, 2015.

M. Moazen, Z. Mazloom, A. Ahmadi, M. H. Dabbaghmanesh,
and S. Roosta, “Effect of coenzyme Q10 on glycaemic control,
oxidative stress and adiponectin in type 2 diabetes,” Journal of
the Pakistan Medical Association, vol. 65, no. 4, pp. 404-408,
2015.

F. Raygan, Z. Rezavandi, S. Dadkhah Tehrani, A. Farrokhian,
and Z. Asemi, “The effects of coenzyme Q10 administration
on glucose homeostasis parameters, lipid profiles, biomarkers
of inflammation and oxidative stress in patients with meta-
bolic syndrome,” European Journal of Nutrition, vol. 55, no. 8,
pp. 2357-2364, 2016.

S. M. Mirhashemi, V. Najafi, F. Raygan, and Z. Asemi, “The
effects of coenzyme Q10 supplementation on cardiometabolic
markers in overweight type 2 diabetic patients with stable
myocardial infarction: a randomized, double-blind, placebo-
controlled trial,” ARYA atherosclerosis, vol. 12, no. 4,
pp. 158-165, 2016.

A. Khosrowbeygi, P. Zarei, M. Rezvanfar, H. Ansarihadipour,
M. Delavar, and M. Abdollahi, “Effects of coenzyme Q10
supplementation on the serum levels of amylase, adenosine
deaminase, catalase, and total antioxidant capacity in women
with type 2 diabetes mellitus: a randomized, double-blind
placebo-controlled trial,” Journal of Research in Medical
Sciences, vol. 23, no. 1, p. 91, 2018.

T. Gholnari, E. Aghadavod, A. Soleimani, G. A. Hamidi,
N. Sharifi, and Z. Asemi, “The effects of coenzyme Q10
supplementation on glucose metabolism, lipid profiles, in-
flammation, and oxidative stress in patients with diabetic
nephropathy: a randomized, double-blind, placebo-controlled
trial,” Journal of the American College of Nutrition, vol. 37,
no. 3, pp. 188-193, 2018.

J.-Y. Yoo and K.-S. Yum, “Effect of coenzyme Q10 on insulin
resistance in Korean patients with prediabetes: a pilot single-
center, randomized, double-blind, placebo-controlled study,”
BioMed Research International, vol. 2018, Article ID 1613247,
6 pages, 2018.

C.-H.Yen, Y.-]J. Chu, B.-]J. Lee, Y.-C. Lin, and P.-T. Lin, “Effect
of liquid ubiquinol supplementation on glucose, lipids and
antioxidant capacity in type 2 diabetes patients: a double-
blind, randomised, placebo-controlled trial,” British Journal of
Nutrition, vol. 120, no. 1, pp. 57-63, 2018.

H. Brauner, P. Liithje, J. Griinler et al.,, “Markers of innate
immune activity in patients with type 1 and type 2 diabetes
mellitus and the effect of the anti-oxidant coenzyme Q10 on
inflammatory activity,” Clinical and Experimental Immu-
nology, vol. 177, no. 2, pp. 478-482, 2014.

D. J. Magliano and E. J. Boyko, “IDF diabetes atlas,” 2022,
https://diabetesatlas.org/.

M. Dhanasekaran and J. Ren, “The emerging role of coenzyme
Q-10 in aging, neurodegeneration, cardiovascular disease,
cancer and diabetes mellitus,” Current Neurovascular Re-
search, vol. 2, no. 5, pp. 447-459, 2005.

V. L Zozina, S. Covantev, O. A. Goroshko, L. M. Krasnykh,
and V. G. Kukes, “Coenzyme Q10 in cardiovascular and
metabolic diseases: current state of the problem,” Current
Cardiology Reviews, vol. 14, no. 3, pp. 164-174, 2018.

Y.-L. Dai, T.-H. Luk, K.-H. Yiu et al.,, “Reversal of mito-
chondrial dysfunction by coenzyme Q10 supplement im-
proves endothelial function in patients with ischaemic left
ventricular systolic dysfunction: a randomized controlled
trial,” Atherosclerosis, vol. 216, no. 2, pp. 395-401, 2011.


https://diabetesatlas.org/

12

(63]

(64]

(65]

(66]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

(74]

(75]

(76]

A.J. Kattoor, N. V. K. Pothineni, D. Palagiri, and J. L. Mehta,
“Oxidative stress in atherosclerosis,” Current Atherosclerosis
Reports, vol. 19, pp. 42-11, 2017.

L.-J. Su, J.-H. Zhang, H. Gomez et al., “Reactive oxygen
species-induced lipid peroxidation in apoptosis, autophagy,
and ferroptosis,” Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 5080843, 13 pages, 2019.

M. Wicinski, K. Gorski, E. Wdédkiewicz, M. Walczak,
M. Nowaczewska, and B. Malinowski, “Vasculoprotective
effects of vildagliptin. Focus on atherogenesis,” International
Journal of Molecular Sciences, vol. 21, no. 7, p. 2275, 2020.
U. Forstermann, N. Xia, and H. Li, “Roles of vascular oxi-
dative stress and nitric oxide in the pathogenesis of athero-
sclerosis,” Circulation Research, vol. 120, no. 4, pp. 713-735,
2017.

G. R. Drummond and C. G. Sobey, “Endothelial NADPH
oxidases: which NOX to target in vascular disease?” Trends in
Endocrinology and Metabolism, vol. 25, no. 9, pp. 452-463,
2014.

J. Nomura, N. Busso, A. Ives et al., “Xanthine oxidase in-
hibition by febuxostat attenuates experimental atherosclerosis
in mice,” Scientific Reports, vol. 4, no. 1, p. 4554, 2014.

J. S. Bhatti, G. K. Bhatti, and P. H. Reddy, “Mitochondrial
dysfunction and oxidative stress in metabolic disorders—a
step towards mitochondria based therapeutic strategies,”
Biochimica et Biophysica Acta- Molecular Basis of Disease,
vol. 1863, no. 5, pp. 1066-1077, 2017.

R. Kolahdouz Mohammadi, M. J. Hosseinzadeh-Attar,
M. R. Eshraghian, M. Nakhjavani, E. Khorami, and
A. Esteghamati, “The effect of coenzyme Q10 supplementa-
tion on metabolic status of type 2 diabetic patients,” Minerva
Gastroenterologica e Dietologica, vol. 59, no. 2, pp. 231-236,
2013.

K. N. Keane, V. F. Cruzat, R. Carlessi, P. I. H. De Bittencourt,
and P. Newsholme, “Molecular Events linking oxidative stress
and inflammation to insulin resistance andfS-cell dysfunc-
tion,” Oxidative Medicine and Cellular Longevity, vol. 2015,
Article ID 181643, 15 pages, 2015.

H. Huang, H. Chi, D. Liao, and Y. Zou, “Effects of coenzyme
Q10 on cardiovascular and metabolic biomarkers in over-
weight and obese patients with type 2 diabetes mellitus:
a pooled analysis,” Diabetes, Metabolic Syndrome and Obesity:
Targets and Therapy, vol. 11, pp. 875-886, 2018.

M. M. Amin, G. F. Asaad, R. M. Abdel Salam, H. S. El-Abhar,
and M. S. Arbid, “Novel CoQ10 antidiabetic mechanisms
underlie its positive effect: modulation of insulin and adi-
ponectine receptors, Tyrosine kinase, PI3K, glucose trans-
porters, SRAGE and visfatin in insulin resistant/diabetic rats,”
PLoS One, vol. 9, no. 2, Article ID 89169, 2014.

S. K. Lee, J. O. Lee, J. H. Kim et al,, “Coenzyme Q10 increases
the fatty acid oxidation through AMPK-mediated PPARw
induction in 3T3-L1 preadipocytes,” Cellular Signalling,
vol. 24, no. 12, pp. 2329-2336, 2012.

H. Zahedi, S. Eghtesadi, S. Seifirad et al., “Effects of CoQ10
supplementation on lipid profiles and glycemic control in
patients with type 2 diabetes: a randomized, double blind,
placebo-controlled trial,” Journal of Diabetes and Metabolic
Disorders, vol. 13, pp. 81-88, 2014.

O. Barbier, I. P. Torra, Y. Duguay et al., “Pleiotropic actions of
peroxisome proliferator-activated receptors in lipid meta-
bolism and atherosclerosis,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 22, no. 5, pp. 717-726, 2002.

(77]

(78]

(79]

(80]

(81]

(82]

(83

(84]

(85]

(86]

(87]

(88]

(89]

(90]

(91]

International Journal of Endocrinology

M.J. Ho, E. C. Li, and J. M. Wright, “Blood pressure lowering
efficacy of coenzyme Q10 for primary hypertension,”
Cochrane Database of Systematic Reviews, vol. 3, no. 3, 2016.
H. Li, S. Horke, and U. Forstermann, “Vascular oxidative
stress, nitric oxide and atherosclerosis,” Atherosclerosis,
vol. 237, no. 1, pp. 208-219, 2014.

A. Akbari, G. R. Mobini, S. Agah et al,, “Coenzyme Q10
supplementation and oxidative stress parameters: a systematic
review and meta-analysis of clinical trials,” European Journal
of Clinical Pharmacology, vol. 76, no. 11, pp. 1483-1499, 2020.
B.-J. Lee, Y.-C. Lin, Y.-C. Huang, Y.-W. Ko, S. Hsia, and
P.-T. Lin, “The relationship between coenzyme Q10, oxidative
stress, and antioxidant enzymes activities and coronary artery
disease,” The Scientific World Journal, vol. 2012, Article ID
792756, 8 pages, 2012.

M. Krawczyk, I. Burzynska-Pedziwiatr, L. A. Wozniak, and
M. Bukowiecka-Matusiak, “Impact of polyphenols on in-
flammatory and oxidative stress factors in diabetes mellitus:
nutritional antioxidants and their application in improving
antidiabetic therapy,” Biomolecules, vol. 13, no. 9, p. 1402,
2023.

I. Bellezza, I. Giambanco, A. Minelli, and R. Donato, “Nrf2-
Keapl signaling in oxidative and reductive stress,” Biochimica
et Biophysica Acta (BBA)- Molecular Cell Research, vol. 1865,
no. 5, pp. 721-733, 2018.

G. Sharath Babu, T. Anand, N. Ilaiyaraja, F. Khanum, and
N. Gopalan, “Pelargonidin modulates Keapl/Nrf2 pathway
gene expression and ameliorates citrinin-induced oxidative
stress in HepG2 cells,” Frontiers in Pharmacology, vol. 8,
p. 868, 2017.

S. Siewert, I. Gonzalez, L. D. Santilldn, R. Lucero, M. S. Ojeda,
and M. S. Gimenez, “Downregulation of Nrf2 and HO-1
expression contributes to oxidative stress in type 2 diabetes
mellitus: a study in Juana Koslay City, San Luis, Argentina,”
Journal of Diabetes Mellitus, vol. 3, no. 2, 2013.

A. Uruno, Y. Yagishita, and M. Yamamoto, “The Keap1-Nrf2
system and diabetes mellitus,” Archives of Biochemistry and
Biophysics, vol. 566, pp. 76-84, 2015.

A. S. Jiménez-Osorio, A. Picazo, S. Gonzdlez-Reyes,
D. Barrera-Oviedo, M. E. Rodriguez-Arellano, and J. Pedraza-
Chaverri, “Nrf2 and redox status in prediabetic and diabetic
patients,” International Journal of Molecular Sciences, vol. 15,
no. 11, pp. 20290-20305, 2014.

J. A. David, W. J. Rifkin, P. S. Rabbani, and D. J. Ceradini,
“The Nrf2/Keapl/ARE pathway and oxidative stress as
a therapeutic target in type II diabetes mellitus,” Journal of
Diabetes Research, vol. 2017, Article ID 4826724, 15 pages,
2017.

F. Jalali Mashayekhi, F. Samimi, M. Baazm, E. Eftekhar,
S. Rajabi, and M. Goodarzi, “Possible antioxidant mechanism
of coenzyme Q10 in diabetes: impact on Sirt1/Nrf2 signaling
pathways,” Research in Pharmaceutical Sciences, vol. 14, no. 6,
p. 524, 2019.

J. Sun, H. Zhu, X. Wang, Q. Gao, Z. Li, and H. Huang, “CoQ10
ameliorates mitochondrial dysfunction in diabetic nephrop-
athy through mitophagy,” Journal of Endocrinology, vol. 240,
no. 3, pp. 445-465, 2019.

M. F. Persson, S. Franzén, S.-B. Catrina et al., “Coenzyme Q10
prevents GDP-sensitive mitochondrial uncoupling, glomer-
ular hyperfiltration and proteinuria in kidneys from db/db
mice as a model of type 2 diabetes,” Diabetologia, vol. 55,
no. 5, pp. 1535-1543, 2012.

L.Li, J. Du, Y. Lian et al,, “Protective effects of coenzyme Q10
against hydrogen peroxide-induced oxidative stress in PC12



International Journal of Endocrinology

[92

[93

(94

[95

(96

[97

(98

]

cell: the role of Nrf2 and antioxidant enzymes,” Cellular and
Molecular Neurobiology, vol. 36, no. 1, pp. 103-111, 2016.
R. Rezai, “The effect of 6 weeks high intensity interval training
alongwith taking coenzyme Q10 supplement on Antioxidant
values, Nrf2, NQO1 in heart muscle of old diabetic rats,”
Iranian Journal of Diabetes and Metabolism, vol. 23, no. 2,
pp. 114-124, 2023.

S. Dal and S. Sigrist, “The protective effect of antioxidants
consumption on diabetes and vascular complications,” Dis-
eases, vol. 4, no. 4, p. 24, 2016.

1. Jofré, M. Cuevas, L. S. de Castro et al., “Antioxidant Effect of
a Polyphenol-Rich Murtilla (Ugni molinae Turcz.) extract and
its effect on the regulation of metabolism in refrigerated boar
sperm,” Oxidative Medicine and Cellular Longevity, vol. 2019,
Article ID 2917513, 15 pages, 2019.

N. A. Abdul Nasir, R. Agarwal, S. H. Sheikh Abdul Kadir etal.,
“Reduction of oxidative-nitrosative stress underlies anti-
cataract effect of topically applied tocotrienol in
streptozotocin-induced diabetic rats,” PLoS One, vol. 12, no. 3,
Article ID 174542, 2017.

Z. Xu, J. Huo, X. Ding et al., “Coenzyme Q10 improves lipid
metabolism and ameliorates obesity by regulating CaMKII-
mediated PDE4 inhibition,” Scientific Reports, vol. 7, no. 1,
p. 8253, 2017.

R. Pala, C. Orhan, M. Tuzcu et al., “Coenzyme Q10 supple-
mentation modulates NFxkB and Nrf2 pathways in exercise
training,” Journal of Sports Science and Medicine, vol. 15, no. 1,
p. 196, 2016.

G. Hajiluian, J. Heshmati, S. Jafari Karegar, M. Sepidarkish,
A. Shokri, and F. Shidfar, “Diabetes, age, and duration of
supplementation subgroup analysis for the effect of Co-
enzyme QIO on oxidative stress: a systematic review and
meta-analysis,” Complementary Medicine Research, vol. 28,
no. 6, pp. 557-570, 2021.

13





