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Abstract: Mitochondria are central organelles in the homeostasis of the cardiovascular system via
the integration of several physiological processes, such as ATP generation via oxidative phospho-
rylation, synthesis/exchange of metabolites, calcium sequestration, reactive oxygen species (ROS)
production/buffering and control of cellular survival/death. Mitochondrial impairment has been
widely recognized as a central pathomechanism of almost all cardiovascular diseases, rendering these
organelles important therapeutic targets. Mitochondrial dysfunction has been reported to occur in the
setting of drug-induced toxicity in several tissues and organs, including the heart. Members of the
drug classes currently used in the therapeutics of cardiovascular pathologies have been reported to
both support and undermine mitochondrial function. For the latter case, mitochondrial toxicity is the
consequence of drug interference (direct or off-target effects) with mitochondrial respiration/energy
conversion, DNA replication, ROS production and detoxification, cell death signaling and mito-
chondrial dynamics. The present narrative review aims to summarize the beneficial and deleterious
mitochondrial effects of common cardiovascular medications as described in various experimental
models and identify those for which evidence for both types of effects is available in the literature.

Keywords: cardiovascular drugs; drug toxicity; mitochondria function and morphology; adverse
effects; lactic acidosis; drug intoxication; drug interaction

1. Introduction

The heart is the most energy demanding organ of the body with the daily consumption
of ATP surpassing the cardiac weight by 5–10 fold. Since the heart derives over 95% of
the energy from mitochondrial oxidative phosphorylation, it is not surprising that mito-
chondria occupy approximately one third of the cardiomyocyte volume [1]. Besides their
pivotal role in ATP production, mitochondria have been increasingly recognized as the
organelles central to other key processes, such as metabolic control, signal transduction,
and cell death [2,3]. Alterations in both mitochondrial function and dynamics have been
systematically reported to occur in relation to development and/or evolution of the vast ma-
jority of non-communicable diseases [4,5], in particular the cardiovascular disorders [6–10].
This interaction is common, especially in older patients with multiple comorbidities, each
of them being treated with several drug classes [11]. The drugs have dose-dependent
therapeutic and toxic effects and directly or indirectly modulate cardiac mitochondrial
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function [12]. The pathomechanisms underlying the side- or off-target effects of cardiac
drugs are partially elucidated, but accumulating evidence suggests that mitochondrial
impairment plays an important role [13]. Moreover, polypharmacy in elderly and the large
variability in individual responses can result in unpredictable drug interactions and poten-
tiation of the side- and/or off-target effects of each drug, thus increasing the propensity for
mitochondrial toxicity [14,15]. The degree of toxicity described in the literature varies and
depends on the type of drug and the experimental conditions under which investigations
have been carried out [12]. Frequently, one drug impairs more than a single aspect of
mitochondrial function [16,17]. The electrochemical properties and permeability of the
pharmaceutical compounds, and their specific chemical motifs, have been additionally
linked with mitochondrial toxicity [18–22].

Drugs can induce mitochondrial toxicity through one or more pathomechanisms,
such as inhibition of electron transport system (ETS) protein complexes (including ATP
synthase), uncoupling of electron transport from ATP synthesis, irreversible opening
of the mitochondrial permeability transition pore (mPTP), inhibition of β-oxidation of
fatty acids, inhibition of the citric acid cycle, impairment of either mtDNA replication or
mtDNA-encoded protein synthesis, increased oxidative stress, alterations in mitochondrial
dynamics [18,20,23] and activation of various mitochondrial-dependent and -independent
cell death pathways [24]. An overview of the above-mentioned mechanisms is presented
in Figure 1. Moreover, damaged mitochondria trigger inflammatory/immune responses
that further contribute to the unfavorable evolution of chronic diseases [25]. In order to
repair mitochondrial damage, various mechanisms can be activated, such as mitophagy,
fission/fusion, antioxidant defense, and mitochondrial biogenesis associated with tran-
scription, translation, and proteostatic signaling programs, which will further restore the
organelles’ homeostasis [1,19].
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The most susceptible organs to drug-induced mitochondrial toxicity are the heart,
the liver and kidneys. The former is due to its high energy demand and the latter organs
are due to their exposure to increased drug concentrations [16,18]. The current narrative
review focuses on the mitochondrial effects of specific drugs groups used in the thera-
peutics of major cardiovascular diseases (hypertension, coronary heart disease, atrial and
ventricular arrhythmias, heart failure), based on the data available from experimental and
clinical studies.

2. Mitochondrial Effects of the Main Classes of Drugs Used in Cardiovascular
Diseases

Several classes of pharmaceutical compounds are available to address the complex
pathophysiological mechanisms of cardiac diseases, which are largely aimed at both an-
tagonizing the neuroendocrine activation and supporting myocardial contractility and
metabolism [26,27]. These drugs have various dose- and model-dependent effects on
mitochondrial function/structure, which are systematized herein as beneficial (Table 1),
deleterious (Table 2) or mixed (Table 3) effects.
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Table 1. Beneficial mitochondrial effects of cardiovascular drugs.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Antiarrhytmics

Class II
(β-blockers) Timolol

Prevention of oxidative damage (25–5000 µM)
Prevention of lipid peroxidation

(5 mg/kg body weight, 9 months)

in vitro
in vivo (female rat model of aging-related altered

left ventricular function)
[28–31]

Class III
(K-channel
blockers)

Ibutilide

Attenuation of oxidative stress (10−8 to 10−3 mol/L)
Inhibition of mitochondrial-related apoptosis

Increase in glutathione peroxidase and superoxide
dismutase levels (10−8 to 10−3 mol/L)

in vitro (rat cardiomyocytes) [32]

Sotalol No mitochondrial dysfunction (15–240 µM) in vitro (human platelets) [33]

Dofetilide

Correction of the calcium handling
(2 mg/kg, 3 days; 10−6–10−8 mol/L)

Correction of NADPH oxidase
(2 mg/kg, 3 days; 10−6–10−8 mol/L)

in vivo (heart failure rat model)
in vitro (primary neonatal cardiomyocytes) [34]

Class IV
(Ca-channel

blockers)
Verapamil

Inhibition of lipid peroxidation
(7 mg/kg)

Antioxidant enzyme activity (10 mg/kg twice)
Reduction in apoptosis (10 mg/kg twice)

Reduction in ROS formation and cytochrome c release
(10 mg/kg twice)

Increase the ATP concentration (10 mg/kg twice)
Reduction in mitochondrial swelling (10 mg/kg twice)

Inhibition of mitochondrial membrane potential decrease
(10 mg/kg twice)

in vivo (streptozotocin-induced diabetic rats)
in vivo (rat model of forebrain

ischemia/reperfusion)
[35,36]

Diltiazem

Protection of mitochondrial integrity (0.1–0.5 µmol/L)

Conservation of high-energy phosphate levels (200 µg/kg
bolus + 15 µg/kg/min continuous iv infusion)

Prevention of mitochondrial swelling (7.5 µM)
Prevention of mitochondrial Ca2+ increase (7.5 µM)

Reduction in lipid peroxidation (5 × 10−7M)

Decrease apoptosis (10 µmol/L)

ex vivo (drug administered during reperfusion in a

rabbit model of heart ischemia/reperfusion)

in vivo (rabbit model of myocardium
ischemia/reperfusion)

ex vivo (drug added before ischemia in a rat model
of heart ischemia/reperfusion)

ex vivo (reperfused isolated rabbit hearts)

in vitro (rat hepatocytes)

[37–41]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Angiotensin-converting
enzyme inhibitors (ACEI)

Zofenopril

Prevention of mitochondrial calcium overload
(10−9–10−4 M)

Maintenance of oxidative phosphorylation
(10−9–10−4 M)

Maintenance of ATP production (10−9–10−4 M)
Preservation of membrane integrity (10−9–10−4 M)

Decrease oxidative stress (10−9–10−4 M)

ex vivo (rabbit model of myocardium
ischemia/reperfusion) [42]

Perindopril

Decreased ROS synthesis (2 mg/kg/day, 6 weeks)
Increased antioxidant enzymes (2 mg/kg/day, 6 weeks)

Increased number of mitochondria (2 mg/kg/day, 6 weeks)
Alleviation of mitochondrial ETS dysfunction

(2 mg/kg/day, 6 weeks)
Increase ATP production (2 mg/kg/day, 6 weeks)
Reduction in apoptosis (2 mg/kg/day, 6 weeks)

Increased calcium retention capacity (0.2 mg/kg)

in vivo (rat model of isoprotenerol-induced
cardiomyopathy)

in vivo (drug administered prior to ischemia in a
pig model of heart ischemia/reperfusion)

[43,44]

Trandolapril

Increase in ETS complexes I, II and IV activities
(4–6 mg/kg/day, 12 days)

Attenuation of oxidative stress (4–6 mg/kg/day, 12 days)
Reduction in lipid peroxidation (4–6 mg/kg/day, 12 days)
Improvement of mitochondrial oxygen consumption rates

(3 mg/kg/day, 6 weeks)
Increase in ATP production (3 mg/kg/day, 6 weeks)

in vivo (in a rat model of 3-nitropropionic acid
induced brain lesions)

in vivo (rat model of failing heart following acute
myocardial infarction)

[45–47]

Enalapril

Enhance antioxidant defenses (20 mg/L in drinking water,
11 weeks)

Decreased ROS production (10 mg/kg/day, 14 days)
Increased mitochondrial mass/biogenesis (20 mg/kg/day,

3 months)
Promotion of mitochondrial fusion and autophagy

(20 mg/kg/day, 3 months)
Reduction in lipid peroxidation (10 mg/kg/day, 12 weeks)

Improvement of mitochondrial respiratory efficiency
(10 mg/kg/day, 10 weeks)

in vivo (mouse tissues)

in vivo (rat kidney mitochondria)

in vivo (aged rat hearts)

in vivo (rat model of heart failure)

in vivo (rat model of doxorubicin-induced
cardiomyopathy)

[48–52]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Angiotensin receptor blockers
(ARBs)

Valsartan

Improvement of mitochondrial biogenesis and mitophagy
(320 mg/day, 4 weeks)

Increase mitochondrial respiration (15 mg/kg/day,
4 months)

Reduction in mitochondrial oxidative stress
(30 mg/kg/day in drinking water, 3 weeks)

Increase in mitochondrial β-oxidation (30 mg/kg/day in
drinking water, 3 weeks)

in vivo (pig model with renovascular hypertension)

in vivo (rats with type 2 diabetes)

in vivo (rats with elevated levels of angiotensin II)

[53–55]

Losartan

Reduction in oxidative stress (40 mg/kg/day, 6 months)
Increased mitochondrial membrane potential

(40 mg/kg/day, 6 months)
Amelioration of mtDNA content decrease (30 mg/kg/day,

16.5 months)
Improvement of mitochondrial biogenesis (100 mg/L in

drinking water, 30 days)

in vivo (spontaneously hypertensive rats)

in vivo (aged rats)

in vivo (obese mice)

[56–58]

Candesartan

Decreased ROS production (10 µmol/L)
Regulation of mitochondrial dynamics (10 µmol/L)

Improvement of mitochondrial structure and dynamics
(2 mg/kg/day, 8 weeks)

Increased mitochondrial membrane potential
(2 mg/kg/day, 8 weeks)

Alleviation of mitochondrial ETS dysfunction (Complex I,
II, III, and IV) (0.1–0.3 mg/kg, 7 days)

in vitro (vascular smooth muscle cells)

in vivo (spontaneously hypertensive rats)

in vivo (rat model of cerebral ischemia)

[59–61]

Irbesartan

Inhibition of mitochondrial apoptosis (50 mg/kg/day)
Increase ATP production (10 nM)

Increased mitochondrial membrane potential (10 nM)
Decreased ROS production (10 nM)

in vivo (rat model of sleep apnea)

in vitro (human and mouse model of non-alcoholic
fatty liver disease)

[62,63]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Telmisartan

Upregulation of mitochondria-specific genes expression
(3–10 mg/kg)

Increased mitochondrial membrane potential

Decreased oxidative stress (5 mg/kg/day, 12 weeks)
Modulation of mitochondrial Ca2+ homeostasis

(5 mg/kg/day, 12 weeks)

Enhancement of ATP synthesis (1–10 µM)
Increase in mitochondrial complex II activity (1–10 µM)

Reduction in apoptosis (1–10 µM)

in vivo (mouse model of Parkinsonism)

in vitro (renal glomerular endothelial cells exposed
to high glucose)

in vivo (hypertensive rats)

in vitro (human vascular smooth muscle cells)

[64–67]

Olmesartan

Increase in mitochondrial ETS activities (complex I, II)
(10 mg/kg/day, 6 weeks)

Reduction in oxidative damage (3 mg/kg/day in drinking
water, 8 weeks)

Improvement of ADP-dependent mitochondrial respiration
(3 mg/kg/day in drinking water, 8 weeks)

in vivo (obese insulin resistant rats exposed to an
acute glucose load)

in vivo (mice model of high-fat diet-induced
diabetes)

[68,69]

Azilsartan

Decreased ROS production (0.1–10 µM)
Inhibition of lipid peroxidation (0.1–10 µM)

Increased mitochondrial membrane potential (0.1–10 µM)
Preservation of ATP production (0.1–10 µM)

Reduction in mitochondrial swelling (0.1–10 µM)

Alleviation of ETS complexes I, II and IV dysfunction
Increased mitochondrial respiration (2–4 mg/kg)

Inhibition of apoptosis (2–4 mg/kg)
Increased glutathione level (2–4 mg/kg)

in vitro (murine brain endothelial cells)

in vivo (rat model of cerebral ischemia)

[70,71]

Angiotensin receptor
neprilysin inhibitor (ARNi) Sacubitril/Valsartan

Attenuation of oxidative stress (68 mg/kg/day, 10 weeks)

Improvement of mitochondrial state-3 respiration
(100 mg/day, 3 months)

Increased mitochondrial membrane potential (100 mg/day,
3 months)

Prevention of mitochondrial permeability transition pore
opening (100 mg/day, 3 months)

Increased ATP production (100 mg/day, 3 months)
Normalization of complex-I and IV activities (100 mg/day,

3 months)
Inhibition of apoptosis (100 mg/day, 3 months)

in vivo (rat model of pressure overloaded hearts)

in vivo (dogs with experimental cardiorenal
syndrome)

[72,73]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Calcium channel
blockers-dihydropyridines Amlodipine

Increased oxygen consumption in state 3 (0.4 mg/kg)
Increased calcium retention capacity (0.4 mg/kg)

Reduction in ROS production (0.4 mg/kg)
Decrease in mitochondrial swelling (0.4 mg/kg)

Antioxidant properties (5 mg/kg/day, 8 weeks)
Increased glutathione peroxidase, catalase and superoxide

dismutase activity (1 mg/kg, 7 days)
Reduction in lipid peroxidation (1 mg/kg, 7 days)

Inhibition of apoptosis (1 mg/kg, 7 days)

Enhancement of mitochondrial biogenesis (0.1–1000µM)

ex vivo (pig ischemia/reperfusion model)

in vivo (cholesterol-induced rabbit model of
atherosclerosis and a liver and a heart rat model of

ischemia/reperfusion injury)

in vitro (neural stem cells exposed to oxygen
glucose deprivation)

[44,74–78]

Antithrombotic
agents Ticagrelor

Increased mitochondrial membrane potential (1 µM)
Decreased ROS production (1 µM)

Preservation of ATP synthesis (1 µM)
Restoration of mitochondria ultrastructural changes

(swelling and loss of crista) (1 µM)

in vitro (insulin-resistant H9 c2 cells) [79,80]

Oral anticoagulants

Direct oral anticoagulants Apixaban Antioxidant properties (60 ng/mL)
Reduction in ROS production (60 ng/mL) in vitro (model of endothelial dysfunction in

uremia)
[81]

Edoxaban
Increase mitochondrial oxygen consumption (1 µmol/L)

Improve mitochondrial ATP generation consumption
(1 µmol/L) in vitro (human alveolar epithelial cells) [82]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Diuretics

Loop diuretics Bumetanide

Attenuation of mitochondrial Ca2+ overload (5 µM)
Attenuation of mitochondrial membrane potential

dissipation (5 µM)
Decreased cytochrome c release (5 µM)

in vitro (astrocytes following ischemia) [83,84]

Antagonists of aldosterone

Spironolactone

Improvement of mitochondrial membrane potential
(0.01–1 µM)

Increase in ATP synthesis (0.01–1 µM)
Inhibition of ROS production (0.01–1 µM)

Inhibition of apoptosis (1–10 µM)

in vitro (methylglyoxal exposed osteoblastic cells) [85,86]

Eplerenone

Increased number of cardiac mitochondria
(100 mg/kg/day, 6 weeks)

Increase in mitochondrial DNA copy number
(100 mg/kg/day, 6 weeks)

in vivo (aldosterone-infused mice) [87]

Sodium-glucose cotransporter
2 (SGLT2) inhibitors Empagliflozin

Improvement of mitochondrial biogenesis
(10–30 mg/kg/day, 8 weeks)

Increased state 3 respiratory rate (10–30 mg/kg/day,
8 weeks)

Increased mitochondrial membrane potential
(10–30 mg/kg/day, 8 weeks)

Suppression of ROS generation (10 mg/kg/day, 2 weeks)

Reduction in mitochondrial DNA damage
(30 mg/kg/day, 10 weeks)

Reduction in oxidative stress (30 mg/kg/day, 10 weeks)
Restoration of fatty acid oxidation (30 mg/kg/day,

10 weeks)
Enhancement of mitochondrial fusion (3.8 mg/kg/day,

8 weeks)

in vivo (rat model of high-fat
diet/streptozocin-induced diabetes)

in vivo (rat diabetic hearts after myocardial
infarction)

in vivo (rats with left ventricular dysfunction after
myocardial infarction)

[88–93]
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Table 1. Cont.

Class of Drugs Drug Name Mitochondrial Effects Experimental Model References

Glucagon-like
peptide-1 receptor agonists

(GLP-1 RAs)
Liraglutide

Decreased ROS production (50–500 nM)
Increased mitophagy (50–500 nM)

Alleviation of mitochondrial membrane potential decrease
(1–20 nM)

Inhibition of mitochondrial permeability transition pore
opening (1–20 nM)

Inhibition of apoptosis (1–20 nM)

Attenuation of Ca2+ abnormalities (0.3 mg/kg, 4 weeks)

Normalization of mitochondrial dynamics (0.15 mg/kg)

in vitro (HepG2 cell model of non-alcoholic
steatohepatitis)

in vitro (human renal mesangial cells exposed to
hyperglycemia)

in vivo (rat model of high-carbohydrate induced
metabolic syndrome)

in vivo (acute mouse model of Parkinson’s disease)

[94–98]

Exenatide

Decreased oxidative stress (0.05–0.6 µM)
Increased ATP production (0.05–0.6 µM)

Increased mitochondrial ATPase activity (0.05–0.6 µM)
Increased mitochondrial membrane potential (0.05–0.6 µM)

Decreased mitochondrial calcium overload
(0.05–0.6 µM)

Inhibition of mitochondrial permeability transition pore
opening (0.05–0.6 µM)

Improvement of morphological and structural changes of
mitochondria (10 mg/kg or 0.3 nM)

in vitro (H9c2 cardiomyocytes subjected to
hypoxia/reoxygenation)

in vivo (rat model of ischemia/reperfusion injury)
and ex vivo (Langendorff model)

[99,100]

Dulaglutide
Increased mitochondrial membrane potential (50–100 nM)

Decreased ROS generation (50–100 nM)
Increased glutathione level (50–100 nM)

in vitro (human fibroblast-like synoviocytes
exposed to TNF-α) [101]

Semaglutide

Decreased ROS production (1–5 mmol/L)
Improvement of autophagy (1–5 mmol/L)

Decreased lipid peroxidation (25 nmol/kg, 30 days)

in vitro (lipopolysaccharides treated H9c2
cardiomyocytes)

in vivo (aged mice)

[102,103]

Lixisenatide

Promotion of mitochondrial biogenesis (5–20 nM)
Increased mitochondrial respiration (5–20 nM)

Enhancement of ATP generation (5–20 nM)

Inhibition of oxidative stress (10–20 nM)
Increased mitochondrial membrane potential (10–20 nM)

in vitro (human umbilical vein endothelial cells)

in vitro (human rheumatoid arthritis fibroblast-like
synoviocytes)

[104,105]
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Table 2. Deleterious mitochondrial effects of cardiovascular drugs.

Class of Drugs Drug Name Mitochondrial Effects/Dosage Experimental Model References

β1 and 2
receptor
agonists

Isoprotenerol

Inhibition of respiration (85 mg/kg of body weight)
Inhibition of ETS complexes I, II, IV and ATP synthase

(85 mg/kg of body weight)

Stimulation of the mPTP opening
(100 mg/kg body weight)

Increase in lipid peroxidation
(100 mg/kg body weight)

Alteration of glutathione status
(100 mg/kg body weight)

Induction of antioxidant depletion (∼=30 µM)
DNA damage and apoptotic signaling (∼=30 µM)

Induction of oxidative stress
(30 mg/kg/day, 8 days)

Uncoupling of oxidative phosphorylation
(1 mg/kg, 10 days)

Decrease ATP levels (1 mg/kg, 10 days)
Increased expression of inflammatory markers

in vivo (rats)

in vivo (rats)

in vitro (cardiomyoblasts)

in vivo (mice)

in vivo (rat model of experimental chronic heart
failure)

[106–115]

Antiarrhytmics

Class I
(Na-channel

blockers)

Quinidine

Uncoupling of oxidative phosphorylation (50 mg/kg/day,
5 days/week for 4 weeks)

Reduction in mitochondrial creatine phosphate kinase
activity

(50 mg/kg/day, 5 days/week for 4 weeks)
Decrease ATP production

(50 mg/kg/day, 5 days/week for 4 weeks)
Inhibition of the protein synthesis in heart mitochondria

(50 mg/kg/day, 5 days/week for 4 weeks)

Inhibition of respiration (1–4 mM in vitro; 75 mg/kg twice
a day for 4 days in vivo)

in vivo (rats)

in vitro (isolated kidney cortex mitochondria);
in vivo (male rats)

[116,117]

Propafenone
Reduction in mitochondrial membrane potential (10–20 µM)
Decrease the expression of apoptotic inhibitors Bcl-xL and

Bcl-2 (10–20 µM)
in vitro (esophageal squamous cell carcinoma) [118]
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Table 2. Cont.

Class of Drugs Drug Name Mitochondrial Effects/Dosage Experimental Model References

Class II (β-blockers) Propanolol

Induction of mitochondrial swelling and cytochrome c
release (2.5–20 µg/mL)

Activation of caspase cascade and apoptotic cell death
(2.5–20 µg/mL)

Inhibition of the ETS complex II (2.5–20 µg/mL)
Increased ROS formation (2.5–20 µg/mL)

Decreased mitochondrial membrane potential
(2.5–20 µg/mL)

Depletion of the ATP level (2.5–20 µg/mL)

in vitro (rat cardiomyocytes) [119–124]

Class III
(K-channel
blockers)

Amiodarone

Inhibition of respiration (20–400 µM)
Uncoupling of oxidative phosphorylation

(20–400 µM)
Inhibition of the mitochondrial complexes I and II

(20–400 µM)
Inhibition of fatty acid ß-oxidation (20–400 µM)

Depletion of ATP content (20–400 µM)

in vitro (isolated rat liver mitochondria, human
hepatocytes, rat cardiomyocytes, human platelets,
peripheral blood mononuclear cells, HepG2 cells)

[125–131]

Dronedarone

Inhibition of fatty acid β-oxidation (1–50 µM)
Dissipation of the mitochondrial membrane potential

Inhibition of respiration (1–50 µM)
Inhibition of mitochondrial complex I

(1–50 µM)
Uncoupling of oxidative phosphorylation

(1–50 µM)
Decrease in the intracellular ATP content

(1–50 µM)

in vitro (rat liver mitochondria, primary human
hepatocytes, HepG2 cells, rat cardiomyocytes)

[129–132]
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Table 2. Cont.

Class of Drugs Drug Name Mitochondrial Effects/Dosage Experimental Model References

Antithrombotic
agents

Acetyl-salicylic acid

Inhibition of respiration (2–10 mM)
Inhibition of ATP synthesis (2–10 mM)

Uncoupling of oxidative phosphorylation
(2–10 mM)

Inhibition of the respiratory chain ATPase

Opening of the mitochondrial transition pore
(400 µM)

Reduction in mitochondrial membrane potential (400 µM)
Increase Ca2+ release from the mitochondrion (400 µM)

in vitro (isolated rat cardiac mitochondria)

in vitro (rat liver mitochondria)

in vitro (rat kidney mitochondria)

[133–135]

Clopidogrel

Inhibition of mitochondrial respiratory state 3 and state 4
respiration—in high doses (10 µg/mL)

Reduction in glutathione content (10–100 µM)
Decreased mitochondrial membrane potential (10–100 µM)

Increased ROS production (10–100 µM)
Induction of apoptosis (10–100 µM)

in vitro (isolated mice liver mitochondria)

in vitro (primary human hepatocytes and HepG2
cells)

[136–138]

Prasugrel and Ticlopidine
Decreased mitochondrial membrane potential (10–100 µM)

Increased ROS production (10–100 µM)
Induction of apoptosis (10–100 µM)

in vitro (human neutrophil granulocytes and
lymphocytes) [138]

Oral anticoagulants

Coumarin
derivatives Warfarin Reduction in ATP content (0.5–1 mM) in vitro (isolated rat hepatocytes) [139]

Direct Oral Anticoagulants Dabigatran
Increased ROS generation (1–100 µM)

Decreased mitochondrial membrane potential (1–100 µM)
Increased lipid peroxidation (1–100 µM)

in vitro (rat gastric epithelial cell line) [140]
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Table 2. Cont.

Class of Drugs Drug Name Mitochondrial Effects/Dosage Experimental Model References

Diuretics

Loop diuretics Furosemide
Inhibition of ETS complex II

Inhibition of state 3 (ADP-dependent) respiration
(2 × 10−3 mol/L)

in vitro (rat kidney mitochondria, rat liver
mitochondria) [141,142]

Direct vasodilators Organic
nitrates

Increase in ROS production (50–5000µM)
Induction of lipid peroxidation (50–5000µM)

Decreased mitochondrial membrane potential (50–5000µM)
Induction of mitochondrial swelling (50–5000µM)

in vitro (rat heart mitochondria) [143,144]

Molsidomine/
Lisindomine

Induction of oxidative stress (1–20 µM)
Inhibition of mitochondrial respiration (50µmol/L)

Inhibition of complex I (1–20 µM)

Decreased mitochondrial membrane potential
(0.2–0.8 mmol/L)

Decrease in ATP synthesis (0.2–0.8 mmol/L)

in vitro (isolated rat brain mitochondria)

in vitro (human spermatozoa)

[145–148]

Sodium nitroprusside

Decreased mitochondrial membrane potential (0.5–5 mM)
Inhibition of ATP generation (0.5–5 mM)

Induction of apoptosis (1 mM)

in vitro (neuronal PC12 cells and HepG2 liver cells)

in vitro (rat chondrocytes)

[149,150]

Minoxidil
Induction of mitochondrial morphological abnormalities

(50 µg/mL)
Increased ROS production (50 µg/mL) in vitro (ovarian cancer cells) [151]
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Table 3. Mixed mitochondrial effects of cardiovascular drugs.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Antiarrhytmics

Lidocaine

Alleviation of isoflurane-induced
mitochondrial structure damage
and the decline in mitochondrial

membrane potential
40–100 µg/mL)

Reversal of isoflurane-induced
mitochondrial ETS dysfunction

(40–100 µg/mL)
Inhibition of isoflurane-induced

apoptosis (40–100 µg/mL)

in vitro (H4 cells exposed to
isoflurane)

Suppression of the mitochondrial
ETS (0.1–10 mM)

Decreased mitochondrial membrane
potential (0.1–10 mM)

Increased ROS production
(0.1–10 mM)

Inhibition of ATP synthesis
(0.1–10 mM)

Induction of mitochondrial
structural changes and apoptosis

(4–4000 µM)

in vitro (neuronal SH-SY5Y
cells)

in vitro (human
neutrophils)

[152–154]

Phenytoin

Decreased cerebral
malondialdehyde as marker of

oxidative stress
Decreased monoamine oxidase A
+ B activity in an animal model of

epilepsy

in vivo

Increased oxidative stress
(200–600 µM)

Depletion of glutathione
(200–600 µM)

Increased lipid peroxidation
(200–600 µM)

Inhibition of respiration
(0.025–1 mM)

Decreased ATP synthesis
(0.025–1 mM)

Decreased mitochondrial membrane
potential (0.025–1 mM)

in vitro (rat hepatocytes)

in vitro (murine hepatic
microsomal system)

[155–157]

Class II
(β-blockers) Carvedilol

Antioxidant effects (10 µM)
Inhibition of lipid peroxidation

(1–50 µM)
Mild uncoupling of mitochondrial

oxidative phosphorylation
(10–100 µM)

Decrease in ROS production
(10–20 µM)

Prevention of calcium overload
(10–20 µM)

Inhibition of NADH
dehydrogenase and prevention of

oxidative damage (10–20 µM)
Inhibition of mPTP (5–20 µM)

in vitro (swine ventricular
membranes, rat brain

homogenates, human LDL,
bovine and human

endothelial cells, rat heart
mitochondria)

Induction of severe mitochondria
damage—mitochondrial swelling,

crista damage and formation of
myelin figures inside the

mitochondria (10 µM)

in vitro (rat C6 glioma cells) [158–161]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Nebivolol

Antioxidant activity
(1–2 mg/kg, 8 weeks)

Inhibition of NADPH oxidase
activity (1–2 mg/kg, 8 weeks)

in vivo (streptozocin treated
diabetic rats)

Inhibition of complex I and V (1 µM)
Inhibition of respiration (1 µM)
Depletion of ATP levels (10 µM)

Induction of mitochondrial
morphology changes (10 µM)

Increased ROS production (10 µM)

in vitro (breast, colon and
oral squamous carcinoma

cells)
[162–164]

Metoprolol
Increased mitochondrial
respiratory control ratio

(1 mg/kg -bolus infusion)

in vivo (rat model of
ischemia/reperfusion

injury)

No protective effect against
adriamycin-induced mitochondrial

DNA impairment
(3 mg/kg/12 h, 12 days)

in vivo (rat model of
adriamycin-induced

cardiotoxicity)

[165–168]

Atenolol

Decrease in membrane fatty acid
unsaturation degree of

mitochondria (0.1 g/L of atenolol
drinking water solution)

Reduction in mitochondrial
protein oxidative, glycoxidative,

and lipoxidative modification
(0.1 g/L in drinking water)

Reduction in oxidative damage in
heart mitochondrial DNA

(0.1 g/L in drinking water)

in vivo (rats)

Increased ROS production
(2.5–20 µg/mL)

Decrease in mitochondrial succinate
dehydrogenase activity

(2.5–20 µg/mL)
Decreased mitochondrial membrane

potential (2.5–20 µg/mL)
Induction of mitochondrial swelling

(2.5–20 µg/mL)
Decreased ATP content

(2.5–20 µg/mL)

in vitro (isolated rat heart
mitochondria)

[119,169–171]

Esmolol

Improvement of mitochondrial
morphology (300 µg/kg/min,

48 h)

Prevention of apoptosis by
decreasing the Bax/Bcl-2 levels

(1.75–3.5 mg/Kg/h)

in vivo (spontaneously
hypertensive rats)

in vivo (early sepsis rats
with abdominal infection)

Increased ROS level (5–250 µM)
Decreased mitochondrial membrane

potential (5–250 µM)

in vitro (human lung
fibroblast cells) [172–175]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Others

Adenosine

Attenuation of the decline of
complex I and mitochondrial NO

synthase activities
(0.03 µg/kg/min, 65 min)

Reduction in mitochondrial
phospholipid oxidation

(0.03 µg/kg/min, 65 min)

ex vivo (experimental
model of rabbit heart

ischemia/reperfusion)

Induction of apoptosis (0.1–10 mM)
Increased ROS production

(0.1–10 mM)

Reduction in Bcl-X(L) expression
(3 mM)

Disruption of mitochondrial
membrane potential (3 mM)

in vitro (liver cancer cells)

in vitro (HepG2 cells)

[176–179]

Digitalis

Enhancement of the efficiency of
mitochondrial electron transport

and ATP synthesis (1–100 nM
in vitro; 1 mg/kg, 5–8 days

in vivo)

in vitro (rat cardiomyocytes)
in vivo (mice)

Reduction in mitochondrial Ca2+
accumulation (1 µM)

Reduction in the NADH/NAD+
redox potential (1 µM)

Increased ROS production (1 µM)

Decrease mitochondrial membrane
potential (0.025–0.2 µM)

Induction of mitochondrial related
apoptosis (0.025–0.2 µM)

Increase Bax/Bcl-2 proportion
(50–200 nM)

Depletion of ATP (0.03–100 µM)

in vitro (guinea pig
ventricular myocytes)

in vitro (human non-small
cell lung cancer cells A549)

in vitro (breast cancer cells)
in vitro (HeLa cell line)

[180–185]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Angiotensin-
converting enzyme
inhibitors (ACEI)

Ramipril
Attenuation of lipid peroxidation
(10 mg/kg/day, 28 days in vivo;

10 µM in vitro)

in vivo (rat model of
rheumatoid arthritis) and

in vitro (rat
cardiomyocytes)

Inhibition of cardiac uncoupling
protein-2 expression (50 µg/kg/day,

4 weeks)

in vivo (rat model of
ischemia/reperfusion) [186,187]

Captopril

Attenuation of mitochondrial
membrane potential dissipation

(10 mg/kg, 7–8 days)
Increase ATP production

(10 mg/kg, 7–8 days)

Restoration of mitochondrial
oxygen consumption (5 mg/kg,

12 weeks)

Antioxidant effect (0.08 mM)

in vivo (rat model of
adriamycin toxicity)

in vivo (rabbits with
experimentally induces
hypercholesterolemia)

in vitro (rat liver
mitochondria)

Decrease in respiration rates
(5 mg/kg, 12 weeks)

Inhibition of ATP synthase activity
(0.1–0.5 mmol/L)

in vivo (rabbits with
experimentally induces
hypercholesterolemia)

in vitro (rat heart
mitochondria)

[188–192]

Lisinopril

Attenuation of oxidative stress
(40 mg/L in drinking water)

Increase mitochondrial content
(40 mg/L in drinking water)

in vivo (rat model of
irradiation-induced kidney

damage)

Reduction in mitochondrial
respiration (50–10,000 ng/mL)

in vitro (Drosophila
melanogaster strains)

[193,194]

Direct Oral
Anticoagulants Rivaroxaban

Reduction in ROS generation
(300 nM in vitro; 12 mg/kg/day,

28 days in vivo)

Antioxidant effects (5.6 mM)

in vitro (advanced glycation
end products-exposed
proximal tubular cells);

in vivo (intermittent
hypoxia exposed mice)

in vitro (rat kidney
mitochondria)

Decrease in mitochondrial succinate
dehydrogenase activity (1.4–2.8 mM)

Increase ROS production
(1.4–2.8 mM)

Induction of mitochondrial swelling
(1.4–2.8 mM)

Reduction in mitochondrial
membrane potential (1.4–2.8 mM)

in vitro (rat kidney
mitochondria) [195–197]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Diuretics

Epithelial sodium
channel blockers Amiloride

Attenuation of the mitochondrial
membrane potential dissipation

(50–200 µM)
Inhibition of apoptosis

(50–200 µM)

in vitro (rat articular
chondrocytes)

Inhibition of mitochondrial
NADH-quinone oxidoreductase

(complex I) (5–100 µM)

Inhibition of oxidative
phosphorylation (10µM)

Increased mitochondrial fusion
(10µM)

in vitro (in bovine
submitochondrial particles
and in bacterial membranes)

in vitro (clonal
untransformed and cancer

cells)

[198–200]

Statins

Enhancement of mitochondrial
respiration (2.5–10 µM Simva)
Increase in complex I and IV
activity (2.5–10 µM Simva)

in vitro (peripheral blood
mononuclear cells and

platelets)

Reduction in coenzyme Q10 level
(1–100 µM)

Increase in ROS generation
(25–700 µM)

Inhibition of respiration
(1–1000 µmol/L)

Inhibition of respiratory chain
complexes (1–1000 µmol/L)

Uncoupling of oxidative
phosphorylation (1–1000 µmol/L)

Reduction in ATP production
(1–1000 µmol/L)

Induction of mitochondrial
membrane depolarization

(1–1000 µmol/L)
Induction of mitochondrial
apoptosis (1–1000 µmol/L)

Induction of mitochondrial swelling
(1–1000 µmol/L)

Dysregulation of calcium
metabolism (25–700 µM)

Induction of fatty acid oxidation
(Simva, 80 mg/day, 12 weeks)

in vitro (rat myoblasts,
isolated rat skeletal muscle

mitochondria, isolated
endothelial mitochondria,
rat hepatocytes, pancreas

mitochondria, human
platelets)

in vivo

[201–207]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Direct vasodilators Hydralazine

Antioxidant properties
(10–30 mg/kg)

Inhibition of apoptosis
(10–30 mg/kg)

Inhibition of mitochondrial fission
(1 µM)

Preservation of mitochondrial
fusion (1 µM)

Promotion of mitochondrial
biogenesis (5–20 µM)

Increase in ETS complexes activity
(5–20 µM)

Increase in ATP production
(5–20 µM)

Enhancement of mitochondrial
membrane potential (5–20 µM)

Increase in mtDNA/nDNA ratio
(5–20 µM)

Increase in mitochondrial mass
(5–20 µM)

in vivo (rat model of
ischemia/reperfusion)

in vitro (isolated murine
cardiomyocytes subjected to

ischemia/reperfusion
injury)

in vitro (human
neuroblastoma SH-SY5Y

and mouse myoblast C2C12
cells)

Inhibition of respiration (10–100 µM)

Induction of apoptosis (200–600 µM)
Increase ROS production

(200–600 µM)
Reduction in mitochondrial

membrane potential (200–600 µM)

in vitro (human
neuroblastoma SH-SY5Y

and mouse myoblast C2C12
cells)

in vitro (leukemic T cells)

[208–210]

[211,212]
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Table 3. Cont.

Class of Drugs Drug Name Beneficial Effects Experimental Model Deleterious Effects Experimental Model References

Sodium-glucose
cotransporter 2 (SGLT2)

inhibitors
Dapagliflozin

Antioxidant properties (10 µM)

Reduction in ROS production
(0.1–10 µM)

Alteration of Ca2+ dynamics
(0.01–10 µM)

Decrease in mitochondrial
swelling (1 mg/kg)

Reduction in mitochondrial
fission (1 mg/kg/day, 28 days)

Increase in mitochondrial fusion
(1 mg/kg/day, 28 days)

Normalization of respiratory
control ratio (1 mg/kg/day,

20 days)
Decrease lipid peroxidation

(1 mg/kg/day, 20 days)

in vitro (rat liver
mitochondria)

in vitro (human proximal
tubular cells)

in vivo (rat model of
ischemia/reperfusion

injury)
in vivo (metabolic

syndrome rats subjected to
ischemia/reperfusion)

in vivo (mice model of
streptozocin induced

diabetes)

Inhibition of mitochondrial
respiration (20–50 µM)

Reduction in calcium retention
capacity (20–50 µM)

in vitro (rat liver
mitochondria) [213–217]

Canagliflozin

Improvement of mitochondrial
biogenesis (60 mg/kg/day,

14 weeks)
Improvement of fatty acid
oxidation (60 mg/kg/day,

14 weeks)

in vivo (mice model of
high-fat diet induced

obesity)

Inhibition of the ETS complex I
(10–50 µM)

Inhibition of the ETS complex II
(50 µM)

in vitro (human renal
proximal tubule epithelial

cell model system)
in vitro (breast cancer cells)

[218,219] [220]
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The complex mitochondrial effects of specific cardiovascular drugs in various experi-
mental models are detailed in the following subsections.

2.1. Sympathomimetics
Isoprotenerol

Isoproterenol is a sympathomimetic agent, which has positive chronotropic and in-
otropic effects, but when administered in high doses, it can lead to oxidative stress, causing
irreversible damage to the membrane, which results in the development of necrosis [221].
In rat heart mitochondria isoprotenerol impaired the functional state of the mitochondria by
decreasing the respiratory control index (an indicator of the effectiveness of mitochondrial
oxidative phosphorylation), the levels of the main subunits of the respiratory chain com-
plexes and the activity of complexes I, II, IV and that of the ATP synthase [106]. Additionally,
in rat heart mitochondria isoprotenerol decreased the concentration of cardiolipin, which
plays an important role in the regulation of membrane integrity, reduced the Ca2+ retention
capacity, thus stimulating the opening of the mPTP which led to an increased rate of mito-
chondrial swelling [107]. In addition, isoprotenerol-treated rat heart mitochondria showed
a significant increase in the levels of lipid peroxidation, calcium ions and a significant
reduction in the levels of glutathione peroxidase, decreased glutathione, glutathione-S-
transferase, isocitrate, malate, α-ketoglutarate, and succinate dehydrogenases [108–110].
In cardiomyoblasts, isoprotenerol induced antioxidant depletion, increased expression of
inflammatory markers, DNA damage and apoptotic signaling through upregulating ex-
pression of Bax, cytochrome c, Fas, caspase-3, caspase-8, and caspase-9 and downregulating
expression of Bcl-2 and Bcl-xL [111–113]. In mice, isoprotenerol treatment caused cardiac
hypertrophy, reduced protein sulfhydryl content, impaired superoxide dismutase activity
and catalase activity, and increased H2O2 production [114]. Isolated cardiac mitochon-
dria from mice treated with isoproterenol showed a decreased mitochondrial superoxide
dismutase activity, and higher mitochondrial Ca2+-induced swelling secondary to mPTP
opening [114]. In cardiomyocyte mitochondria from rats with experimental chronic heart
failure, isoprotenerol induced uncoupling of mitochondrial respiration and decreased ATP
production [115].

2.2. Antiarrhytmics
2.2.1. Class I (Na-Channel Blockers)

• Quinidine

Quinidine is a blocker of the fast sodium channel, classified as a class Ia antiarrhyth-
mic drug that is still used in cardiology for the treatment of ventricular arrhythmias in
patients with channellopathies, in particular, the Brugada’s syndrome, early repolarization
syndrome and short QT syndrome [222]. It has been reported in the literature that in rat
heart mitochondria quinidine slowed down electron transfer activities, uncoupled oxida-
tive phosphorylation and reduced mitochondrial creatine phosphate kinase activity [116].
Concomitantly, the mitochondrial membrane showed a loss of semi-permeability in the
presence of quinidine, which was evidentiated by an increase in creatine content [116].
Recently, it has been reported that quinidine partially blocked mitochondrial voltage-
dependent anion channel isolated from rat brain [116]. In the presence of quinidine in heart
mitochondria, the production of total adenine nucleotides (especially ATP) was shown to
decrease to 65% of the normal levels, and protein synthesis was moderately inhibited [117].
In rat renal cells, quinidine reduced respiratory control index, the ADP/O ratio and the
oxygen consumption rate [117].

• Lidocaine

Lidocaine is a commonly used local anesthetic agent, classified as a class Ib antiar-
rhythmic drug [223]. In cardiology it is used in the management of acute ventricular
tachy-dysrhythmias [224]. Mitochondria are one of the critical targets of lidocaine [225]. It
has been reported that lidocaine suppressed the mitochondrial ETS in neuronal SH-SY5Y
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cells in a dose- and time-dependent manner, and thus attenuated mitochondrial membrane
potential, increased reactive oxygen species (ROS) production, and activated caspase-9-
and caspase-3/7-mediated apoptosis and necrosis [152]. In human neutrophils lidocaine
was shown to suppress their function by reducing the oxidative burst and phagocytosis
activity, to inhibit ATP synthesis, to reduce mitochondrial membrane potential and to in-
duce mitochondrial structural changes and apoptosis. This, in contrast, to ropivacaine and
bupivacaine, that displayed no effect on neutrophil and mitochondrial functions [153]. In a
recent study, lidocaine was shown to alleviate mitochondrial impairment caused by isoflu-
rane, by decreasing the mitochondrial structure damage and the decline in mitochondrial
membrane potential [154]. It has also been shown to be successful in reversing isoflurane-
induced mitochondrial electron transfer chain dysfunction, as well as in inhibiting the
apoptotic activities induced by isoflurane in H4 cells and Fischer 344 rats [154].

• Phenytoin

Phenytoin is a sodium channel blocker, classified as a class Ib antiarrhythmic drug,
widely used as an anti-seizures drug [226]. In the heart, phenytoin has been reported to
inhibit the ectopic rhythm of both the atrium and ventricle and to determine a faster con-
duction rate of the atrioventricular node in order to decrease myocardial autonomy [226].
In rat hepatocytes phenytoin was shown to increase ROS formation, decrease intracellular
reduced glutathione, elevate cellular oxidized glutathione, and amplify lipid peroxidation
and mitochondrial impairment [155]. It has been reported in a murine hepatic microsomal
system that phenytoin metabolites affected mitochondrial function by reducing state-3
respiration, the respiratory control rate, ATP synthesis, and the membrane potential, by
increasing state-4 respiration and also by damaging Ca2+ uptake and release, and by inhibit-
ing Ca2+ induced swelling [156]. In an animal model of epilepsy, intraperitoneal injection
of phenytoin increased superoxide dismutase activity, reduced cerebral malondialdehyde,
a biomarker of oxidative stress, and decreased monoamine oxidase A + B activity [157].

• Propafenone

Propafenone is class Ic antiarrhythmic agent that is commonly used for treatment of
atrial fibrillation in patients with no structural heart disease [227]. In esophageal squamous
cell carcinoma, propafenone elicited mitochondrial dysfunction as shown by a reduced
mitochondrial membrane potential and decreased expression of Bcl-xL and Bcl-2 and thus
being able to suppress cancer cells proliferation in a dose-dependent manner [118].

2.2.2. Class II (β-Blockers)

• Carvedilol

Carvedilol is a non-selective β-blocker and an α-blocker that also has antioxidant
properties, commonly used for the treatment of hypertension, heart failure or chronic
stable angina [228]. Carvedilol antioxidant effects were demonstrated in several studies
where it has been shown to inhibit lipid peroxidation in swine ventricular membranes,
rat brain homogenates, human LDL, bovine and human endothelial cells, as well as in
sonicated phosphatydilcholine liposomes [158]. Both carvedilol and its metabolite BM-
910228, at the concentrations at which their antioxidant activity is effective, do not affect
mitochondrial function [229]. With regards to mitochondrial oxidative phosphorylation,
carvedilol induces a “mild uncoupling” effect [159], a fact that may contribute to mitochon-
drial protection since small decreases in mitochondrial membrane potential may lower
mitochondrial ROS formation and may prevent Ca2+ overload in pathological situations,
like in ischaemia/reperfusion of the myocardium, since the driving force (membrane po-
tential) for Ca2+ uptake is decreased [160]. The protective effect of carvedilol has also
been reported against doxorubicin toxicity by inhibiting complex I and by scavenging ROS
and, thus, preventing oxidative damage and of the occurrence of mitochondrial perme-
ability transition [158]. In isolated heart mitochondria, carvedilol inhibits mitochondrial
permeability transition and protects mitochondria against oxidative stress induced by the
xanthine oxidase/hypoxanthine pro-oxidant system [160]. In rat C6 glioma cells, carvedilol
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induced severe mitochondria damage such as mitochondrial swelling, crista damage and
formation of myelin figures inside the mitochondria [161]. In an animal model of type I
diabetes, carvedilol increased the level of antioxidant enzymes, thereby contributing to
the maintenance of cell redox balance during hyperglycaemia [230]. However, it has to
be mentioned that carvedilol concentrations (10–20 µM) used in several studies are much
higher than compared to the plasma level of carvedilol reported in patients (24–262 µg/L,
corresponding to 0.1–0.6 µM) [231].

• Nebivolol

Nebivolol is a third-generation β-blocker with vasodilator function that is widely
used for the treatment of hypertension in association with other clinical situations such as
angina, heart failure and arrhythmia [232]. In streptozotocin-treated diabetic rats, nebivolol
exhibits antioxidant activity via direct free radical scavenging and inhibition of NADPH
oxidase activity [162]. In cancer cells, nebivolol was also reported to inhibit complex I
and ATP synthase activities and to arrest angiogenesis in order to restrict colon and breast
tumor growth [163]. A recent study demonstrated that nebivolol suppressed oral squa-
mous cell carcinoma growth via endoplasmic reticulum stress and mitochondrial dysfunc-
tion [164]. Mitochondrial dysfunction was indicated by the significant reduction in the
oxygen consumption rate in the oral squamous cell carcinoma cells and more precisely, by
the significant decrease in basal respiration, ATP production, and maximal respiration in
the nebivolol-treated groups when compared with the control groups [164]. Additionally,
nebivolol induced mitochondrial morphology changes and reduced the activity of complex
I, which can impair the electron transport chain and result in mitochondrial dysfunction
and increased ROS production [164]. The protein expression of OXPHOS complex subunits
and the mitochondrial mass were not affected by nebivolol [164].

• Metoprolol

Metoprolol is a selective β1-adrenoceptor antagonist used for the management of
heart failure, chronic stable angina and tachyarrhythmias [228]. In rat cardiomyocytes,
metoprolol did not determine protective effects against rat mitochondrial DNA alterations
in cardiotoxicity induced by Adriamycin [165]. Metoprolol was ineffective in reducing
lipid peroxidation, even at an elevated concentration in vitro [166,167]. In a rat model of
ischemia/reperfusion injury, metoprolol enhanced mitochondrial respiratory control ratios
in ischemic and nonischemic myocardium [167]. Contrary, in another study that used a rat
model of ischemia/reperfusion injury, metoprolol did not show significant improvement
in respiratory control ratio or mitochondrial Ca2+ content [168]. In addition, metoprolol
did not alleviate mitochondrial function in hypertrophied right ventricles of pulmonary
hypertensive rats [233].

• Atenolol

Atenolol is a β1-selective β-blocker, currently used for treating hypertension, chronic
stable angina or cardiac arrhythmias [228]. Seyde et al. demonstrated that atenolol increased
ROS levels, decreased mitochondrial succinate dehydrogenase activity and the mitochon-
drial membrane potential, and induced mitochondrial swelling and cytochrome c release
in isolated heart mitochondria [119]. Additionally, after the exposure of cardiomyocytes
to atenolol, an increase in caspase-3 activity and a decline in the ATP content was no-
ticed [119]. Atenolol also increased the amount of the extracellular-signal-regulated kinase
signaling protein, decreased the membrane fatty acid unsaturation degree of mitochondria,
lowered mitochondrial protein oxidative, glycoxidative, and lipoxidative modification and
reduced oxidative damage in heart mitochondrial DNA [169–171]. Therapeutic plasma
concentrations of atenolol are between 200–500 ng/mL [234], while the concentrations used
in these studies were between 2.5–20 µg/mL.

• Propanolol

Propanolol is a nonselective β receptor blocker used for the treatment of hyperten-
sion, chronic stable angina or cardiac arrhythmias [228]. Studies in the literature reported
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that propranolol altered the mitochondrial membrane and morphology, induced mito-
chondrial swelling, cytochrome c release, and activation of caspase cascade and apoptosis
cell death [120–124]. Similar results were reported by a recent study performed in iso-
lated rat heart mitochondria, where propranolol was shown to damage mitochondria via
the inhibition of complex II of the respiratory chain, increase in ROS formation, collapse
of the mitochondrial membrane potential, mitochondrial swelling and cytochrome c re-
lease [119]. Moreover, propranolol enhanced caspase-3 activity and decreased ATP levels
in rat cardiomyocytes [119]. Of note, propanolol concentrations used in these studies
(2.5–20 µg/mL) were much higher than plasma concentrations of patients chronically
treated with propranolol (5.3 to 300 ng/mL) [235].

• Timolol

Timolol is a non-selective β-adrenergic blocker used in topical administration to re-
duce intraocular pressure in patients with open-angle glaucoma [236] and in systemic
administration for the management of hypertension [237]. In an in vitro comparison with
other β-blockers, a direct ROS scavenging action of timolol was reported, thus being possi-
bly useful in preventing oxidative damage [28,29]. In a cell culture study, timolol protected
against increased oxidative stress [30]. Moreover, in a female rat model of aging-related al-
tered left ventricular function, timolol had a cardioprotective role by preventing antioxidant
system dysfunction, including enhanced lipid peroxidation, decreased ratio of reduced
glutathione to oxidized glutathione, and lowered activities of thioredoxin reductase and
glucose-6-phosphate dehydrogenase of the heart samples [31]. Cicek et al. demonstrated
in diabetic rats that timolol alleviated hyperglycemia-induced cardiac impairment by the
inhibition of endoplasmic reticulum stress [238]. Timolol prevented the alterations in
mitochondria and nucleus of the cardiomyocytes while it determined a well-controlled
redox-state and apoptosis in cardiac tissue [238].

• Esmolol

Esmolol is a β1-adrenergic antagonist used for controlling supraventricular tachycar-
dia [239]. In spontaneously hypertensive rats, esmolol reduced left ventricular hypertrophy
by improving the morphology and stereology of mitochondria [172]. Yardımcı et al. re-
ported that, when applied in the highest concentration, esmolol induced in MRC-5 human
lung fibroblast cells a significant increase in ROS levels and a decrease in the mitochondrial
membrane potential, although this decrease was not significant [173]. In the literature, sev-
eral studies reported protective effects of esmolol against apoptosis generally by decreasing
the Bax/Bcl-2 levels [173–175] in early sepsis rats with abdominal infection [174] and in rat
cerebral cortex following controlled hypotension [175].

2.2.3. Class III (K-Channel Blockers)

• Amiodarone

Amiodarone is the most potent class III antiarrhythmic drug, commonly used for the
management of both ventricular and supraventricular arrhythmias [240]. Amiodarone
mitochondrial toxicity was in the literature primarily reported in murine models where
amiodarone determined uncoupling of oxidative phosphorylation at lower concentration,
inhibition of the mitochondrial complexes I and II of the electron transport system in
higher doses, and also inhibition of the fatty acid β-oxidation [125–128]. Amiodarone
was also reported to decrease the intracellular ATP content both in vivo in a rat model of
hepatotoxicity [129] and in vitro in isolated rat liver mitochondria, human hepatocytes [130]
and in rat H9c2 cardiomyocytes [131]. A recent study has shown that acute administration
of amiodarone induced a concentration-dependent mitochondrial dysfunction in human
platelets, peripheral blood mononuclear cells and HepG2 cells by inhibiting both CI-
and CII-supported respiration [33]. Additionally, in peripheral blood mononuclear cells,
amiodarone determined a severe concentration-dependent ATP depletion [33]. Since the
latter study was purported to investigate the drug toxicity, it must be mentioned that
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amiodarone was applied in concentrations varying between 20 and 400 µM (while plasma
level of amiodarone is in the range of ~2µM) [33].

• Dronedarone

Dronedarone, a non-iodinated benzofuran derivative of amiodarone, classified as
a class III antiarrhythmic drug is used for the treatment of atrial fibrillation and atrial
flutter [241]. Dronedarone is known for inducing hepatotoxicity mainly via the inhibition of
carnitine palmitoyltransferase I and thus of the mitochondrial fatty acid β-oxidation instead
of the mitochondrial respiratory chain [129,130,132]. In rat cardiomyocytes, dronedarone
was found to damage mitochondria by dissipating mitochondrial membrane potential,
inhibiting mitochondrial complex I, uncoupling the mitochondrial respiratory chain and by
decreasing the intracellular ATP content [131]. A study performed in HepG2 cells reported
the contribution of DNA damage induced-apoptosis to dronedarone-induced cytotoxicity,
with the involvement of the activation of caspase-2 and JNK/p38 signaling pathway [241].
Again, the therapeutic serum concentration for dronedarone is around 0.2 µM, while the
concentrations used in the ex vivo experiments that reported mitochondrial toxicity are
much higher [130].

• Ibutilide

Ibutilide, a potassium channel blocker, classified as a class III antiarrhythmic drug,
is commonly used in the treatment of atrial fibrillation [242]. In H2O2-induced apoptosis
of neonatal rat cardiomyocytes, ibutilide was shown to have a protective role via sup-
pression of the endoplasmic reticulum and mitochondrial stress pathways [32]. Ibutilide
attenuated oxidative stress and mitochondrial-related apoptosis by significantly increasing
the levels of glutathione peroxidase, superoxide dismutase and decreasing the levels of
malondialdehyde and by lowering the ratio of Bax/Bcl-2 in H2O2-induced neonatal rat
cardiomyocytes [32].

• Sotalol

Sotalol, a non-selective β-adrenergic blocking agent classified as a class III antiarrhyth-
mic agent due to its predominant potassium channel blocking effect is used for the treatment
of supraventricular arrhythmias, atrial fibrillation/flutter as well as for the management of
ventricular arrhythmias [243]. Recently, in human platelets, it has been demonstrated that
sotalol did not elicit mitochondrial dysfunction in acute administration [33].

• Dofetilide

Dofetilide, a class III antiarrhythmic drug that selectively blocks potassium channels,
was associated with an increased susceptibility to life-threatening ventricular arrhyth-
mias [244]. In a heart failure rat model, dofetilide attenuated isoprotenerol-induced heart
failure by correcting the abnormal expression of the calcium handling FK506 binding
protein, NADPH oxidase and protein kinase C epsilon signaling pathway [34].

2.2.4. Class IV (Ca-Channel Blockers)

• Verapamil

Verapamil is a non-dihydropyridine calcium channel blocker, classified as class IV an-
tiarrhythmic drug used for the management of supraventricular tachycardia, hypertension
and angina pectoris [35]. Verapamil has been shown to inhibit lipid peroxidation, in-
crease antioxidant enzyme activity and to protect against ROS in diabetic nephropathy [36].
Recently, in a rat model of transient global forebrain ischemia/reperfusion, verapamil
elicited neuroprotective effects by decreasing mitochondrial damage and apoptosis [35].
Amelioration of mitochondrial function was indicated by the reduction in ROS formation
and cytochrome c release, together with the increased ATP concentration, decreased mito-
chondrial swelling and prevention of mitochondrial membrane potential reduction in the
verapamil treated group as compared to the ischemia/reperfusion group [35]. The benefi-
cial role of verapamil in improving the antioxidant capacity of neurons was supported by
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the increase in all the antioxidants measured (superoxide dismutase, glutathione peroxi-
dase, glutathione, catalase) [35]. In addition, in human neuroblastoma cells, pre-treatment
with verapamil was found to offer protection against scopolamine-induced oxidative injury
and mitochondrial impairment [245]. Additionally, verapamil is known for being able to
inhibit mitochondrial phospholipase activity, which is linked with mitochondrial swelling
and changes in Ca2+ flux pathways [245]. In Candida albicans, verapamil also had an
inhibitory effect on oxidative stress response [246].

• Diltiazem

Diltiazem is a non-dihydropyridine calcium channel blocker, classified as a class IV an-
tiarrhythmic drug that is also used as a antihypertensive and anti-anginal medication [247].
In a model of ischemia/reperfusion using rabbit hearts, diltiazem protected mitochondrial
integrity and function and thus preserved myocardial high energy phosphates levels [37].
Similar results were also reported by Kavanaugh et al. in the rabbit heart where the authors
found that diltiazem provided a protective effect on myocardial high-energy phosphate
metabolism during regional ischemia and reperfusion [38]. In ischemic and reperfused rat
hearts pretreated with diltiazem, it improved recovery of contractile function and prevented
mitochondrial swelling, structural grade alteration, and increase in mitochondrial Ca2+ [39].
Additionally, diltiazem was suggested to decrease lipid peroxidation in reperfused isolated
rabbit hearts [40]. In rat hepatocytes, diltiazem inhibited hypoxia-reoxygenation induced
JNK(1)/SAPK(1) activation and decreased apoptosis by this mechanism [41].

2.2.5. Others

• Adenosine

Adenosine is purine nucleoside base, classified as a miscellaneous antiarrhythmic drug
outside the Vaughan-Williams classification scheme. It is currently used as a diagnostic
agent in myocardial perfusion stress imaging for its vasodilatory effects as well as a
therapeutic drug in paroxysmal supraventricular tachycardia [248]. In rat cardiomyocytes,
adenosine was shown to prevent oxidant-induced mitochondrial dysfunction by producing
nitric oxide [249]. In human microvascular endothelial cells, adenosine was also reported to
reverse TNFα-induced deficits in mitochondrial mass and function, as well as the increase
in apoptosis, effects that were mediated via the activation of an eNOS-PGC-1α regulatory
pathway [250]. The beneficial effect of adenosine on mitochondrial function was also
reported in an experimental model of rabbit heart ischemia/reperfusion, where adenosine
attenuated the decline of complex I and mitochondrial nitric oxide synthase activities and
reduced mitochondrial phospholipid oxidation [176]. Studies in the literature has reported
that adenosine can induce apoptosis in tumor cells [177–179]. In liver cancer cells, apoptosis
was determined by the increased ROS resulting in mitochondrial dysfunction [177]. In
HepG2 cells, extracellular adenosine induced apoptosis by reducing Bcl-x(L) expression
and increasing Bid expression, and by that disrupting mitochondrial membrane potentials
to release cytochrome c from the mitochondria, and then causing activation of caspase-9
and the effector caspase-3, as mediated by A(2a) adenosine receptors [178].

• Digitalis

Digitalis glycosides (digoxin, ouabain) are known to inhibit the Na+/K+-ATP enzyme
and have been used mainly for the treatment of heart failure and for the rate control in atrial
fibrillation [251,252]. Studies reported that part of the classical digitalis toxicity may be due
to altered mitochondrial energetics and redox balance as a result of digitalis elevating cyto-
plasmic Na+, reducing mitochondrial Ca2+ accumulation, decreasing the NADH/NAD+

redox potential, and enhancing ROS level [180,181]. On the contrary, Campia et al. reported
the beneficial effects of digoxin and oubain in cardiomyocytes by enhancing the efficiency
of mitochondrial electron transport and ATP synthesis [182]. A recent study performed in
human non-small cell lung cancer cells A549 reported that digoxin induced mitochondria-
mediated apoptosis by reducing the mitochondrial membrane potential of these cells [183].
Digoxin also promoted apoptosis in a breast cancer cell line by increasing the intracellular
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Bax/Bcl-2 proportion, resulting in perforation of mitochondrial membrane, and inducing
downstream cascaded events linked with apoptosis [184]. The apoptotic effect of ouabain
could be associated with mitochondrial dysfunction, since oubain caused mitochondrial
redistribution and disruption, ATP depletion, mitochondrial cytochrome c release and
activation of caspase 9 in HeLa cell line [185].

2.3. Renin-Angiotensin-Aldosterone System (RAAS) Blockers

The renin-angiotensin-aldosterone system (RAAS) plays a key role in cardiovascular
hemodynamics by regulating blood pressure and volume homeostasis [253]. The use of
RAAS blockers is considered the first-line therapy in patients with hypertension, heart
failure, post–myocardial infarction states, and renal disease [254].

2.3.1. Angiotensin-Converting Enzyme Inhibitors (ACEI)

• Ramipril

Ramiprilat and losartan were reported to inhibit cardiac uncoupling protein-2 ex-
pression following myocardial ischemia reperfusion in rats [186]. In addition, ramipril
was found to attenuate lipid peroxidation in an experimental model of rheumatoid arthri-
tis [187].

• Zofenopril

In a rabbit model of ischemia/reperfusion, zofenopril elicited a cardioprotective effect
by preventing mitochondrial calcium overload, maintaining oxidative phosphorylating
capacities, ATP production and membrane integrity and by decreasing oxidative stress [42].
Additionally, zofenoprilat modulated angiotensin I receptor expression through Sirtuin 1
downregulation [255].

• Perindopril

In a rat model of isoproterenol-induced cardiomyopathy, perindopril significantly low-
ered ROS synthesis, elevated the levels of antioxidant enzymes, alleviated mitochondrial
disruption while increasing the number of mitochondria, attenuated the mitochondrial
respiratory chain dysfunction, and elevated ATP production. Moreover, perindopril re-
duced myocardial apoptosis by suppressing cytochrome C leakage from mitochondria
and caspase-3 activation in the cytosol [43]. In addition, perindopril was shown to totally
prevent ischemia-induced alterations of skeletal muscle mitochondrial function and protein
expression in rats [256]. In a pig model of ischemia/reperfusion, perindopril elevated
calcium retention capacity, but no decline in the level of ROS production was noticed [44].

• Captopril

In rat models of adriamycin toxicity, captopril attenuated the dissipation of mito-
chondrial membrane potential and increased the ATP production, thus improving the
mitochondrial function [188–190]. In rabbits with experimentally induced hypercholes-
terolemia treatment with captopril restored mitochondrial oxygen consumption albeit
it did not elicit beneficial effects on serum lipid levels [191]. Others indicated that cap-
topril elicited an antioxidant effect [192]. In contrast, captopril treatment did not elicit
any protective effect on mitochondrial function as evidenced by the decreased oxidative
phosphorylation rate and lowered ATP production in heart and kidney of spontaneously
hypertensive rats [257,258]. Accordingly, Kancirová et al. demonstrated that in vitro
captopril inhibited the ATP synthase activity, while in vivo it elicited no direct effect on
mitochondrial bioenergetics [259].

• Trandolapril

Trandolapril treatment induced significant improvement in mitochondrial enzyme
activities (I, II and IV) and attenuated oxidative stress by decreasing lipid peroxidation
and increasing levels of catalase, reduced glutathione in rat brain [45]. Trandolapril also
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prevented mitochondrial dysfunction following acute myocardial infarction in rats by alle-
viating the decrease in the mitochondrial oxygen consumption rate and ATP production, as
well as the increase in the mitochondrial thiobarbiturate-reacting substance content [46,47].

• Lisinopril

In a rat model of irradiation-induced kidney damage, lisinopril improved mitochon-
drial metabolism by attenuating the oxidation of mitochondria leading to increased redox
ratio [193]. Lisinopril treatment was reported to modulate age-related mitochondrial
metabolic parameters by decreasing mitochondrial respiration and H2O2 levels and by
increasing mitochondrial content in Drosophila melanogaster [194]. In addition, lisinopril
was suggested to modulate exercise-induced mitochondrial gene expression in human
volunteers [260].

• Enalapril

In rat cardiomyocytes, enalapril and losartan were found to enhance mitochondrial ni-
tric oxide synthase activity, and thus to modulate mitochondrial respiration and ROS gener-
ation [261]. Furthermore, enalapril enhanced superoxide dismutase 2 [56] and glutathione-
dependent [48] antioxidant defenses, and enhanced renal content of the mitochondrial
ROS modulator uncoupling protein-2, leading to reduced production of hydrogen perox-
ide [49]. Administration of a non-antihypertensive dose of enalapril attenuated oxidative
stress-induced damage (i.e., mtDNA damage, mtDNA4834 deletion, and protein carbony-
lation), while increasing mitochondrial mass, mitochondrial biogenesis and promoting
mitochondrial fusion and autophagy in aged rat hearts [50]. Recently, in a rat model of
heart failure, enalapril was reported to attenuate lipid peroxidation, and preserve protein
expression of endogenous antioxidants (Manganese superoxide dismutase and catalase) to-
gether with electron transport chain complex activity [51]. In addition, enalapril attenuated
doxorubicin-induced cardiomyopathy by improving mitochondrial respiratory efficiency
and by lowering the free radical production [52].

2.3.2. Angiotensin Receptor Blockers (ARBs)

• Valsartan

In pigs with renovascular hypertension, valsartan was reported to efficiently decrease
blood pressure and alleviate left ventricular remodeling, while improving myocardial mito-
chondrial biogenesis and mitophagy [53]. In rats with type 2 diabetes, valsartan increased
the mitochondrial respiratory function in liver mitochondria, and thereby ameliorated
the pathological progression of hepatic fibrosis [54]. In addition, valsartan was found to
improve mitochondrial dysfunction induced by a high-fat diet in the pancreatic islets of
mice [262]. In Ren2 rats characterized by elevated endogenous levels of angiotensin II, val-
sartan treatment attenuated mitochondrial oxidative damage and increased mitochondrial
β-oxidation [55].

• Losartan

In spontaneously hypertensive rats, losartan alleviated renal mitochondrial dysfunc-
tion by reducing oxidative stress as revealed by increased mitochondrial membrane po-
tential, nitric oxide synthase, manganese-superoxide dismutase and cytochrome oxidase
activities, as well as by reduced mitochondrial H2O2 production and enhanced uncoupling
protein-2 content [56]. Similar results were reported by the same authors in streptozotocin-
induced diabetic rats [263]. Losartan was also shown to protect against both age-related
mitochondrial dysfunction and ultrastructural alterations in aged rats [264]. Long-term
administration of losartan ameliorated the decrease in mtDNA content but failed to prevent
the age-dependent accumulation of liver mtDNA ‘common deletion’ in rats [57]. Recently,
it has been reported that losartan improved mitochondrial dysfunction and biogenesis by
upregulating SIRT1, PGC1α, UCP1, and mRNA of Tfam, Cd137, Tmem26, Ucp1 expression
in obese mice [58].

• Candesartan
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Recently, candesartan was found to attenuate mitochondrial dysfunction and ROS
production, regulate mitochondrial dynamics by suppressing dynamin-related protein 1
activation and induce Rab9-dependent alternative autophagy in order to alleviate oxidized
low-density lipoprotein-induced cellular senescence in vascular smooth muscle cells and
in apolipoprotein E-deficient mice [59]. In spontaneously hypertensive rats, candesar-
tan alleviated cardiac remodeling by improving mitochondrial structure, function and
dynamics as revealed by the ameliorated mitochondrial morphology, increased mitochon-
drial membrane potential, enhanced NADH and cytochrome c oxidoreductase activities,
reduced manganese superoxide dismutase activity and upregulated the expression of
Mitofusin2 [60]. Similarly, De Cavanagh et al. previously reported the beneficial effects
of candesartan on improving mitochondrial function in rat kidney mitochondria [265].
In addition, candesartan was reported to elicit neuroprotective effects in a rat model of
cerebral ischemia by alleviating oxidative damage and mitochondrial enzyme dysfunction
of all respiratory complexes [61].

• Irbesartan

Recently, irbesartan was reported to inhibit the mitochondrial apoptotic pathway
by reducing the expression of the Bax, tBid, active caspase-9 and -3, and therefore to
attenuate sleep apnea-induced cardiac apoptosis [62]. In an in vitro model of non-alcoholic
fatty liver disease consisting of free fatty acid-treated hepatocytes, irbesartan attenuated
lipid deposition and mitochondrial dysfunction by increasing ATP production and the
mitochondrial membrane potential, and by lowering ROS production [63]. Moreover, the
authors found that irbesartan enhanced autophagy via the PKC/AMPK/ULK1 axis [63].

• Telmisartan

Recently, in a mouse model of Parkinsonism, telmisartan was demonstrated to im-
prove mitochondrial functions by upregulating mitochondria-specific genes expression [64].
In addition, in renal glomerular endothelial cells, telmisartan elicited a protective effect
against high-glucose-induced injury by ameliorating mitochondrial dysfunction and ox-
idative stress, as evidenced by the increased mitochondrial membrane potential and the
reduced levels of 8-hydroxy-2 deoxyguanosine (8-OHDG) and malondialdehyde [65]. In
cultured human coronary artery endothelial cells, telmisartan enhanced mitochondrial
function and elicited anti-senescence effects through AMP-activated protein kinase activa-
tion [266]. Telmisartan was reported to modulate mitochondrial Ca2+ homeostasis, ROS
generation, and mitochondrial energy metabolism through targeting transient receptor
potential channel, canonical type 3, in spontaneously hypertensive rats [66]. In human vas-
cular smooth muscle cells, telmisartan enhanced ATP synthesis and mitochondrial complex
II activity, lowered H2O2 levels and caspase 3/7 activity, thus reducing cellular apoptosis,
as compared to eprosartan, which elicited no effect on these mitochondria-related cellular
responses [67].

• Olmesartan

Olmesartan ameliorated the impairment on mitochondrial function and oxidative
stress by increasing the mitochondrial enzyme activities of aconitase, complex I, and
complex II and the activities of total superoxide dismutase and catalase in the hearts
of insulin resistant rats during an acute glucose challenge [68]. In addition, olmesartan
administration prevented tacrolimus-induced renal damage by reducing oxidative stress
and by reversing ultrastructural mitochondrial alterations [267]. In a model of high-fat diet-
induced diabetic mice, olmesartan improved ADP-dependent mitochondrial respiration, as
well as NAD(P)H oxidase activity and superoxide production [69].

• Azilsartan

Azilsartan was reported to attenuate oxidative injury in murine brain endothelial cells
by inhibiting lipid peroxidation and ROS production and by improving mitochondrial
function as revealed by elevated mitochondrial membrane potential, reduced cytochrome
c leakage, preserved ATP production and reduced mitochondrial swelling [70]. In a rat
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model of cerebral ischemia, azilsartan was able to alleviate mitochondrial enzyme system
impairment (complexes I, II and IV) and mitochondrial viability, and in combination
with the ubiquitous electron carrier coenzyme Q10, it potently increased mitochondrial
respiration as evidenced by enhanced state III/state II ratio [71]. Moreover, azilsartan
lowered apoptosis by decreasing caspase 3 expression and mitigated oxidative stress, by
decreasing levels of malondialdehyde and nitrite, and by increasing levels of glutathione
and superoxide dismutase [71].

2.3.3. Angiotensin Receptor Neprilysin Inhibitor (ARNi): Sacubitril/Valsartan

Sacubitril/valsartan, the first drug from the new class of drugs called ARNi, whose
mechanism of action includes angiotensin II receptor blockade and neprilysin inhibi-
tion [72], is currently recommended by the 2021 European Society of Cardiology guidelines
for the treatment of heart failure [268]. In the setting of pressure overload, both in vivo
and in vitro experiments, sacubitril/valsartan was found to improve mitochondrial func-
tion and to elicit a higher protective effect than valsartan in attenuating oxidative stress
in ventricular myocytes [72]. In dogs with experimental cardiorenal syndrome, sacu-
bitril/valsartan improved mitochondrial state-3 respiration, mitochondrial membrane
potential, attenuated mPTP opening, enhanced the maximum rate of ATP production and
normalized the enzymatic activities of complex-I and IV of the respiratory chain [73]. Addi-
tionally, it lowered the levels of cytosolic cytochrome c and active caspase-3, thereby miti-
gating apoptosis and normalized the expression of PGC-1α, an important co-transcriptional
regulator of mitochondrial biogenesis [73]. Both in H2O2-exposed cardiomyocytes and in
a rat model of cardiorenal syndrome, sacubitril/valsartan was reported to elicit a protec-
tive effect against oxidative damage and to improve cardiac function through regulating
Mitofusin2-mediated mitochondrial functional integrity [269].

2.4. Calcium Channel Blockers-Dihydropyridines
Amlodipine

Amlodipine is a calcium channel blocker commonly used as a first-line agent in the
treatment of hypertension [270]. In a pig ischemia/reperfusion model, the preservation of
mitochondrial function and structure by amlodipine was demonstrated by increased oxygen
consumption at state 3, improved calcium retention capacity and reduced ROS production
as well as by reduced mitochondrial swelling [44]. Other mitochondrial beneficial effects
of amlodipine have been explained by its antioxidant properties: increased activity of the
antioxidizing enzymes glutathione peroxidase, catalase and superoxide dismutase and
decreased malondialdehyde levels accounting for reduced lipid peroxidation in cholesterol-
induced rabbit model of atherosclerosis, a liver and a heart model of ischemia/reperfusion
injury in rat [74–77]. Additionally, amlodipine was recently shown to inhibit apoptosis and
to protect mitochondria against oxidative damage in neural stem cell exposed to oxygen
glucose deprivation by reducing cellular and mitochondrial calcium influx, activating
the PI3K pathway, enhancing expression of mitochondrial biogenesis-related proteins
(such as mitofusin) and survival-related protein Bcl-2, and by decreasing expression of
apoptosis-related protein Bax, and cytosolic cytochrome c [78].

2.5. Antithrombotic Agents
2.5.1. Acetyl-Salicylic Acid

Acetyl salicylic acid has been widely used as an antithrombotic drug for the treatment
and prevention of cardiovascular diseases as well as an anti-inflammatory and analgesic
medication [133]. Both salicylic acid and acetyl-salicylic acid were demonstrated to inhibit
oxidative phosphorylation and ATP synthesis in isolated rat cardiac mitochondria in a
dose-dependent manner [133]. In isolated liver and kidney mitochondria, salicylic acid
was reported to act as an uncoupler of oxidative phosphorylation as well as an inhibitor
of ADP-dependent mitochondrial respiration [133]. Additionally, acetyl-salicylic acid
inhibited the respiratory chain ATPase, resulting in decreased ATP production in rat liver
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mitochondria [134]. In freshly isolated rat kidney mitochondria, Nasser et al. reported that
salicylate opened the mitochondrial transition pore and thus, elicited swelling, the collapse
of the mitochondrial membrane potential and mitochondrial calcium release [135].

2.5.2. Clopidogrel

Clopidogrel, a P2Y12 inhibitor, has an essential role in antiplatelet therapy and thus
in the treatment and secondary prevention of cardiovascular diseases [271]. An in vitro
study performed in isolated mice liver mitochondria showed that when applied in very
high doses clopidogrel significantly decreased mitochondrial respiratory state 3 and state 4
respiration and prolonged oxygen consumption in State 3, indicating that mitochondrial
oxidative phosphorylation was compromised, as compared to the human therapeutic doses
of clopidogrel which did not impaired mitochondrial respiration [136]. Clopidogrel cyto-
toxicity was also reported in primary human hepatocytes and in HepG2 cells via reduced
cellular glutathione content by clopidogrel reactive metabolites as well as mitochondrial
impairment and ROS accumulation, eventually resulting in apoptosis [137]. Maseneni S
et al. noted that in human neutrophil granulocytes and lymphocytes clopidogrel was able
to reduce the membrane potential of the inner mitochondrial membrane, enhance the ROS
production, induce cytochrome c release and apoptosis [138].

2.5.3. Ticagrelor

Ticagrelor, a P2Y12 receptor antagonist, is recommended as the first-line treatment in
patients with acute coronary syndrome at moderate-to-high risk of ischemic events [272].
Recently, an in vitro study performed in insulin-resistant H9c2 cardiomyocytes has demon-
strated that ticagrelor alleviated the insulin resistance-induced mitochondrial damage by
improving mitochondrial membrane potential, decreasing ROS production, preserving
cellular ATP synthesis, reversing the increased resting level of cytosolic free Ca2+, as well
as mitigating the mitochondrial ultrastructural changes (swelling and loss of crista) [79].
Moreover, the protective effects of ticagrelor were confirmed in a rat model of metabolic
syndrome, where ticagrelor augmented the function and ultrastructure of mitochondria, as
well [80].

2.5.4. Prasugrel and Ticlopidine

Prasugrel, a newer P2Y12 blocker, is more clinically effective than clopidogrel or
ticagrelor, but is also associated with a higher risk of bleeding [273]. Ticlopidine, a first gen-
eration thienopyridine, is less used today due to its potentially fatal side effects, including
aplastic anemia, neutropenia and thrombotic thrombocytopenic purpura [274]. In human
neutrophil granulocytes and lymphocytes, both prasugrel and ticlopidine were proven to
be mitochondrial toxic by decreasing the mitochondrial membrane potential, increasing
the ROS accumulation, and thus leading to loss of mitochondrial cytochrome c, activation
of caspase 9 and apoptosis in a concentration-dependent manner [138].

2.6. Oral Anticoagulants
2.6.1. Coumarin Derivatives

Coumarins are vitamin K antagonists, of which warfarin is the most commonly pre-
scribed for treatment or prevention of deep vein thrombosis and pulmonary embolism
or for thromboembolism prophylaxis in patients with atrial fibrillation or other cardiac
condition, but with a narrow therapeutic window [275]. In the literature warfarine was
reported to induce mitochondrial damage in lymphocytes [276] and lower the cellular ATP
content of hepatocytes, resulting in impaired viability [139].

2.6.2. Direct Oral Anticoagulants

Direct oral anticoagulants are drugs prescribed for decreasing the risk of stroke and
embolism in atrial fibrillation as well as for deep vein thrombosis and pulmonary em-
bolism treatment/prophylaxis. They are classified into 2 main classes: oral direct factor
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Xa inhibitors, (rivaroxaban, apixaban, edoxaban, and betrixaban) and direct thrombin
inhibitors (dabigatran) [277]. It has been shown that rivaroxaban may protect mitochondria
by altering expression levels of an array of genes associated with mitochondrial function
in angiotensin II-infused KKAy mice, as well as by alleviating angiotensin II-induced
decline in cardiac ROS level and ATP production [278]. In rat kidney mitochondria, the
reported effects of rivaroxaban were dose-dependent as follows: at low concentrations, the
drug induced mitochondrial dysfunction and oxidative stress by decreasing the activity of
mitochondrial succinate dehydrogenase and the mitochondrial membrane potential, and
increasing ROS production, mitochondrial swelling, and cytochrome c release, while at
high concentrations all these effects were prevented [195]. Previous studies performed in
proximal tubular cells exposed to advanced glycation end products (131) and in intermit-
tent hypoxia-exposed mice (132) also showed that rivaroxaban was able to reduce ROS
generation [196,197]. Additionally, in human abdominal aortic aneurysms, rivaroxaban
was reported to improve mitochondrial function associated with modifications in proteins
related to mitophagy [279]. Apixaban was proven to exhibit antioxidant properties by
decreasing ROS production in an in vitro model of endothelial dysfunction in uremia [81].
In a rat gastric epithelial cell line, dabigatran elicited cytotoxic effects that were medi-
ated via enhanced ROS generation, reduction in the mitochondrial membrane potential,
and increased lipid peroxidation [140]. In human alveolar epithelial cells, edoxaban pre-
vented activated clotting factor X induced-mitochondrial impairment by increasing the
mitochondrial oxygen consumption during maximal oxidative phosphorylation and thus
the mitochondrial ATP generation [82].

2.7. Diuretics
2.7.1. Loop Diuretics

Loop diuretics (furosemide, bumetanide, torasemide) are Na-K-2Cl cotransporter in-
hibitors, of which furosemide is the most commonly prescribed for the treatment of edema,
hypertension and renal conditions [280]. In a mouse model of hepatotoxicity, furosemide
did not inhibit mitochondrial respiration supported by complex I or II for up to 5 h fol-
lowing dosing and did not reduce mitochondrial or cytosolic glutathione, suggesting that
furosemide-induced hepatotoxicity is not induced by mitochondrial dysfunction [281]. On
the contrary, the study of Church et al. revealed that furosemide treatment resulted in
mitochondrial damage in another mouse model of hepatotoxicity [282]. In isolated rat
kidney mitochondria, furosemide inhibited oxidative phosphorylation, specifically at com-
plex II of the respiratory chain [141]. In addition, furosemide was shown to inhibit state 3
(ADP-dependent) respiration of the rat liver, renal cortex, renal medulla mitochondria [142].
In astrocytes following in vitro ischemia, bumetanide alleviated mitochondrial dysfunc-
tion and cell death by attenuating reoxygenation-induced mitochondrial Ca2+ overload,
dissipation of mitochondrial membrane potential and cytochrome c release [83,84].

2.7.2. Antagonists of Aldosterone

Antagonists of aldosterone (spironolactone, eplerenone) are potassium-sparing diuret-
ics generally used in the management of hypertension, heart failure and post-myocardial
infarction [283]. In osteoblastic MC3T3-E1 cells, spironolactone was demonstrated to atten-
uate mitochondrial dysfunction induced by methylglyoxal by improving the mitochondrial
membrane potential, ATP synthesis, proliferator-activated receptor gamma coactivator
1α level, and nitric oxide production. Additionally, it decreased methylglyoxal-induced
endoplasmic reticulum stress, cardiolipin peroxidation, the generation of ROS and mito-
chondrial superoxide levels [85]. Similar findings were shown in another study which used
both in vivo and in vitro models, where spironolactone regulated the expressions of key
genes involved in the oxidative and antioxidative stress systems [284]. Spironolactone was
also reported to protect endothelial cells from apoptosis by inhibiting caspase-3 activity,
cytochrome c release and PARP cleavage [86]. In an in vivo study, eplerenone prevented
aldosterone-induced cardiac mitochondrial alteration by reversing the decline in the num-
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ber of cardiac mitochondria, mitochondrial DNA copy number, and superoxide dismutase
2 protein expression [87].

2.7.3. Epithelial Sodium Channel Blockers

Amiloride is an epithelial sodium channel blocker that acts as a potassium-sparing
diuretic and natriuretic and is used in the treatment of hypertension, congestive heart
failure and hepatic cirrhosis with ascites as an adjuvant to loop diuretics [285]. In bovine
submitochondrial particles and in bacterial membranes, amilorides were reported to inhibit
bacterial and mitochondrial NADH-quinone oxidoreductase (complex I) [198]. In clonal
untransformed and cancer cells, ethyl isopropyl amiloride was found to elicit a significant
inhibition of oxidative phosphorylation together with increased mitochondrial fusion, sug-
gested by an alteration in mitochondrial dynamics that includes an increase in elongated
mitochondrial networks [199]. Ethyl isopropyl amiloride did not change the mitochondrial
membrane potential [199]. In rat articular chondrocytes amiloride was shown to elicit a
protective effect against acid-induced apoptosis by attenuating the mitochondrial mem-
brane potential dissipation, by regulating the Bcl-2 family gene mRNA expression and the
activity of caspase 3/9 [200].

2.8. Statins

Statins are hydroxymethylglutaryl-coenzyme A reductase inhibitors used as the first-
line treatment in modulating cholesterol levels in cardiac and metabolic diseases [286].
They act by lowering the liver synthesis and by enhancing the plasma clearance of LDL-
cholesterol [286]. Despite all beneficial effects, statins may cause adverse effects. Mito-
chondrial dysfunction emerged as a major pathomechanism underlying statin toxicity due
to coenzyme Q10 level reduction, inhibition of respiratory chain complexes, membrane
depolarization, induction of mitochondrial apoptosis, dysregulation of calcium metabolism,
and fatty acid oxidation [201–204].

The mitochondrial toxicity induced by statins was first shown in rat myoblasts and
isolated rat skeletal muscle mitochondria where exposure to lipophilic statins (cerivastatin,
fluvastatin, atorvastatin, simvastatin) elicited inhibition of ETS complexes I, III, IV, uncou-
pling of oxidative phosphorylation (cerivastatin), decreased mitochondrial β-oxidation,
dissipation of the mitochondrial membrane potential together with an increase in mito-
chondrial swelling, cytochrome c release, DNA fragmentation and apoptosis. On the
contrary, hydrophilic pravastatin was significantly less toxic [205]. In isolated endothelial
mitochondria, atorvastatin, but not pravastatin, impaired oxidative phosphorylation at
the level of the respiratory chain, mostly at complex I and complex III and at the level
of ATP synthesis [206]. Moreover, atorvastatin caused mitochondrial damage by reduc-
ing the mitochondrial membrane potential, enhancing the ROS generation, inducing loss
of outer mitochondrial membrane integrity and thereby cytochrome c release as well as
by disturbing Ca2+ mitochondrial homeostasis [206]. The same group also reported that
chronic exposure to atorvastatin at physiological concentrations (100 nM) reduced maximal
respiration (due to supercomplexes rearrangement) and the cellular coenzyme Q10 content
in endothelial cells [287]. Mitochondrial dysfunction induced by statins (atorvastatin, sim-
vastatin, and lovastatin) was also previously reported in the literature in rat hepatocytes
via increased ROS generation, lipid peroxidation and mitochondrial depolarization [288].
Similar results were found in atorvastatin-treated pancreas mitochondria [289]. Recently,
in human platelets, atorvastatin, simvastatin and cerivastatin were also reported to in-
duce a significant reduction in OXPHOS coupling efficiency (a measure of ATP generating
respiration) by inhibiting the electron transport, mainly through the reduction in NADH-
linked respiration and by increasing uncoupling (except for simvastatin). Additionally,
simvastatin also elicited the inhibition of succinate-linked respiration [290]. Again, the
latter in vitro study was a drug toxicity study, recapitulating a condition that might occur
when statins accumulate due to impaired metabolism, which explains the higher doses
tested as compared to their therapeutic plasma range (1–15 nmol/L) [291].
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In patients treated with therapeutic doses of either atorvastatin or rosuvastatin, intact
human platelet mitochondrial respiration was not significantly affected [292,293], as op-
posed to permeabilized platelet respiration, where decreased complex I-linked respiration
was noticed [292]. Gvozdjakova et al. found that atorvastatin and fluvastatin treatment
caused positive effects on platelet mitochondrial respiratory chain Complex I-linked respira-
tion and ATP production in patients with different pathologies (e.g., diabetes, nephropathy,
or dialysis), suggesting that in vivo effects of statins on NADH-linked respiration might be
compensated [294]. Recently, it has been reported that chronic treatment with simvastatin at
therapeutic concentrations enhanced mitochondrial respiration and complex I and IV activ-
ity in peripheral blood mononuclear cells and platelets, but it also increased the production
of mitochondrial superoxide as an adverse effect [207]. On the contrary, in a previous
study [295] simvastatin therapy was found to impair complex II-linked respiration.

2.9. Direct Vasodilators
2.9.1. Organic Nitrates

Organic nitrates (nitroglycerine, isosorbide-5-mononitrate, isosorbide dinitrate, pen-
taerythrityl tetranitrate) are potent vasodilators that are used successfully in patients with
heart failure, coronary artery disease and hypertension [143]. Their effect is mediated by
nitric oxide release in response to intracellular bioactivation (the mitochondrial aldehyde
dehydrogenase [ALDH-2] for nitroglycerin and pentaerythrityl tetranitrate), activation of
guanylyl cyclase enzyme, reduction in intracellular calcium, resulting in vascular smooth
muscle relaxation [143]. Long-term administration of organic nitrates is associated with
development of tolerance and endothelial dysfunction, which is linked to increased in-
tracellular reactive oxygen production [143]. Sources of reactive oxygen species include
mitochondria, NADPH oxidases, and nitric oxide synthase [143]. Different mechanisms are
involved in nitroglycerin mitochondrial ROS production: premature release of partially
reduced oxygen from mitochondrial complex I or III, lipid peroxidation, decreasing in
mitochondrial membrane potential, mitochondrial swelling [144]. Oxidative stress may
decrease nitroglycerine bioactivation by inhibiting ALDH-2 or by reducing essential repair
cofactors such as lipoic acid [296]. Because isosorbide-5-mononitrate and isosorbide dini-
trate do not undergo mitochondrial metabolism, these findings apply only in nitroglycerine
tolerance [297]. Plasma concentrations of nitrates cannot be correlated with their effects,
due to the tolerance that develops rather fast after drug administration [298].

2.9.2. Molsidomine

Molsidomine, a sydnones drug which has similar properties as organic nitrates was
also reported to increase oxidative stress and thereby cause development of tolerance and
endothelial dysfunction [117]. Linsidomine (SIN-1), the active metabolite of molsidomine,
is a peroxy-nitric donor that is able to release nitric oxygen in the presence of molecu-
lar oxygen [299]. In a recent study performed in isolated rat brain mitochondria, SIN-1
lowered the mitochondrial respiratory function, but it did not affect the mitochondrial
membrane potential, mitochondrial protein nitrotyrosination or the mitochondrial super-
oxide levels [145]. In previous studies performed in isolated brain mitochondria from
adult male CF-1 mice (64) and in isolated healthy spinal cord mitochondria from young
adult female Sprague–Dawley rats (65), exposure to SIN-1 was reported to induce mito-
chondrial oxidative damage and complex I dysfunction by dose-dependently reducing the
respiratory control ratio together with an increase in state II respiration, and a significant
decrease in states III and V [146,147]. Additionally, significant increases in mitochondrial
3-nitrotyrosine content were showed [146,147]. In human spermatozoa, SIN-1 was found
to decrease the mitochondrial membrane potential and ATP synthesis by inhibiting both
glycolysis and OXPHOS [148].
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2.9.3. Hydralazine

Hydralazine is a direct arteriole vasodilator used in the management of hypertension
and chronic heart failure [300]. Recently it has been demonstrated that in addition to its
antioxidant and anti-apoptotic effects [208,209], acute administration of hydralazine inhib-
ited dynamin-related protein 1-mediated mitochondrial fission induced by oxidative stress,
preserved mitochondrial fusion events, and decreased cell death in isolated adult murine
ventricular cardiomyocytes subjected to ischemia/reperfusion injury [210]. Dehghan et al.
demonstrated that hydralazine improved mitochondrial function through a protein kinase
A-, Sirtuin 1-, and 5-dependent mechanism to promote longevity in Caenorhabditis elegans
using in vitro and in vivo models [211]. In human neuroblastoma SH-SY5Y and mouse
myoblast C2C12 cells, hydralazine treatment was found to improve mitochondrial function
and to promote mitochondrial biogenesis via increased activity of the ETS complexes,
increased ATP production and enhanced mitochondrial membrane potential together with
an increase in the mtDNA/nDNA ratio and in the mitochondrial mass [211]. Additionally,
the same group reported that when applied in higher doses (above 10µM) hydralazine
inhibited respiration in vitro (revealed by a decreased oxygen consumption rate), but also
elevated mitochondrial membrane potential and induced a time-dependent activation of
complex IV, thus suggesting that mitochondrial function was not impaired at the same
doses [211]. The effects of high concentrations of hydralazine (>200µM) were also shown in
leukemic T cells where hydralazine caused mitochondrial apoptosis by inducing Bak activa-
tion and loss of the mitochondrial membrane potential as well as an increased accumulation
of ROS [212].

2.9.4. Sodium Nitroprusside

Sodium nitroprusside (SNP) is a commonly used rapid-acting vasodilator agent in the
treatment of hypertension emergencies [301] and as a donor of nitric oxide in experimental
models [302]. SNP was found to induce severe mitochondrial damage by lowering the
mitochondrial membrane potential and by reducing the ATP generation in neuronal PC12
and HepG2 liver cells [149]. In rat chondrocytes, SNP induced mitochondrial apoptosis
mediated via reduced mitochondrial membrane potential, downregulated expression of
B-cell lymphoma 2 (Bcl-2) level and upregulated expression of Bcl-2-associated X protein
(Bax), cytochrome c, caspase-9 and caspase-3 levels [150]. In rat cardiomyocytes, SNP de-
termined mitochondrial alterations, disintegration of sarcomeric alignment and ultimately
cell death [302]. SNP severely damaged cardiac H9c2 cells by activating the c-Jun NH2-
terminal kinase (JNK) and p38 mitogen-activated protein (MAP) kinase and by decreasing
mitochondrial anti-apoptotic proteins (Bcl-2 and Mcl-1 levels) in H9c2 cells [303].

2.9.5. Minoxidil

Minoxidil is a vasodilator that acts by opening the ATP-sensitive potassium channels in
vascular smooth muscle cells and is used as an anti-hypertensive agent and to slow or stop
hair loss [304]. Minoxidil was recently reported to arrest tumor growth in a xenograft model
of ovarian cancer by disrupting the mitochondria and DNA structure and by activating a
caspase-3 independent cell death pathway [151]. Minoxidil-induced mitochondrial damage
in ovarian cancer cells was revealed by severe mitochondrial morphological abnormalities,
and increased electron leak resulting in increased mitochondrial production of superoxide
ions [151].

2.10. Biguanides

Metformin, the oldest first-line antidiabetic drug, has partially elucidated pleiotropic
effects that target mitochondria when experimentally applied in either therapeutic or toxic
doses, as recently reviewed by ref. [305]. While the inhibition of complex I of ETS has
been the unequivocally demonstrated as therapeutic effect and lactic acidosis as toxic one,
recent work has reported the ability of metformin (applied ex vivo in a therapeutic relevant
concentration, 10 microM) to decrease the expression of monoamine oxidase (MAO, an
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enzyme at the outer mitochondrial membrane) and the related oxidative stress in both
ventricular [306] and aortic [307] murine samples.

2.11. Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors

SGLT2 inhibitors have recently emerged as oral anti-diabetic drugs that reduce the
risk of cardiovascular events and heart failure hospitalizations irrespective of diabetic
state [308,309]. In order to explain the success of these drugs in alleviating the heart failure
progression, various mechanisms have been suggested, including increased natriuresis,
blood pressure lowering, favorable changes in the renin–angiotensin–aldosterone axis,
ameliorated renal function and attenuated oxidative stress, but the exact pathomechanism
remains to be fully understood [310,311].

2.11.1. Empagliflozin

Empagliflozin was reported to improve mitochondrial function and biogenesis by
increasing state 3 respiratory rate, mitochondrial membrane potential, mitochondrial
biogenesis-related protein expression: PGC-1α, NRF-1, Tfam and mitochondrial fusion-
fission protein expression: dynamin-related protein 1, mitofusin 1 and optic atrophy-1
in the atria of high-fat diet/streptozotocin-induced diabetic rats, and thereby to prevent
atrial structural and electrical remodeling [88]. Also, as demonstrated by Mizuno et al.,
empagliflozin normalized the size and number of mitochondria in diabetic hearts after a
myocardial infarction by suppressing ROS generation and by restoring autophagy [89].
Even in a non-diabetic context, empagliflozin improved cardiac function and ameliorated
remodeling in rats with left ventricular dysfunction after myocardial infarction by de-
creasing mitochondrial DNA damage and oxidative stress, by enhancing mitochondrial
biogenesis, mitochondrial respiratory capacity and by restoring cardiac glucose and fatty
acid oxidation [90–92]. In renal cell models, empagliflozin elicited a protective effect
against mitochondrial fragmentation, mediated by repression of dynamin-related protein
1 through AMPK activation [312–314]. Recently, using both in vivo and in vitro models,
empagliflozine was indicated as a promising anti-obesity treatment being capable of in-
ducing white adipocyte browning together with enhanced mitochondrial biogenesis and
fusion and improved mitochondrial function, effects mediated through the AMPK signaling
pathway and via PGC-1α [93].

2.11.2. Dapagliflozin

Recently, in rat liver mitochondria, dapagliflozin was reported to elicit an antioxidant
effect when applied in a concentration of 10 µM by significantly reducing the rate of H2O2
generation while higher concentrations to 50 µM resulted in inhibition of mitochondrial
respiration in states 3 and 3UDNP and in lowered Ca2+ retention capacity of rat liver
mitochondria [213]. In addition, in human proximal tubular cells, dapagliflozin protected
against oxidative stress-induced cell damage by decreasing cytosolic and mitochondrial
ROS production and by altering Ca2+ dynamics (enhanced the basal intracellular Ca2+ in
proximal tubular cells, but did not modify Ca2+ release from endoplasmic reticulum and
store-operated Ca2+ entry) [214]. In a rat model of ischemia/reperfusion injury, acute da-
pagliflozin administration induced cardioprotective benefits by alleviating mitochondrial
function, biogenesis and dynamics, as indicated by a decrease in mitochondrial swelling
and ROS generation, an enhanced expression of carnitine palmitoyltransferase I (a cardiac
mitochondrial metabolism-related protein involved in cardiac fatty acid oxidation) and
mitochondrial complex I of the electron transport chain and by increased expression of optic
atrophy 1, a mitochondrial fusion protein [215]. In addition, chronic dapagliflozin treatment
for 28 days in metabolic syndrome rats subjected to cardiac ischemia/reperfusion injury
attenuated the increase in mitochondrial ROS synthesis, depolarization and swelling. More-
over, dapagliflozine reduced mitochondrial fission and increased mitochondrial fusion,
as indicated by decreased DRP1 and increased MFN2 and OPA1 protein expression [216].
Similar results were previously reported in insulin-resistant metabolic syndrome rats with-
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out ischemia/reperfusion injury [315]. In a mice model of streptozocin-induced diabetes,
Belosludtsev et al. showed that dapagliflozine improved the number and ultrastructure of
liver mitochondria, upregulated the expression of PPARGC1a, Mfn2 and Drp1 proteins,
decreased lipid peroxidation and normalized the respiratory control ratio and calcium
retention capacity, while no effects were reported in the healthy animals [217].

2.11.3. Canagliflozin

In an in vitro human renal proximal tubule epithelial cell model system canagliflozin,
but not dapagliflozin or empagliflozin inhibited glutamate dehydrogenase and complex
I of the mitochondrial ETS when applied in clinically relevant concentrations [218]. In
another study, Hawley et al. found that canagliflozin but not dapagliflozin or empagliflozin
activated the AMP-activated protein kinase pathway in vivo via inhibition of Complex I
of the respiratory chain resulting in enhancement of cellular AMP or ADP, independent
of its effect on glucose uptake [316]. The inhibition of complex I by canagliflozin was also
reported in prostate and lung cancer cell lines [317]. On the contrary, in breast cancer cells
canagliflozin inhibited oxidative phosphorylation, but at the level of complex II of the
respiratory chain and only in the situation of very high flux through the electron transport
chain (state 3 and in the presence of FCCP) [219]. In addition, a study performed both
in vivo and in vitro found that canagliflozin ameliorated obesity by improving mitochon-
drial biogenesis, function and fatty acid oxidation in adipose tissue and adipocytes via
PPARα [220].

2.12. Glucagon-like Peptide-1 Receptor Agonists (GLP-1 RAs)

GLP-1 Ras have emerged as a new antidiabetic drug class with cardiovascular benefits,
through other mechanisms than glycemic control, being recommended since 2019 as a
first-line therapy for type 2 diabetes patients with known cardiovascular disease or those at
high risk [318,319].

2.12.1. Liraglutide

In a HepG2 cell model of non-alcoholic steatohepatitis, liraglutide was shown to
decrease lipid accumulation and to alleviate mitochondrial dysfunction, ROS and to en-
hance mitophagy [94]. In addition, liraglutide elicited a protective effect against chronic
hypoxic damage via mitophagy activation through amplified SIRT1/Parkin expression,
resulting in reversed cellular ATP production, decreased oxidative stress, balanced redox
response, attenuated mitochondrial damage and apoptosis in cardiomyocytes [95]. In
pulmonary arterial smooth muscle cells, liraglutide caused inhibition of platelet-derived
growth factor BB-induced mitochondrial ROS production, mitochondrial membrane po-
tential imbalance, NOX1 expression, and mitochondrial fission Drp1 and also inhibition
of autophagy-related protein (Atg)-5, Atg-7, Beclin-1 and LC3-β, leading to reduced pro-
liferation of these cells [320]. In human renal mesangial cells liraglutide was reported to
protect against hyperglycemia-induced cell death by alleviating mitochondrial dysfunction,
mitochondrial potential decrease, mPTP opening, increased ROS generation and mitochon-
drial apoptosis via upregulating Sirt3 expression [96]. Liraglutide treatment also induced
cardioprotection in high-carbohydrate induced metabolic syndrome rats by attenuating
electrical and intracellular Ca2+ abnormalities as well as mitochondrial impairment [97]. In
an acute mouse model of Parkinson’s disease, liraglutide decreased apoptosis, normalized
mitochondrial dynamics, regulated mitophagy by increasing autophagy flux, and lowered
oxidative stress [98].

2.12.2. Exenatide

In H9c2 cardiomyocytes subjected to hypoxia/reoxygenation exenatide reduced mi-
tochondrial abnormalities and oxidative stress, increased ATP production, the activity of
mitochondrial ATPase and mitochondrial membrane potential and reduced mitochondrial
calcium overload and prevented the opening of mPTP, therefore exerting cardioprotective
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effects by improving mitochondrial function [99]. Lee KH et al. previously showed in
a rat model of ischemia/reperfusion injury that exenatide improved morphological and
structural changes of mitochondria [100]. Exenatide was also reported to prevent obesity-
induced mitochondrial dysfunction via activating SIRT1-PGC-1α signaling, and therefore
ameliorating mitochondrial membrane potential decrease, suppressing mitochondrial ROS
production and decreasing cell apoptosis in renal tubular epithelial cells both in vitro and
in vivo [321]. Other studies also proved the beneficial effects of exendin-4 and liraglutide in
ameliorating oxidative stress in diabetic mice by decreasing the ROS level, while preventing
mitochondrial dysfunction [322,323].

2.12.3. Dulaglutide

Dulaglutide was reported to alleviate TNF-α-induced mitochondrial dysfunction
and oxidative stress in human fibroblast-like synoviocytes by rescuing mitochondrial
membrane potential in a dose-dependent manner, by restoring the ROS levels and by
increasing the level of the antioxidant GSH [101]. Additionally, it was recently shown
that dulaglutide treatment increased the expression of PGC-1α, a master regulator of
mitochondrial biogenesis, and the expression of Opa-1, a mitochondrial fusion protein that
stabilizes mitochondrial DNA in aged mice [324].

2.12.4. Semaglutide

In lipopolysaccharides treated H9C2 cardiomyocytes, semaglutide was shown to acti-
vate the AMPK pathway, to improve autophagy and decrease ROS [102]. In a mouse model
of Parkinson’s disease, semaglutide reduced oxidative damage by reducing lipid perox-
idation and inhibited the mitochondrial mitophagy signaling pathway while increasing
autophagy [103].

2.12.5. Lixisenatide

In human umbilical vein endothelial cells, lixisenatide promoted mitochondrial bio-
genesis and function through activating the PGC-1α signaling pathway as indicated by
increased ratio of mitochondrial-to-nuclear DNA (mtDNA/nDNA), mitochondrial mass,
cytochrome B expression, and citrate synthase activity, as well as by enhanced mitochon-
drial respiration rate and ATP generation [104]. Moreover, lixisenatide alleviated oxidative
stress, rescued mitochondrial membrane potential, and arrested cell death in fibroblast-like
synoviocytes [105].

3. Conclusions

In this review, we attempted to emphasize the complexity of mitochondrial effects of
the therapeutic armamentarium currently used in cardiovascular diseases as promising
prospects for future translational research into safety pharmacology and drug development.
The need for the assessment of mitochondrial toxicity by means of modern testing platforms
should be included in preclinical safety pharmacology in order to prevent drug attrition
during development, and also decrease the risk of side-/off target deleterious effects, has
been recently emphasized by a comprehensive review [325]. While the concept of ”clinical
trial in a dish” for drug development is strongly supported by the pharmaceutical indus-
try [326], it has to be mentioned that it will never be able to appropriately recapitulate the
complexity of the clinical situation where both disease and ageing-related neurohormonal
activation/impaired signaling occur. Indeed, drug-induced mitochondrial dysfunction is
more frequent/severe in the elderly population due to both the age-related decline in mito-
chondrial function and polypharmacy in the setting of comorbidities [15,327]. Moreover, a
rigorous design of pre-clinical studies should take into account the clinical relevant dosage
and route of administration and, more important, the sex differences [328], since it has been
reported that women experience adverse drug reactions nearly twice as often as men [329].
In addition, since most cardiovascular medications interfere with several pathways that
regulate mitochondrial homeostasis, preclinical assessment of the organelle toxicity should
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consider investigation of putative drug-drug interactions for the most common therapeutic
associations in everyday practice.

Last but not least, in the past decades, mitochondria have become the target for inno-
vative therapies including molecules with improved pharmacological features [330] and
nanocarriers in cardiovascular pathologies, yet no drugs are available so far in clinical
setting [25,331]. These therapeutic strategies should be targeted at supporting different
mitochondrial pathways modified by the disease per se and/or by the treatment within
cardiomyocytes, while also considering the non-cardiomyocyte cells (e.g., fibroblasts, en-
dothelial cells, platelets, immune/inflammatory cells) that critically contribute to the
pathophysiology of the disease/its complications.

There is an unmet need for a sustained, collaborative research effort of academia,
industry and health professionals in order to expand our understanding of how drugs
affect mitochondrial function and allow the identification of the off-target effects of existing
medications. This is crucial not only for patient safety but also for discovering novel
indications for the available drugs in line with the concept of drug repurposing.
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Abbreviations

ACEI Angiotensin-converting enzyme inhibitors
ADP Adenosine diphosphate
AMPK AMP-activated protein kinase
ARBs Angiotensin receptor blockers
ARNi Angiotensin receptor neprilysin inhibitor
ATP Adenosine triphosphate
Bcl-2 B-cell lymphoma 2
Bax Bcl-2-associated X protein
Cyt. c Cytochrome c
CI Complex I
CII Complex II
ETS Electron transport system
eNOS-PGC-1α Endothelial nitric oxide synthase 3-Peroxisome proliferator-activated

receptor-gamma coactivator-1alpha
GLP-1 RAs Glucagon-like peptide-1 receptor agonists
LEAK Non-phosphorylating respiration
LDL Low-density lipoprotein
mtDNA Mitochondrial deoxyribonucleic acid
mPTP Mitochondrial permeability transition pore
NADH Nicotinamide adenine dinucleotide reduced form
OXPHOS Oxidative phosphorylation
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RAAS Renin-angiotensin-aldosterone system
ROS Reactive oxygen species
SGLT2 Sodium-glucose cotransporter 2 inhibitors
TNFα Tumor necrosis factor α

References
1. Murphy, E.; Ardehali, H.; Balaban, R.S.; DiLisa, F.; Dorn, G.W., 2nd; Kitsis, R.N.; Otsu, K.; Ping, P.; Rizzuto, R.; Sack, M.N.; et al.

Mitochondrial Function, Biology, and Role in Disease: A Scientific Statement From the American Heart Association. Circ. Res.
2016, 118, 1960–1991. [CrossRef] [PubMed]

2. Osellame, L.D.; Blacker, T.S.; Duchen, M.R. Cellular and molecular mechanisms of mitochondrial function. Best Pract. Res. Clin.
Endocrinol. Metab. 2012, 26, 711–723. [CrossRef] [PubMed]

3. Mottis, A.; Herzig, S.; Auwerx, J. Mitocellular communication: Shaping health and disease. Science 2019, 366, 827–832. [CrossRef]
[PubMed]

4. Chan, D.C. Mitochondrial Dynamics and Its Involvement in Disease. Annu. Rev. Pathol. 2020, 15, 235–259. [CrossRef]
5. Diaz-Vegas, A.; Sanchez-Aguilera, P.; Krycer, J.R.; Morales, P.E.; Monsalves-Alvarez, M.; Cifuentes, M.; Rothermel, B.A.;

Lavandero, S. Is Mitochondrial Dysfunction a Common Root of Noncommunicable Chronic Diseases? Endocr. Rev. 2020, 41,
bnaa005. [CrossRef]

6. Siasos, G.; Tsigkou, V.; Kosmopoulos, M.; Theodosiadis, D.; Simantiris, S.; Tagkou, N.M.; Tsimpiktsioglou, A.; Stampouloglou,
P.K.; Oikonomou, E.; Mourouzis, K.; et al. Mitochondria and cardiovascular diseases-from pathophysiology to treatment. Ann.
Transl. Med. 2018, 6, 256. [CrossRef]

7. Mason, F.E.; Pronto, J.R.D.; Alhussini, K.; Maack, C.; Voigt, N. Cellular and mitochondrial mechanisms of atrial fibrillation. Basic
Res. Cardiol. 2020, 115, 72. [CrossRef]

8. Lopaschuk, G.D.; Karwi, Q.G.; Tian, R.; Wende, A.R.; Abel, E.D. Cardiac Energy Metabolism in Heart Failure. Circ. Res. 2021, 128,
1487–1513. [CrossRef]

9. Dietl, A.; Maack, C. Targeting Mitochondrial Calcium Handling and Reactive Oxygen Species in Heart Failure. Curr. Heart Fail.
Rep. 2017, 14, 338–349. [CrossRef]

10. Pool, L.; Wijdeveld, L.; de Groot, N.M.S.; Brundel, B. The Role of Mitochondrial Dysfunction in Atrial Fibrillation: Translation to
Druggable Target and Biomarker Discovery. Int. J. Mol. Sci. 2021, 22, 8463. [CrossRef]

11. Marzetti, E.; Csiszar, A.; Dutta, D.; Balagopal, G.; Calvani, R.; Leeuwenburgh, C. Role of mitochondrial dysfunction and altered
autophagy in cardiovascular aging and disease: From mechanisms to therapeutics. Am. J. Physiol. Heart Circ. Physiol. 2013, 305,
H459–H476. [CrossRef] [PubMed]

12. Varga, Z.V.; Ferdinandy, P.; Liaudet, L.; Pacher, P. Drug-induced mitochondrial dysfunction and cardiotoxicity. Am. J. Physiol.
Heart Circ. Physiol. 2015, 309, H1453–H1467. [CrossRef] [PubMed]

13. Stoker, M.L.; Newport, E.; Hulit, J.C.; West, A.P.; Morten, K.J. Impact of pharmacological agents on mitochondrial function: A
growing opportunity? Biochem. Soc. Trans. 2019, 47, 1757–1772. [CrossRef] [PubMed]

14. Abolbashari, M.; Macaulay, T.E.; Whayne, T.F.; Mukherjee, D.; Saha, S. Polypharmacy in Cardiovascular Medicine: Problems and
Promises! Cardiovasc. Hematol. Agents Med. Chem. 2017, 15, 31–39. [CrossRef]

15. Will, Y.; Shields, J.E.; Wallace, K.B. Drug-Induced Mitochondrial Toxicity in the Geriatric Population: Challenges and Future
Directions. Biology 2019, 8, 32. [CrossRef]

16. Dykens, J.A.; Will, Y. The significance of mitochondrial toxicity testing in drug development. Drug Discov. Today 2007, 12, 777–785.
[CrossRef]

17. Niyazov, D.M.; Kahler, S.G.; Frye, R.E. Primary Mitochondrial Disease and Secondary Mitochondrial Dysfunction: Importance of
Distinction for Diagnosis and Treatment. Mol. Syndromol. 2016, 7, 122–137. [CrossRef]

18. Vuda, M.; Kamath, A. Drug induced mitochondrial dysfunction: Mechanisms and adverse clinical consequences. Mitochondrion
2016, 31, 63–74. [CrossRef]

19. Will, Y.; Dykens, J. Mitochondrial toxicity assessment in industry—A decade of technology development and insight. Expert Opin.
Drug. Metab. Toxicol. 2014, 10, 1061–1067. [CrossRef]

20. Hargreaves, I.P.; Al Shahrani, M.; Wainwright, L.; Heales, S.J. Drug-Induced Mitochondrial Toxicity. Drug Saf. 2016, 39, 661–674.
[CrossRef]

21. Dykens, J.A.; Marroquin, L.D.; Will, Y. Strategies to reduce late-stage drug attrition due to mitochondrial toxicity. Expert Rev. Mol.
Diagn. 2007, 7, 161–175. [CrossRef] [PubMed]

22. Chan, K.; Truong, D.; Shangari, N.; O’Brien, P.J. Drug-induced mitochondrial toxicity. Expert Opin. Drug. Metab. Toxicol. 2005, 1,
655–669. [CrossRef] [PubMed]

23. Penman, S.L.; Carter, A.S.; Chadwick, A.E. Investigating the importance of individual mitochondrial genotype in susceptibility to
drug-induced toxicity. Biochem. Soc. Trans. 2020, 48, 787–797. [CrossRef] [PubMed]

24. Sieprath, T.; Corne, T.D.; Willems, P.H.; Koopman, W.J.; De Vos, W.H. Integrated High-Content Quantification of Intracellular
ROS Levels and Mitochondrial Morphofunction. Adv. Anat. Embryol. Cell Biol. 2016, 219, 149–177. [CrossRef] [PubMed]

25. Forini, F.; Canale, P.; Nicolini, G.; Iervasi, G. Mitochondria-Targeted Drug Delivery in Cardiovascular Disease: A Long Road to
Nano-Cardio Medicine. Pharmaceutics 2020, 12, 1122. [CrossRef]

http://doi.org/10.1161/RES.0000000000000104
http://www.ncbi.nlm.nih.gov/pubmed/27126807
http://doi.org/10.1016/j.beem.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23168274
http://doi.org/10.1126/science.aax3768
http://www.ncbi.nlm.nih.gov/pubmed/31727828
http://doi.org/10.1146/annurev-pathmechdis-012419-032711
http://doi.org/10.1210/endrev/bnaa005
http://doi.org/10.21037/atm.2018.06.21
http://doi.org/10.1007/s00395-020-00827-7
http://doi.org/10.1161/CIRCRESAHA.121.318241
http://doi.org/10.1007/s11897-017-0347-7
http://doi.org/10.3390/ijms22168463
http://doi.org/10.1152/ajpheart.00936.2012
http://www.ncbi.nlm.nih.gov/pubmed/23748424
http://doi.org/10.1152/ajpheart.00554.2015
http://www.ncbi.nlm.nih.gov/pubmed/26386112
http://doi.org/10.1042/BST20190280
http://www.ncbi.nlm.nih.gov/pubmed/31696924
http://doi.org/10.2174/1871525715666170529093442
http://doi.org/10.3390/biology8020032
http://doi.org/10.1016/j.drudis.2007.07.013
http://doi.org/10.1159/000446586
http://doi.org/10.1016/j.mito.2016.10.005
http://doi.org/10.1517/17425255.2014.939628
http://doi.org/10.1007/s40264-016-0417-x
http://doi.org/10.1586/14737159.7.2.161
http://www.ncbi.nlm.nih.gov/pubmed/17331064
http://doi.org/10.1517/17425255.1.4.655
http://www.ncbi.nlm.nih.gov/pubmed/16863431
http://doi.org/10.1042/BST20190233
http://www.ncbi.nlm.nih.gov/pubmed/32453388
http://doi.org/10.1007/978-3-319-28549-8_6
http://www.ncbi.nlm.nih.gov/pubmed/27207366
http://doi.org/10.3390/pharmaceutics12111122


Int. J. Mol. Sci. 2022, 23, 13653 42 of 54

26. Weissman, D.; Maack, C. Redox signaling in heart failure and therapeutic implications. Free Radic. Biol. Med. 2021, 171, 345–364.
[CrossRef]

27. Maack, C.; Eschenhagen, T.; Hamdani, N.; Heinzel, F.R.; Lyon, A.R.; Manstein, D.J.; Metzger, J.; Papp, Z.; Tocchetti, C.G.; Yilmaz,
M.B.; et al. Treatments targeting inotropy. Eur. Heart J. 2019, 40, 3626–3644. [CrossRef]

28. Gomes, A.; Costa, D.; Lima, J.L.; Fernandes, E. Antioxidant activity of beta-blockers: An effect mediated by scavenging reactive
oxygen and nitrogen species? Bioorganic Med. Chem. 2006, 14, 4568–4577. [CrossRef]

29. Djanani, A.; Kaneider, N.C.; Meierhofer, C.; Sturn, D.; Dunzendorfer, S.; Allmeier, H.; Wiedermann, C.J. Inhibition of neutrophil
migration and oxygen free radical release by metipranolol and timolol. Pharmacology 2003, 68, 198–203. [CrossRef]

30. Miyamoto, N.; Izumi, H.; Miyamoto, R.; Kubota, T.; Tawara, A.; Sasaguri, Y.; Kohno, K. Nipradilol and timolol induce Foxo3a and
peroxiredoxin 2 expression and protect trabecular meshwork cells from oxidative stress. Investig. Ophthalmol. Vis. Sci. 2009, 50,
2777–2784. [CrossRef]

31. Sozmen, N.N.; Tuncay, E.; Bilginoglu, A.; Turan, B. Profound cardioprotection with timolol in a female rat model of aging-related
altered left ventricular function. Can. J. Physiol. Pharmacol. 2011, 89, 277–288. [CrossRef] [PubMed]

32. Wang, Y.; Wang, Y.L.; Huang, X.; Yang, Y.; Zhao, Y.J.; Wei, C.X.; Zhao, M. Ibutilide protects against cardiomyocytes injury via
inhibiting endoplasmic reticulum and mitochondrial stress pathways. Heart Vessel. 2017, 32, 208–215. [CrossRef] [PubMed]

33. Bet, iu, A.M.; Chamkha, I.; Gustafsson, E.; Meijer, E.; Avram, V.F.; Åsander Frostner, E.; Ehinger, J.K.; Petrescu, L.; Muntean, D.M.;
Elmér, E. Cell-Permeable Succinate Rescues Mitochondrial Respiration in Cellular Models of Amiodarone Toxicity. Int. J. Mol. Sci.
2021, 22, 11786. [CrossRef] [PubMed]

34. Hamed, K.H.; Hu, C.; Dai, D.Z.; Yu, F.; Dai, Y. CPU228, a derivative of dofetilide, relieves cardiac dysfunction by normalizing
FKBP12.6, NADPH oxidase and protein kinase C epsilon in the myocardium. J. Pharm. Pharmacol. 2010, 62, 77–83. [CrossRef]

35. Jangholi, E.; Sharifi, Z.N.; Hoseinian, M.; Zarrindast, M.R.; Rahimi, H.R.; Mowla, A.; Aryan, H.; Javidi, M.A.; Parsa, Y.;
Ghaffarpasand, F.; et al. Verapamil Inhibits Mitochondria-Induced Reactive Oxygen Species and Dependent Apoptosis Pathways
in Cerebral Transient Global Ischemia/Reperfusion. Oxidative Med. Cell. Longev. 2020, 2020, 5872645. [CrossRef]

36. Kedziora-Kornatowska, K.; Szram, S.; Kornatowski, T.; Szadujkis-Szadurski, L.; Kedziora, J.; Bartosz, G. The effect of verapamil
on the antioxidant defence system in diabetic kidney. Clin. Chim. Acta Int. J. Clin. Chem. 2002, 322, 105–112. [CrossRef]

37. Kröner, A.; Seitelberger, R.; Schirnhofer, J.; Bernecker, O.; Mallinger, R.; Hallström, S.; Ploner, M.; Podesser, B.K. Diltiazem during
reperfusion preserves high energy phosphates by protection of mitochondrial integrity. Eur. J. Cardio-Thorac. Surg. Off. J. Eur.
Assoc. Cardio-Thorac. Surg. 2002, 21, 224–231. [CrossRef]

38. Kavanaugh, K.M.; Aisen, A.M.; Fechner, K.P.; Wroblewski, L.; Chenevert, T.L.; Buda, A.J. Effects of diltiazem on phosphate
metabolism in ischemic and reperfused myocardium using phosphorus31 nuclear magnetic resonance spectroscopy in vivo. Am.
Heart J. 1989, 118, 1210–1219. [CrossRef]

39. Zografos, P.; Watts, J.A. Shifts in calcium in ischemic and reperfused rat hearts: A cytochemical and morphometric study of the
effects of diltiazem. Am. J. Cardiovasc. Pathol. 1990, 3, 155–165.

40. Koller, P.T.; Bergmann, S.R. Reduction of lipid peroxidation in reperfused isolated rabbit hearts by diltiazem. Circ. Res. 1989, 65,
838–846. [CrossRef]

41. Crenesse, D.; Tornieri, K.; Laurens, M.; Heurteaux, C.; Cursio, R.; Gugenheim, J.; Schmid-Alliana, A. Diltiazem reduces apoptosis
in rat hepatocytes subjected to warm hypoxia-reoxygenation. Pharmacology 2002, 65, 87–95. [CrossRef] [PubMed]

42. Ferrari, R.; Cargnoni, A.; Curello, S.; Ceconi, C.; Boraso, A.; Visioli, O. Protection of the ischemic myocardium by the converting-
enzyme inhibitor zofenopril: Insight into its mechanism of action. J. Cardiovasc. Pharmacol. 1992, 20, 694–704. [PubMed]

43. Zhu, Z.; Li, H.; Chen, W.; Cui, Y.; Huang, A.; Qi, X. Perindopril Improves Cardiac Function by Enhancing the Expression of SIRT3
and PGC-1α in a Rat Model of Isoproterenol-Induced Cardiomyopathy. Front. Pharmacol. 2020, 11, 94. [CrossRef] [PubMed]

44. Mamou, Z.; Chahine, M.; Rhondali, O.; Dehina, L.; Chevalier, P.; Descotes, J.; Bui-Xuan, B.; Romestaing, C.; Timour, Q. Effects of
amlodipine and perindoprilate on the structure and function of mitochondria in ventricular cardiomyocytes during ischemia-
reperfusion in the pig. Fundam. Clin. Pharmacol. 2015, 29, 21–30. [CrossRef] [PubMed]

45. Hariharan, A.; Shetty, S.; Shirole, T.; Jagtap, A.G. Potential of protease inhibitor in 3-nitropropionic acid induced Huntington’s
disease like symptoms: Mitochondrial dysfunction and neurodegeneration. Neurotoxicology 2014, 45, 139–148. [CrossRef]

46. Toga, W.; Tanonaka, K.; Takeo, S. Changes in Hsp60 level of the failing heart following acute myocardial infarction and the effect
of long-term treatment with trandolapril. Biol. Pharm. Bull. 2007, 30, 105–110. [CrossRef]

47. Sanbe, A.; Tanonaka, K.; Kobayasi, R.; Takeo, S. Effects of long-term therapy with ACE inhibitors, captopril, enalapril and
trandolapril, on myocardial energy metabolism in rats with heart failure following myocardial infarction. J. Mol. Cell. Cardiol.
1995, 27, 2209–2222. [CrossRef]

48. De Cavanagh, E.M.; Inserra, F.; Ferder, L.; Fraga, C.G. Enalapril and captopril enhance glutathione-dependent antioxidant
defenses in mouse tissues. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2000, 278, R572–R577. [CrossRef]

49. Piotrkowski, B.; Fraga, C.G.; de Cavanagh, E.M. Mitochondrial function and nitric oxide metabolism are modified by enalapril
treatment in rat kidney. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R1494–R1501. [CrossRef]

50. Picca, A.; Sirago, G.; Pesce, V.; Lezza, A.M.S.; Calvani, R.; Bossola, M.; Villani, E.R.; Landi, F.; Leeuwenburgh, C.; Bernabei, R.; et al.
Administration of Enalapril Started Late in Life Attenuates Hypertrophy and Oxidative Stress Burden, Increases Mitochondrial
Mass, and Modulates Mitochondrial Quality Control Signaling in the Rat Heart. Biomolecules 2018, 8, 177. [CrossRef]

http://doi.org/10.1016/j.freeradbiomed.2021.05.013
http://doi.org/10.1093/eurheartj/ehy600
http://doi.org/10.1016/j.bmc.2006.02.023
http://doi.org/10.1159/000070459
http://doi.org/10.1167/iovs.08-3061
http://doi.org/10.1139/y11-018
http://www.ncbi.nlm.nih.gov/pubmed/21526975
http://doi.org/10.1007/s00380-016-0891-1
http://www.ncbi.nlm.nih.gov/pubmed/27639990
http://doi.org/10.3390/ijms222111786
http://www.ncbi.nlm.nih.gov/pubmed/34769217
http://doi.org/10.1211/jpp.62.01.0008
http://doi.org/10.1155/2020/5872645
http://doi.org/10.1016/S0009-8981(02)00167-5
http://doi.org/10.1016/S1010-7940(01)01110-1
http://doi.org/10.1016/0002-8703(89)90012-4
http://doi.org/10.1161/01.RES.65.3.838
http://doi.org/10.1159/000056192
http://www.ncbi.nlm.nih.gov/pubmed/11937779
http://www.ncbi.nlm.nih.gov/pubmed/1280730
http://doi.org/10.3389/fphar.2020.00094
http://www.ncbi.nlm.nih.gov/pubmed/32153406
http://doi.org/10.1111/fcp.12070
http://www.ncbi.nlm.nih.gov/pubmed/24588464
http://doi.org/10.1016/j.neuro.2014.10.004
http://doi.org/10.1248/bpb.30.105
http://doi.org/10.1016/S0022-2828(95)91551-6
http://doi.org/10.1152/ajpregu.2000.278.3.R572
http://doi.org/10.1152/ajpregu.00540.2006
http://doi.org/10.3390/biom8040177


Int. J. Mol. Sci. 2022, 23, 13653 43 of 54

51. Mohammed, S.A.; Paramesha, B.; Meghwani, H.; Kumar Reddy, M.P.; Arava, S.K.; Banerjee, S.K. Allyl Methyl Sulfide Preserved
Pressure Overload-Induced Heart Failure Via Modulation of Mitochondrial Function. Biomed. Pharmacother. Biomed. Pharmacother.
2021, 138, 111316. [CrossRef] [PubMed]

52. Hiona, A.; Lee, A.S.; Nagendran, J.; Xie, X.; Connolly, A.J.; Robbins, R.C.; Wu, J.C. Pretreatment with angiotensin-converting
enzyme inhibitor improves doxorubicin-induced cardiomyopathy via preservation of mitochondrial function. J. Thorac. Cardiovasc.
Surg. 2011, 142, 396–403.e393. [CrossRef]

53. Zhang, X.; Li, Z.L.; Crane, J.A.; Jordan, K.L.; Pawar, A.S.; Textor, S.C.; Lerman, A.; Lerman, L.O. Valsartan regulates myocardial
autophagy and mitochondrial turnover in experimental hypertension. Hypertension 2014, 64, 87–93. [CrossRef]

54. Qiang, G.; Zhang, L.; Yang, X.; Xuan, Q.; Shi, L.; Zhang, H.; Chen, B.; Li, X.; Zu, M.; Zhou, D.; et al. Effect of valsartan on the
pathological progression of hepatic fibrosis in rats with type 2 diabetes. Eur. J. Pharmacol. 2012, 685, 156–164. [CrossRef] [PubMed]

55. Wei, Y.; Clark, S.E.; Thyfault, J.P.; Uptergrove, G.M.; Li, W.; Whaley-Connell, A.T.; Ferrario, C.M.; Sowers, J.R.; Ibdah, J.A.
Oxidative stress-mediated mitochondrial dysfunction contributes to angiotensin II-induced nonalcoholic fatty liver disease in
transgenic Ren2 rats. Am. J. Pathol. 2009, 174, 1329–1337. [CrossRef] [PubMed]

56. De Cavanagh, E.M.; Toblli, J.E.; Ferder, L.; Piotrkowski, B.; Stella, I.; Inserra, F. Renal mitochondrial dysfunction in spontaneously
hypertensive rats is attenuated by losartan but not by amlodipine. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006, 290,
R1616–R1625. [CrossRef]

57. De Cavanagh, E.M.; Inserra, F.; Ferder, L. Angiotensin II blockade: A strategy to slow ageing by protecting mitochondria?
Cardiovasc. Res. 2011, 89, 31–40. [CrossRef]

58. Liu, H.M.; Wang, C.H.; Chang, Z.Y.; Huang, T.H.; Lee, T.Y. Losartan Attenuates Insulin Resistance and Regulates Browning
Phenomenon of White Adipose Tissue in ob/ob Mice. Curr. Issues Mol. Biol. 2021, 43, 1828–1843. [CrossRef]

59. Uchikado, Y.; Ikeda, Y.; Sasaki, Y.; Iwabayashi, M.; Akasaki, Y.; Ohishi, M. Association of Lectin-Like Oxidized Low-Density
Lipoprotein Receptor-1 With Angiotensin II Type 1 Receptor Impacts Mitochondrial Quality Control, Offering Promise for the
Treatment of Vascular Senescence. Front. Cardiovasc. Med. 2021, 8, 788655. [CrossRef]

60. Wang, Z.; Niu, Q.; Peng, X.; Li, M.; Liu, K.; Liu, Y.; Liu, J.; Jin, F.; Li, X.; Wei, Y. Candesartan cilexetil attenuated cardiac remodeling
by improving expression and function of mitofusin 2 in SHR. Int. J. Cardiol. 2016, 214, 348–357. [CrossRef]

61. Gaur, V.; Kumar, A. Neuroprotective potentials of candesartan, atorvastatin and their combination against stroke induced motor
dysfunction. Inflammopharmacology 2011, 19, 205–214. [CrossRef] [PubMed]

62. Pai, P.Y.; Lin, Y.Y.; Yu, S.H.; Lin, C.Y.; Liou, Y.F.; Wu, X.B.; Wong, J.K.S.; Huang, C.Y.; Lee, S.D. Angiotensin II receptor blocker
irbesartan attenuates sleep apnea-induced cardiac apoptosis and enhances cardiac survival and Sirtuin 1 upregulation. Sleep
Breath. Schlaf Atm. 2022, 26, 1161–1172. [CrossRef] [PubMed]

63. He, J.; Ding, J.; Lai, Q.; Wang, X.; Li, A.; Liu, S. Irbesartan Ameliorates Lipid Deposition by Enhancing Autophagy via
PKC/AMPK/ULK1 Axis in Free Fatty Acid Induced Hepatocytes. Front. Physiol. 2019, 10, 681. [CrossRef] [PubMed]

64. Ray, B.; Ramesh, G.; Verma, S.R.; Ramamurthy, S.; Tuladhar, S.; Mahalakshmi, A.M.; Essa, M.M.; Chidambaram, S.B. Effects of
Telmisartan, an AT1 receptor antagonist, on mitochondria-specific genes expression in a mouse MPTP model of Parkinsonism.
Front. Biosci. 2021, 26, 262–271. [CrossRef]

65. Zhan, X.; Chen, W.; Chen, J.; Lei, C.; Wei, L. Telmisartan Mitigates High-Glucose-Induced Injury in Renal Glomerular Endothelial
Cells (rGECs) and Albuminuria in Diabetes Mice. Chem. Res. Toxicol. 2021, 34, 2079–2086. [CrossRef]

66. Wang, B.; Xiong, S.; Lin, S.; Xia, W.; Li, Q.; Zhao, Z.; Wei, X.; Lu, Z.; Wei, X.; Gao, P.; et al. Enhanced Mitochondrial Transient
Receptor Potential Channel, Canonical Type 3-Mediated Calcium Handling in the Vasculature From Hypertensive Rats. J. Am.
Heart Assoc. 2017, 6, e005812. [CrossRef]

67. Takeuchi, K.; Yamamoto, K.; Ohishi, M.; Takeshita, H.; Hongyo, K.; Kawai, T.; Takeda, M.; Kamide, K.; Kurtz, T.W.; Rakugi, H.
Telmisartan modulates mitochondrial function in vascular smooth muscle cells. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 2013,
36, 433–439. [CrossRef]

68. Thorwald, M.; Rodriguez, R.; Lee, A.; Martinez, B.; Peti-Peterdi, J.; Nakano, D.; Nishiyama, A.; Ortiz, R.M. Angiotensin receptor
blockade improves cardiac mitochondrial activity in response to an acute glucose load in obese insulin resistant rats. Redox Biol.
2018, 14, 371–378. [CrossRef]

69. Takada, S.; Kinugawa, S.; Hirabayashi, K.; Suga, T.; Yokota, T.; Takahashi, M.; Fukushima, A.; Homma, T.; Ono, T.; Sobirin, M.A.;
et al. Angiotensin II receptor blocker improves the lowered exercise capacity and impaired mitochondrial function of the skeletal
muscle in type 2 diabetic mice. J. Appl. Physiol. 2013, 114, 844–857. [CrossRef]

70. Liu, H.; Mao, P.; Wang, J.; Wang, T.; Xie, C.H. Azilsartan, an angiotensin II type 1 receptor blocker, attenuates tert-butyl
hydroperoxide-induced endothelial cell injury through inhibition of mitochondrial dysfunction and anti-inflammatory activity.
Neurochem. Int. 2016, 94, 48–56. [CrossRef]

71. Gupta, V.; Dhull, D.K.; Joshi, J.; Kaur, S.; Kumar, A. Neuroprotective potential of azilsartan against cerebral ischemic injury:
Possible involvement of mitochondrial mechanisms. Neurochem. Int. 2020, 132, 104604. [CrossRef] [PubMed]

72. Li, X.; Braza, J.; Mende, U.; Choudhary, G.; Zhang, P. Cardioprotective effects of early intervention with sacubitril/valsartan on
pressure overloaded rat hearts. Sci. Rep. 2021, 11, 16542. [CrossRef]

73. Sabbah, H.N.; Zhang, K.; Gupta, R.C.; Xu, J.; Singh-Gupta, V. Effects of Angiotensin-Neprilysin Inhibition in Canines with
Experimentally Induced Cardiorenal Syndrome. J. Card. Fail. 2020, 26, 987–997. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2021.111316
http://www.ncbi.nlm.nih.gov/pubmed/33684689
http://doi.org/10.1016/j.jtcvs.2010.07.097
http://doi.org/10.1161/HYPERTENSIONAHA.113.02151
http://doi.org/10.1016/j.ejphar.2012.04.028
http://www.ncbi.nlm.nih.gov/pubmed/22546234
http://doi.org/10.2353/ajpath.2009.080697
http://www.ncbi.nlm.nih.gov/pubmed/19246643
http://doi.org/10.1152/ajpregu.00615.2005
http://doi.org/10.1093/cvr/cvq285
http://doi.org/10.3390/cimb43030128
http://doi.org/10.3389/fcvm.2021.788655
http://doi.org/10.1016/j.ijcard.2016.04.007
http://doi.org/10.1007/s10787-010-0068-y
http://www.ncbi.nlm.nih.gov/pubmed/21061073
http://doi.org/10.1007/s11325-021-02499-6
http://www.ncbi.nlm.nih.gov/pubmed/34626328
http://doi.org/10.3389/fphys.2019.00681
http://www.ncbi.nlm.nih.gov/pubmed/31191364
http://doi.org/10.52586/4942
http://doi.org/10.1021/acs.chemrestox.1c00159
http://doi.org/10.1161/JAHA.117.005812
http://doi.org/10.1038/hr.2012.199
http://doi.org/10.1016/j.redox.2017.10.005
http://doi.org/10.1152/japplphysiol.00053.2012
http://doi.org/10.1016/j.neuint.2016.02.005
http://doi.org/10.1016/j.neuint.2019.104604
http://www.ncbi.nlm.nih.gov/pubmed/31751621
http://doi.org/10.1038/s41598-021-95988-3
http://doi.org/10.1016/j.cardfail.2020.08.009
http://www.ncbi.nlm.nih.gov/pubmed/32841710


Int. J. Mol. Sci. 2022, 23, 13653 44 of 54

74. Mutaf, I.; Habif, S.; Turgan, N.; Parildar, Z.; Ozmen, D.; Bayindir, O.; Uysal, A. Amlodipine and glutathione cycle in hypercholes-
terolaemia. Acta Cardiol. 2004, 59, 485–492. [CrossRef] [PubMed]

75. Pronobesh, C.; Dagagi, A.V.; Pallab, C.; Kumar, W.A. Protective role of the calcium channel blocker amlodipine against mitochon-
drial injury in ischemia and reperfusion injury of rat liver. Acta Pharm. 2008, 58, 421–428. [CrossRef]

76. Mason, R.P.; Trumbore, M.W.; Mason, P.E. [Membrane biophysical interaction of amlodipine and antioxidant properties]. Drugs
2000, 59, 9–16. [CrossRef] [PubMed]

77. Khan, N.A.; Chattopadhyay, P.; Abid, M.; Pawdey, A.; Kishore, K.; Wahi, A.K. Protective effects of amlodipine on mitochondrial
injury in ischemic reperfused rat heart. J. Environ. Biol. 2012, 33, 591–595. [PubMed]

78. Park, H.H.; Han, M.H.; Choi, H.; Lee, Y.J.; Kim, J.M.; Cheong, J.H.; Ryu, J.I.; Lee, K.Y.; Koh, S.H. Mitochondria damaged by
Oxygen Glucose Deprivation can be Restored through Activation of the PI3K/Akt Pathway and Inhibition of Calcium Influx by
Amlodipine Camsylate. Sci. Rep. 2019, 9, 15717. [CrossRef]

79. Olgar, Y.; Tuncay, E.; Billur, D.; Durak, A.; Ozdemir, S.; Turan, B. Ticagrelor reverses the mitochondrial dysfunction through
preventing accumulated autophagosomes-dependent apoptosis and ER stress in insulin-resistant H9c2 myocytes. Mol. Cell.
Biochem. 2020, 469, 97–107. [CrossRef]

80. Olgar, Y.; Durak, A.; Degirmenci, S.; Tuncay, E.; Billur, D.; Ozdemir, S.; Turan, B. Ticagrelor alleviates high-carbohydrate
intake induced altered electrical activity of ventricular cardiomyocytes by regulating sarcoplasmic reticulum-mitochondria
miscommunication. Mol. Cell. Biochem. 2021, 476, 3827–3844. [CrossRef]

81. Torramade-Moix, S.; Palomo, M.; Vera, M.; Jerez, D.; Moreno-Castaño, A.B.; Zafar, M.U.; Rovira, J.; Diekmann, F.; Garcia-Pagan,
J.C.; Escolar, G.; et al. Apixaban Downregulates Endothelial Inflammatory and Prothrombotic Phenotype in an In Vitro Model of
Endothelial Dysfunction in Uremia. Cardiovasc. Drugs Ther. 2021, 35, 521–532. [CrossRef] [PubMed]

82. Bukowska, A.; Schild, L.; Bornfleth, P.; Peter, D.; Wiese-Rischke, C.; Gardemann, A.; Isermann, B.; Walles, T.; Goette, A. Activated
clotting factor X mediates mitochondrial alterations and inflammatory responses via protease-activated receptor signaling in
alveolar epithelial cells. Eur. J. Pharmacol. 2020, 869, 172875. [CrossRef] [PubMed]

83. Kintner, D.B.; Luo, J.; Gerdts, J.; Ballard, A.J.; Shull, G.E.; Sun, D. Role of Na+-K+-Cl- cotransport and Na+/Ca2+ exchange
in mitochondrial dysfunction in astrocytes following in vitro ischemia. Am. J. Physiol. Cell Physiol. 2007, 292, C1113–C1122.
[CrossRef] [PubMed]

84. Liu, Y.; Kintner, D.B.; Begum, G.; Algharabli, J.; Cengiz, P.; Shull, G.E.; Liu, X.J.; Sun, D. Endoplasmic reticulum Ca2+ signaling
and mitochondrial Cyt c release in astrocytes following oxygen and glucose deprivation. J. Neurochem. 2010, 114, 1436–1446.
[CrossRef] [PubMed]

85. Park, S.Y.; Suh, K.S.; Jung, W.W.; Chin, S.O. Spironolactone Attenuates Methylglyoxal-induced Cellular Dysfunction in MC3T3-E1
Osteoblastic Cells. J. Korean Med. Sci. 2021, 36, e265. [CrossRef]

86. Williams, T.A.; Verhovez, A.; Milan, A.; Veglio, F.; Mulatero, P. Protective effect of spironolactone on endothelial cell apoptosis.
Endocrinology 2006, 147, 2496–2505. [CrossRef]

87. Hung, C.S.; Chang, Y.Y.; Tsai, C.H.; Liao, C.W.; Peng, S.Y.; Lee, B.C.; Pan, C.T.; Wu, X.M.; Chen, Z.W.; Wu, V.C.; et al. Aldosterone
suppresses cardiac mitochondria. Transl. Res. J. Lab. Clin. Med. 2022, 239, 58–70. [CrossRef]

88. Shao, Q.; Meng, L.; Lee, S.; Tse, G.; Gong, M.; Zhang, Z.; Zhao, J.; Zhao, Y.; Li, G.; Liu, T. Empagliflozin, a sodium glucose co-
transporter-2 inhibitor, alleviates atrial remodeling and improves mitochondrial function in high-fat diet/streptozotocin-induced
diabetic rats. Cardiovasc. Diabetol. 2019, 18, 165. [CrossRef]

89. Mizuno, M.; Kuno, A.; Yano, T.; Miki, T.; Oshima, H.; Sato, T.; Nakata, K.; Kimura, Y.; Tanno, M.; Miura, T. Empagliflozin
normalizes the size and number of mitochondria and prevents reduction in mitochondrial size after myocardial infarction in
diabetic hearts. Physiol. Rep. 2018, 6, e13741. [CrossRef]

90. Yurista, S.R.; Silljé, H.H.W.; Oberdorf-Maass, S.U.; Schouten, E.M.; Pavez Giani, M.G.; Hillebrands, J.L.; van Goor, H.; van
Veldhuisen, D.J.; de Boer, R.A.; Westenbrink, B.D. Sodium-glucose co-transporter 2 inhibition with empagliflozin improves
cardiac function in non-diabetic rats with left ventricular dysfunction after myocardial infarction. Eur. J. Heart Fail. 2019, 21,
862–873. [CrossRef]

91. Seefeldt, J.M.; Lassen, T.R.; Hjortbak, M.V.; Jespersen, N.R.; Kvist, F.; Hansen, J.; Bøtker, H.E. Cardioprotective effects of
empagliflozin after ischemia and reperfusion in rats. Sci. Rep. 2021, 11, 9544. [CrossRef] [PubMed]

92. Song, Y.; Huang, C.; Sin, J.; Germano, J.F.; Taylor, D.J.R.; Thakur, R.; Gottlieb, R.A.; Mentzer, R.M., Jr.; Andres, A.M. Attenuation of
Adverse Postinfarction Left Ventricular Remodeling with Empagliflozin Enhances Mitochondria-Linked Cellular Energetics and
Mitochondrial Biogenesis. Int. J. Mol. Sci. 2021, 23, 437. [CrossRef] [PubMed]

93. Xu, L.; Xu, C.; Liu, X.; Li, X.; Li, T.; Yu, X.; Xue, M.; Yang, J.; Kosmas, C.E.; Moris, D.; et al. Empagliflozin Induces White Adipocyte
Browning and Modulates Mitochondrial Dynamics in KK Cg-Ay/J Mice and Mouse Adipocytes. Front. Physiol. 2021, 12, 745058.
[CrossRef]

94. Yu, X.; Hao, M.; Liu, Y.; Ma, X.; Lin, W.; Xu, Q.; Zhou, H.; Shao, N.; Kuang, H. Liraglutide ameliorates non-alcoholic steatohepatitis
by inhibiting NLRP3 inflammasome and pyroptosis activation via mitophagy. Eur. J. Pharmacol. 2019, 864, 172715. [CrossRef]
[PubMed]

95. Qiao, H.; Ren, H.; Du, H.; Zhang, M.; Xiong, X.; Lv, R. Liraglutide repairs the infarcted heart: The role of the SIRT1/Parkin/mitophagy
pathway. Mol. Med. Rep. 2018, 17, 3722–3734. [CrossRef] [PubMed]

http://doi.org/10.2143/AC.59.5.2005220
http://www.ncbi.nlm.nih.gov/pubmed/15529551
http://doi.org/10.2478/v10007-008-0022-3
http://doi.org/10.2165/00003495-200059992-00002
http://www.ncbi.nlm.nih.gov/pubmed/11002854
http://www.ncbi.nlm.nih.gov/pubmed/23029908
http://doi.org/10.1038/s41598-019-52083-y
http://doi.org/10.1007/s11010-020-03731-9
http://doi.org/10.1007/s11010-021-04205-2
http://doi.org/10.1007/s10557-020-07010-z
http://www.ncbi.nlm.nih.gov/pubmed/32651897
http://doi.org/10.1016/j.ejphar.2019.172875
http://www.ncbi.nlm.nih.gov/pubmed/31877279
http://doi.org/10.1152/ajpcell.00412.2006
http://www.ncbi.nlm.nih.gov/pubmed/17035299
http://doi.org/10.1111/j.1471-4159.2010.06862.x
http://www.ncbi.nlm.nih.gov/pubmed/20557423
http://doi.org/10.3346/jkms.2021.36.e265
http://doi.org/10.1210/en.2005-1318
http://doi.org/10.1016/j.trsl.2021.08.003
http://doi.org/10.1186/s12933-019-0964-4
http://doi.org/10.14814/phy2.13741
http://doi.org/10.1002/ejhf.1473
http://doi.org/10.1038/s41598-021-89149-9
http://www.ncbi.nlm.nih.gov/pubmed/33953281
http://doi.org/10.3390/ijms23010437
http://www.ncbi.nlm.nih.gov/pubmed/35008865
http://doi.org/10.3389/fphys.2021.745058
http://doi.org/10.1016/j.ejphar.2019.172715
http://www.ncbi.nlm.nih.gov/pubmed/31593687
http://doi.org/10.3892/mmr.2018.8371
http://www.ncbi.nlm.nih.gov/pubmed/29328405


Int. J. Mol. Sci. 2022, 23, 13653 45 of 54

96. Li, J.; Li, N.; Yan, S.; Lu, Y.; Miao, X.; Gu, Z.; Shao, Y. Liraglutide protects renal mesangial cells against hyperglycemia-mediated
mitochondrial apoptosis by activating the ERK-Yap signaling pathway and upregulating Sirt3 expression. Mol. Med. Rep. 2019,
19, 2849–2860. [CrossRef] [PubMed]

97. Durak, A.; Akkus, E.; Canpolat, A.G.; Tuncay, E.; Corapcioglu, D.; Turan, B. Glucagon-like peptide-1 receptor agonist treatment of
high carbohydrate intake-induced metabolic syndrome provides pleiotropic effects on cardiac dysfunction through alleviations
in electrical and intracellular Ca(2+) abnormalities and mitochondrial dysfunction. Clin. Exp. Pharmacol. Physiol. 2022, 49, 46–59.
[CrossRef] [PubMed]

98. Lin, T.K.; Lin, K.J.; Lin, H.Y.; Lin, K.L.; Lan, M.Y.; Wang, P.W.; Wang, T.J.; Wang, F.S.; Tsai, P.C.; Liou, C.W.; et al. Glucagon-
Like Peptide-1 Receptor Agonist Ameliorates 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP) Neurotoxicity Through
Enhancing Mitophagy Flux and Reducing α-Synuclein and Oxidative Stress. Front. Mol. Neurosci. 2021, 14, 697440. [CrossRef]

99. Chang, G.; Liu, J.; Qin, S.; Jiang, Y.; Zhang, P.; Yu, H.; Lu, K.; Zhang, N.; Cao, L.; Wang, Y.; et al. Cardioprotection by exenatide: A
novel mechanism via improving mitochondrial function involving the GLP-1 receptor/cAMP/PKA pathway. Int. J. Mol. Med.
2018, 41, 1693–1703. [CrossRef]

100. Lee, K.H.; Ha, S.J.; Woo, J.S.; Lee, G.J.; Lee, S.R.; Kim, J.W.; Park, H.K.; Kim, W. Exenatide Prevents Morphological and Structural
Changes of Mitochondria Following Ischaemia-Reperfusion Injury. Heart Lung Circ. 2017, 26, 519–523. [CrossRef]

101. Zheng, W.; Pan, H.; Wei, L.; Gao, F.; Lin, X. Dulaglutide mitigates inflammatory response in fibroblast-like synoviocytes. Int.
Immunopharmacol. 2019, 74, 105649. [CrossRef] [PubMed]

102. Li, Q.; Tuo, X.; Li, B.; Deng, Z.; Qiu, Y.; Xie, H. Semaglutide attenuates excessive exercise-induced myocardial injury through
inhibiting oxidative stress and inflammation in rats. Life Sci. 2020, 250, 117531. [CrossRef] [PubMed]

103. Zhang, L.; Zhang, L.; Li, L.; Hölscher, C. Semaglutide is Neuroprotective and Reduces α-Synuclein Levels in the Chronic MPTP
Mouse Model of Parkinson’s Disease. J. Park. Dis. 2019, 9, 157–171. [CrossRef] [PubMed]

104. Zhao, Z.; Pu, Y. Lixisenatide enhances mitochondrial biogenesis and function through regulating the CREB/PGC-1α pathway.
Biochem. Biophys. Res. Commun. 2019, 508, 1120–1125. [CrossRef] [PubMed]

105. Du, X.; Zhang, H.; Zhang, W.; Wang, Q.; Wang, W.; Ge, G.; Bai, J.; Guo, X.; Zhang, Y.; Jiang, X.; et al. The protective effects of
lixisenatide against inflammatory response in human rheumatoid arthritis fibroblast-like synoviocytes. Int. Immunopharmacol.
2019, 75, 105732. [CrossRef]

106. Krestinina, O.; Baburina, Y.; Krestinin, R.; Odinokova, I.; Fadeeva, I.; Sotnikova, L. Astaxanthin Prevents Mitochondrial
Impairment Induced by Isoproterenol in Isolated Rat Heart Mitochondria. Antioxidants 2020, 9, 262. [CrossRef]

107. Krestinin, R.; Baburina, Y.; Odinokova, I.; Kruglov, A.; Fadeeva, I.; Zvyagina, A.; Sotnikova, L.; Krestinina, O. Isoproterenol-
Induced Permeability Transition Pore-Related Dysfunction of Heart Mitochondria Is Attenuated by Astaxanthin. Biomedicines
2020, 8, 437. [CrossRef]

108. Stanely Mainzen Prince, P.; Dey, P.; Roy, S.J. Sinapic acid safeguards cardiac mitochondria from damage in isoproterenol-induced
myocardial infarcted rats. J. Biochem. Mol. Toxicol. 2020, 34, e22556. [CrossRef]

109. Sharmila Queenthy, S.; Stanely Mainzen Prince, P.; John, B. Diosmin Prevents Isoproterenol-Induced Heart Mitochondrial
Oxidative Stress in Rats. Cardiovasc. Toxicol. 2018, 18, 120–130. [CrossRef]

110. Kumaran, K.S.; Prince, P.S. Caffeic acid protects rat heart mitochondria against isoproterenol-induced oxidative damage. Cell
Stress Chaperones 2010, 15, 791–806. [CrossRef]

111. Thangaiyan, R.; Robert, B.M.; Arjunan, S.; Govindasamy, K.; Nagarajan, R.P. Preventive effect of apigenin against isoproterenol-
induced apoptosis in cardiomyoblasts. J. Biochem. Mol. Toxicol. 2018, 32, e22213. [CrossRef] [PubMed]

112. Okada, M.; Morioka, S.; Kanazawa, H.; Yamawaki, H. Canstatin inhibits isoproterenol-induced apoptosis through preserving
mitochondrial morphology in differentiated H9c2 cardiomyoblasts. Apoptosis Int. J. Program. Cell Death 2016, 21, 887–895.
[CrossRef] [PubMed]

113. Li, W.; Yang, J.; Lyu, Q.; Wu, G.; Lin, S.; Yang, Q.; Hu, J. Taurine attenuates isoproterenol-induced H9c2 cardiomyocytes
hypertrophy by improving antioxidative ability and inhibiting calpain-1-mediated apoptosis. Mol. Cell. Biochem. 2020, 469,
119–132. [CrossRef]

114. De Lacerda Alexandre, J.V.; Viana, Y.I.P.; David, C.E.B.; Cunha, P.L.O.; Albuquerque, A.C.; Varela, A.L.N.; Kowaltowski, A.J.;
Facundo, H.T. Quercetin treatment increases H(2)O(2) removal by restoration of endogenous antioxidant activity and blocks
isoproterenol-induced cardiac hypertrophy. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2021, 394, 217–226. [CrossRef] [PubMed]

115. Spasov, A.A.; Gurova, N.A.; Popova, T.A.; Perfilova, V.N.; Vishnevskaya, V.V.; Kustova, M.V.; Ovsyankina, N.V.; Ozerov, A.A.
Effects of Zoniporide and BMA-1321 Compound on the Rate of Oxygen Absorption by Cardiomyocyte Mitochondria in Rats with
Experimental Chronic Heart Failure. Bull. Exp. Biol. Med. 2021, 170, 316–320. [CrossRef]

116. Malik, C.; Ghosh, S. Quinidine partially blocks mitochondrial voltage-dependent anion channel (VDAC). Eur. Biophys. J. EBJ 2020,
49, 193–205. [CrossRef]

117. Finsterer, J.; Zarrouk-Mahjoub, S. Mitochondrial toxicity of cardiac drugs and its relevance to mitochondrial disorders. Expert
Opin. Drug. Metab. Toxicol. 2015, 11, 15–24. [CrossRef]

118. Zheng, W.B.; Li, Y.J.; Wang, Y.; Yang, J.; Zheng, C.C.; Huang, X.H.; Li, B.; He, Q.Y. Propafenone suppresses esophageal cancer
proliferation through inducing mitochondrial dysfunction. Am. J. Cancer Res. 2017, 7, 2245–2256.

119. Seydi, E.; Tabbati, Y.; Pourahmad, J. Toxicity of Atenolol and Propranolol on Rat Heart Mitochondria. Drug Res. 2020, 70, 151–157.
[CrossRef]

http://doi.org/10.3892/mmr.2019.9946
http://www.ncbi.nlm.nih.gov/pubmed/30816450
http://doi.org/10.1111/1440-1681.13590
http://www.ncbi.nlm.nih.gov/pubmed/34519087
http://doi.org/10.3389/fnmol.2021.697440
http://doi.org/10.3892/ijmm.2017.3318
http://doi.org/10.1016/j.hlc.2016.08.007
http://doi.org/10.1016/j.intimp.2019.05.034
http://www.ncbi.nlm.nih.gov/pubmed/31185450
http://doi.org/10.1016/j.lfs.2020.117531
http://www.ncbi.nlm.nih.gov/pubmed/32151691
http://doi.org/10.3233/JPD-181503
http://www.ncbi.nlm.nih.gov/pubmed/30741689
http://doi.org/10.1016/j.bbrc.2018.11.135
http://www.ncbi.nlm.nih.gov/pubmed/30553453
http://doi.org/10.1016/j.intimp.2019.105732
http://doi.org/10.3390/antiox9030262
http://doi.org/10.3390/biomedicines8100437
http://doi.org/10.1002/jbt.22556
http://doi.org/10.1007/s12012-017-9422-2
http://doi.org/10.1007/s12192-010-0187-9
http://doi.org/10.1002/jbt.22213
http://www.ncbi.nlm.nih.gov/pubmed/30152906
http://doi.org/10.1007/s10495-016-1262-1
http://www.ncbi.nlm.nih.gov/pubmed/27315818
http://doi.org/10.1007/s11010-020-03733-7
http://doi.org/10.1007/s00210-020-01953-8
http://www.ncbi.nlm.nih.gov/pubmed/32930861
http://doi.org/10.1007/s10517-021-05059-w
http://doi.org/10.1007/s00249-020-01426-z
http://doi.org/10.1517/17425255.2015.973401
http://doi.org/10.1055/a-1112-7032


Int. J. Mol. Sci. 2022, 23, 13653 46 of 54

120. Brohée, L.; Peulen, O.; Nusgens, B.; Castronovo, V.; Thiry, M.; Colige, A.C.; Deroanne, C.F. Propranolol sensitizes prostate cancer
cells to glucose metabolism inhibition and prevents cancer progression. Sci. Rep. 2018, 8, 7050. [CrossRef]

121. Iwai, T.; Tanonaka, K.; Kasahara, S.; Inoue, R.; Takeo, S. Protective effect of propranolol on mitochondrial function in the ischaemic
heart. Br. J. Pharmacol. 2002, 136, 472–480. [CrossRef] [PubMed]

122. Kaasik, A.; Kuum, M.; Joubert, F.; Wilding, J.; Ventura-Clapier, R.; Veksler, V. Mitochondria as a source of mechanical signals in
cardiomyocytes. Cardiovasc. Res. 2010, 87, 83–91. [CrossRef] [PubMed]

123. Montoya, A.; Varela-Ramirez, A.; Dickerson, E.; Pasquier, E.; Torabi, A.; Aguilera, R.; Nahleh, Z.; Bryan, B. The beta adrenergic
receptor antagonist propranolol alters mitogenic and apoptotic signaling in late stage breast cancer. Biomed. J. 2019, 42, 155–165.
[CrossRef] [PubMed]

124. Wang, F.; Liu, H.; Wang, F.; Xu, R.; Wang, P.; Tang, F.; Zhang, X.; Zhu, Z.; Lv, H.; Han, T. Propranolol suppresses the proliferation
and induces the apoptosis of liver cancer cells. Mol. Med. Rep. 2018, 17, 5213–5221. [CrossRef] [PubMed]

125. Fromenty, B.; Fisch, C.; Berson, A.; Letteron, P.; Larrey, D.; Pessayre, D. Dual effect of amiodarone on mitochondrial respiration.
Initial protonophoric uncoupling effect followed by inhibition of the respiratory chain at the levels of complex I and complex II. J.
Pharmacol. Exp. Ther. 1990, 255, 1377–1384.

126. Fromenty, B.; Fisch, C.; Labbe, G.; Degott, C.; Deschamps, D.; Berson, A.; Letteron, P.; Pessayre, D. Amiodarone inhibits the
mitochondrial beta-oxidation of fatty acids and produces microvesicular steatosis of the liver in mice. J. Pharmacol. Exp. Ther.
1990, 255, 1371–1376. [PubMed]

127. Kaufmann, P.; Török, M.; Hänni, A.; Roberts, P.; Gasser, R.; Krähenbühl, S. Mechanisms of benzarone and benzbromarone-induced
hepatic toxicity. Hepatology 2005, 41, 925–935. [CrossRef]

128. Spaniol, M.; Bracher, R.; Ha, H.R.; Follath, F.; Krähenbühl, S. Toxicity of amiodarone and amiodarone analogues on isolated rat
liver mitochondria. J. Hepatol. 2001, 35, 628–636. [CrossRef]

129. Serviddio, G.; Bellanti, F.; Giudetti, A.M.; Gnoni, G.V.; Capitanio, N.; Tamborra, R.; Romano, A.D.; Quinto, M.; Blonda, M.;
Vendemiale, G.; et al. Mitochondrial oxidative stress and respiratory chain dysfunction account for liver toxicity during
amiodarone but not dronedarone administration. Free. Radic. Biol. Med. 2011, 51, 2234–2242. [CrossRef]

130. Felser, A.; Blum, K.; Lindinger, P.W.; Bouitbir, J.; Krähenbühl, S. Mechanisms of hepatocellular toxicity associated with
dronedarone—A comparison to amiodarone. Toxicol. Sci. 2013, 131, 480–490. [CrossRef]

131. Karkhanis, A.; Leow, J.W.H.; Hagen, T.; Chan, E.C.Y. Dronedarone-Induced Cardiac Mitochondrial Dysfunction and Its Mitigation
by Epoxyeicosatrienoic Acids. Toxicol. Sci. 2018, 163, 79–91. [CrossRef] [PubMed]

132. Felser, A.; Stoller, A.; Morand, R.; Schnell, D.; Donzelli, M.; Terracciano, L.; Bouitbir, J.; Krähenbühl, S. Hepatic toxicity of
dronedarone in mice: Role of mitochondrial β-oxidation. Toxicology 2014, 323, 1–9. [CrossRef] [PubMed]

133. Nulton-Persson, A.C.; Szweda, L.I.; Sadek, H.A. Inhibition of cardiac mitochondrial respiration by salicylic acid and acetylsalicy-
late. J. Cardiovasc. Pharmacol. 2004, 44, 591–595. [CrossRef] [PubMed]

134. Chatterjee, S.S.; Stefanovich, V. Influence of anti-inflammatory agents on rat liver mitochondrial ATPase. Arzneim. Forsch. 1976,
26, 499–502.

135. Al-Nasser, I.A. Salicylate-induced kidney mitochondrial permeability transition is prevented by cyclosporin A. Toxicol. Lett. 1999,
105, 1–8. [CrossRef]

136. Tai, Y.K.; Cheong, Y.M.; Almsherqi, Z.A.; Chia, S.H.; Deng, Y.; McLachlan, C.S. High dose clopidogrel decreases mice liver
mitochondrial respiration function in vitro. Int. J. Cardiol. 2009, 133, 250–252. [CrossRef]

137. Zahno, A.; Bouitbir, J.; Maseneni, S.; Lindinger, P.W.; Brecht, K.; Krähenbühl, S. Hepatocellular toxicity of clopidogrel: Mechanisms
and risk factors. Free Radic. Biol. Med. 2013, 65, 208–216. [CrossRef]

138. Maseneni, S.; Donzelli, M.; Brecht, K.; Krähenbühl, S. Toxicity of thienopyridines on human neutrophil granulocytes and
lymphocytes. Toxicology 2013, 308, 11–19. [CrossRef]

139. Gjerde, H.; Helgeland, L. Effect of warfarin on ATP content, viability, glycosylation and protein synthesis in isolated rat
hepatocytes. Acta Pharmacol. Toxicol. 1984, 54, 385–388. [CrossRef]

140. Kurokawa, H.; Taninaka, A.; Shigekawa, H.; Matsui, H. Dabigatran Etexilate Induces Cytotoxicity in Rat Gastric Epithelial Cell
Line via Mitochondrial Reactive Oxygen Species Production. Cells 2021, 10, 2508. [CrossRef]

141. Manuel, M.A.; Weiner, M.W. Effects of ethacrynic acid and furosemide on isolated rat kidney mitochondria: Inhibition of electron
transport in the region of phosphorylation site II. J. Pharmacol. Exp. Ther. 1976, 198, 209–221. [PubMed]

142. Orita, Y.; Fukuhara, Y.; Yanase, M.; Ando, A.; Okada, N.; Abe, H. Effect of furosemide on mitochondrial electron transport system
and oxidative phosphorylation. Arzneim. Forsch. 1983, 33, 1446–1450.

143. Daiber, A.; Münzel, T. Organic Nitrate Therapy, Nitrate Tolerance, and Nitrate-Induced Endothelial Dysfunction: Emphasis on
Redox Biology and Oxidative Stress. Antioxid Redox Signal 2015, 23, 899–942. [CrossRef] [PubMed]

144. Daiber, A.; Wenzel, P.; Oelze, M.; Münzel, T. New insights into bioactivation of organic nitrates, nitrate tolerance and cross-
tolerance. Clin. Res. Cardiol. Off. J. Ger. Card. Soc. 2008, 97, 12–20. [CrossRef]

145. Albuck, A.L.; Sakamuri, S.; Sperling, J.A.; Evans, W.R.; Kolli, L.; Sure, V.N.; Mostany, R.; Katakam, P.V.G. Peroxynitrite
decomposition catalyst enhances respiratory function in isolated brain mitochondria. Am. J. Physiol. Heart Circ. Physiol. 2021, 320,
H630–H641. [CrossRef]

146. Singh, I.N.; Sullivan, P.G.; Hall, E.D. Peroxynitrite-mediated oxidative damage to brain mitochondria: Protective effects of
peroxynitrite scavengers. J. Neurosci. Res. 2007, 85, 2216–2223. [CrossRef]

http://doi.org/10.1038/s41598-018-25340-9
http://doi.org/10.1038/sj.bjp.0704724
http://www.ncbi.nlm.nih.gov/pubmed/12023950
http://doi.org/10.1093/cvr/cvq039
http://www.ncbi.nlm.nih.gov/pubmed/20124402
http://doi.org/10.1016/j.bj.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/31466709
http://doi.org/10.3892/mmr.2018.8476
http://www.ncbi.nlm.nih.gov/pubmed/29393410
http://www.ncbi.nlm.nih.gov/pubmed/2124623
http://doi.org/10.1002/hep.20634
http://doi.org/10.1016/S0168-8278(01)00189-1
http://doi.org/10.1016/j.freeradbiomed.2011.09.004
http://doi.org/10.1093/toxsci/kfs298
http://doi.org/10.1093/toxsci/kfy011
http://www.ncbi.nlm.nih.gov/pubmed/29385569
http://doi.org/10.1016/j.tox.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24881592
http://doi.org/10.1097/00005344-200411000-00012
http://www.ncbi.nlm.nih.gov/pubmed/15505497
http://doi.org/10.1016/S0378-4274(98)00373-7
http://doi.org/10.1016/j.ijcard.2007.10.022
http://doi.org/10.1016/j.freeradbiomed.2013.06.007
http://doi.org/10.1016/j.tox.2013.03.002
http://doi.org/10.1111/j.1600-0773.1984.tb01946.x
http://doi.org/10.3390/cells10102508
http://www.ncbi.nlm.nih.gov/pubmed/180279
http://doi.org/10.1089/ars.2015.6376
http://www.ncbi.nlm.nih.gov/pubmed/26261901
http://doi.org/10.1007/s00392-007-0588-7
http://doi.org/10.1152/ajpheart.00389.2020
http://doi.org/10.1002/jnr.21360


Int. J. Mol. Sci. 2022, 23, 13653 47 of 54

147. Xiong, Y.; Singh, I.N.; Hall, E.D. Tempol protection of spinal cord mitochondria from peroxynitrite-induced oxidative damage.
Free. Radic. Res. 2009, 43, 604–612. [CrossRef]

148. Uribe, P.; Treulen, F.; Boguen, R.; Sánchez, R.; Villegas, J.V. Nitrosative stress by peroxynitrite impairs ATP production in human
spermatozoa. Andrologia 2017, 49, e12615. [CrossRef]

149. Esselun, C.; Bruns, B.; Hagl, S.; Grewal, R.; Eckert, G.P. Differential Effects of Silibinin A on Mitochondrial Function in Neuronal
PC12 and HepG2 Liver Cells. Oxidative Med. Cell. Longev. 2019, 2019, 1652609. [CrossRef]

150. Lin, J.; Wu, G.; Chen, J.; Fu, C.; Hong, X.; Li, L.; Liu, X.; Wu, M. Electroacupuncture inhibits sodium nitroprusside-mediated
chondrocyte apoptosis through the mitochondrial pathway. Mol. Med. Rep. 2018, 18, 4922–4930. [CrossRef]

151. Fukushiro-Lopes, D.; Hegel, A.D.; Russo, A.; Senyuk, V.; Liotta, M.; Beeson, G.C.; Beeson, C.C.; Burdette, J.; Potkul, R.K.; Gentile,
S. Repurposing Kir6/SUR2 Channel Activator Minoxidil to Arrests Growth of Gynecologic Cancers. Front. Pharmacol. 2020, 11,
577. [CrossRef] [PubMed]

152. Okamoto, A.; Tanaka, M.; Sumi, C.; Oku, K.; Kusunoki, M.; Nishi, K.; Matsuo, Y.; Takenaga, K.; Shingu, K.; Hirota, K. The
antioxidant N-acetyl cysteine suppresses lidocaine-induced intracellular reactive oxygen species production and cell death in
neuronal SH-SY5Y cells. BMC Anesthesiol. 2016, 16, 104. [CrossRef] [PubMed]

153. Kawasaki, C.; Kawasaki, T.; Ogata, M.; Sata, T.; Chaudry, I.H. Lidocaine enhances apoptosis and suppresses mitochondrial
functions of human neutrophil in vitro. J. Trauma 2010, 68, 401–408. [CrossRef]

154. Li, J.; Zhu, X.; Yang, S.; Xu, H.; Guo, M.; Yao, Y.; Huang, Z.; Lin, D. Lidocaine Attenuates Cognitive Impairment After Isoflurane
Anesthesia by Reducing Mitochondrial Damage. Neurochem. Res. 2019, 44, 1703–1714. [CrossRef] [PubMed]

155. Eghbal, M.A.; Taziki, S.; Sattari, M.R. Mechanisms of phenytoin-induced toxicity in freshly isolated rat hepatocytes and the
protective effects of taurine and/or melatonin. J. Biochem. Mol. Toxicol. 2014, 28, 111–118. [CrossRef]

156. Finsterer, J.; Scorza, F.A. Effects of antiepileptic drugs on mitochondrial functions, morphology, kinetics, biogenesis, and survival.
Epilepsy Res. 2017, 136, 5–11. [CrossRef]

157. Finsterer, J. Toxicity of Antiepileptic Drugs to Mitochondria. Handb. Exp. Pharmacol. 2017, 240, 473–488. [CrossRef] [PubMed]
158. Carreira, R.S.; Monteiro, P.; Gon Alves, L.M.; Providência, L.A. Carvedilol: Just another Beta-blocker or a powerful cardioprotector?

Cardiovasc. Hematol. Disord. Drug Targets 2006, 6, 257–266. [CrossRef]
159. Oliveira, P.J.; Marques, M.P.; Batista de Carvalho, L.A.; Moreno, A.J. Effects of carvedilol on isolated heart mitochondria: Evidence

for a protonophoretic mechanism. Biochem. Biophys. Res. Commun. 2000, 276, 82–87. [CrossRef]
160. Oliveira, P.J.; Gonçalves, L.; Monteiro, P.; Providencia, L.A.; Moreno, A.J. Are the antioxidant properties of carvedilol important

for the protection of cardiac mitochondria? Curr. Vasc. Pharmacol. 2005, 3, 147–158. [CrossRef]
161. Erguven, M.; Yazihan, N.; Aktas, E.; Sabanci, A.; Li, C.J.; Oktem, G.; Bilir, A. Carvedilol in glioma treatment alone and with

imatinib in vitro. Int. J. Oncol. 2010, 36, 857–866. [CrossRef] [PubMed]
162. Bhadri, N.; Razdan, R.; Goswami, S.K. Nebivolol, a β-blocker abrogates streptozotocin-induced behavioral, biochemical, and

neurophysiological deficit by attenuating oxidative-nitrosative stress: A possible target for the prevention of diabetic neuropathy.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2018, 391, 207–217. [CrossRef] [PubMed]

163. Nuevo-Tapioles, C.; Santacatterina, F.; Stamatakis, K.; Núñez de Arenas, C.; Gómez de Cedrón, M.; Formentini, L.; Cuezva, J.M.
Coordinate β-adrenergic inhibition of mitochondrial activity and angiogenesis arrest tumor growth. Nat. Commun. 2020, 11, 3606.
[CrossRef] [PubMed]

164. Chen, Q.; Jiang, H.; Wang, Z.; Cai, L.Y.; Jiang, Y.C.; Xie, L.; Zhou, Y.; Zeng, X.; Ji, N.; Shen, Y.Q.; et al. Adrenergic Blockade by
Nebivolol to Suppress Oral Squamous Cell Carcinoma Growth via Endoplasmic Reticulum Stress and Mitochondria Dysfunction.
Front. Pharmacol. 2021, 12, 691998. [CrossRef] [PubMed]

165. Kotsinas, A.; Gorgoulis, V.; Zacharatos, P.; Zioris, H.; Triposkiadis, F.; Donta, I.; Kyriakidis, M.; Karayannacos, P.; Kittas, C.
Antioxidant agent nimesulid and beta-blocker metoprolol do not exert protective effects against rat mitochondrial DNA alterations
in adriamycin-induced cardiotoxicity. Biochem. Biophys. Res. Commun. 1999, 254, 651–656. [CrossRef]

166. Lysko, P.G.; Webb, C.L.; Gu, J.L.; Ohlstein, E.H.; Ruffolo, R.R., Jr.; Yue, T.L. A comparison of carvedilol and metoprolol antioxidant
activities in vitro. J. Cardiovasc. Pharmacol. 2000, 36, 277–281. [CrossRef]

167. Zhu, B.Q.; Simonis, U.; Cecchini, G.; Zhou, H.Z.; Li, L.; Teerlink, J.R.; Karliner, J.S. Comparison of pyrroloquinoline quinone
and/or metoprolol on myocardial infarct size and mitochondrial damage in a rat model of ischemia/reperfusion injury. J.
Cardiovasc. Pharmacol. Ther. 2006, 11, 119–128. [CrossRef]

168. Wang, P.; Zaragoza, C.; Holman, W. Sodium-hydrogen exchange inhibition and beta-blockade additively decrease infarct size.
Ann. Thorac. Surg. 2007, 83, 1121–1127. [CrossRef]

169. Sanchez-Roman, I.; Gomez, A.; Naudí, A.; Jove, M.; Gómez, J.; Lopez-Torres, M.; Pamplona, R.; Barja, G. Independent and
additive effects of atenolol and methionine restriction on lowering rat heart mitochondria oxidative stress. J. Bioenergy Biomembr.
2014, 46, 159–172. [CrossRef]

170. Gómez, A.; Sánchez-Roman, I.; Gomez, J.; Cruces, J.; Mate, I.; Lopez-Torres, M.; Naudi, A.; Portero-Otin, M.; Pamplona, R.; De
la Fuente, M.; et al. Lifelong treatment with atenolol decreases membrane fatty acid unsaturation and oxidative stress in heart
and skeletal muscle mitochondria and improves immunity and behavior, without changing mice longevity. Aging Cell 2014, 13,
551–560. [CrossRef]

171. Sanchez-Roman, I.; Gomez, J.; Naudi, A.; Ayala, V.; Portero-Otín, M.; Lopez-Torres, M.; Pamplona, R.; Barja, G. The β-blocker
atenolol lowers the longevity-related degree of fatty acid unsaturation, decreases protein oxidative damage, and increases

http://doi.org/10.1080/10715760902977432
http://doi.org/10.1111/and.12615
http://doi.org/10.1155/2019/1652609
http://doi.org/10.3892/mmr.2018.9498
http://doi.org/10.3389/fphar.2020.00577
http://www.ncbi.nlm.nih.gov/pubmed/32457608
http://doi.org/10.1186/s12871-016-0273-3
http://www.ncbi.nlm.nih.gov/pubmed/27776485
http://doi.org/10.1097/TA.0b013e3181af6e56
http://doi.org/10.1007/s11064-019-02799-0
http://www.ncbi.nlm.nih.gov/pubmed/30989480
http://doi.org/10.1002/jbt.21542
http://doi.org/10.1016/j.eplepsyres.2017.07.003
http://doi.org/10.1007/164_2016_2
http://www.ncbi.nlm.nih.gov/pubmed/27590225
http://doi.org/10.2174/187152906779010746
http://doi.org/10.1006/bbrc.2000.3374
http://doi.org/10.2174/1570161053586903
http://doi.org/10.3892/ijo_00000563
http://www.ncbi.nlm.nih.gov/pubmed/20198329
http://doi.org/10.1007/s00210-017-1450-8
http://www.ncbi.nlm.nih.gov/pubmed/29322226
http://doi.org/10.1038/s41467-020-17384-1
http://www.ncbi.nlm.nih.gov/pubmed/32681016
http://doi.org/10.3389/fphar.2021.691998
http://www.ncbi.nlm.nih.gov/pubmed/34456721
http://doi.org/10.1006/bbrc.1998.0124
http://doi.org/10.1097/00005344-200008000-00020
http://doi.org/10.1177/1074248406288757
http://doi.org/10.1016/j.athoracsur.2006.10.039
http://doi.org/10.1007/s10863-013-9535-7
http://doi.org/10.1111/acel.12205


Int. J. Mol. Sci. 2022, 23, 13653 48 of 54

extracellular signal-regulated kinase signaling in the heart of C57BL/6 mice. Rejuvenation Res. 2010, 13, 683–693. [CrossRef]
[PubMed]

172. Quintana-Villamandos, B.; Delgado-Martos, M.J.; Delgado-Baeza, E. Early reversal cardiac with esmolol in hypertensive rats: The
role of subcellular organelle phenotype. Pharmacol. Rep. PR 2019, 71, 1125–1132. [CrossRef] [PubMed]
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Monoamine oxidase is a source of cardiac oxidative stress in obese rats: The beneficial role of metformin. Mol. Cell. Biochem. 2022.
[CrossRef] [PubMed]

307. Ionică, L.N.; Gait,ă, L.; Bînă, A.M.; Sos, dean, R.; Lighezan, R.; Sima, A.; Malit,a, D.; Cret,u, O.M.; Burlacu, O.; Muntean, D.M.; et al.
Metformin alleviates monoamine oxidase-related vascular oxidative stress and endothelial dysfunction in rats with diet-induced
obesity. Mol. Cell. Biochem. 2021, 476, 4019–4029. [CrossRef] [PubMed]

308. Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [CrossRef]

309. Anker, S.D.; Butler, J.; Filippatos, G.; Khan, M.S.; Marx, N.; Lam, C.S.P.; Schnaidt, S.; Ofstad, A.P.; Brueckmann, M.; Jamal, W.;
et al. Effect of Empagliflozin on Cardiovascular and Renal Outcomes in Patients With Heart Failure by Baseline Diabetes Status:
Results From the EMPEROR-Reduced Trial. Circulation 2021, 143, 337–349. [CrossRef]

310. Tsampasian, V.; Baral, R.; Chattopadhyay, R.; Debski, M.; Joshi, S.S.; Reinhold, J.; Dweck, M.R.; Garg, P.; Vassiliou, V.S. The Role of
SGLT2 Inhibitors in Heart Failure: A Systematic Review and Meta-Analysis. Cardiol. Res. Pract. 2021, 2021, 9927533. [CrossRef]

311. Vaduganathan, M.; Januzzi, J.L., Jr. Preventing and Treating Heart Failure with Sodium-Glucose Co-Transporter 2 Inhibitors. Am.
J. Cardiol. 2019, 124 (Suppl. 1), S20–S27. [CrossRef]

312. Lee, W.C.; Chau, Y.Y.; Ng, H.Y.; Chen, C.H.; Wang, P.W.; Liou, C.W.; Lin, T.K.; Chen, J.B. Empagliflozin Protects HK-2 Cells from
High Glucose-Mediated Injuries via a Mitochondrial Mechanism. Cells 2019, 8, 1085. [CrossRef] [PubMed]

313. Lee, Y.H.; Kim, S.H.; Kang, J.M.; Heo, J.H.; Kim, D.J.; Park, S.H.; Sung, M.; Kim, J.; Oh, J.; Yang, D.H.; et al. Empagliflozin
attenuates diabetic tubulopathy by improving mitochondrial fragmentation and autophagy. Am. J. Physiol. Ren. Physiol. 2019,
317, F767–F780. [CrossRef] [PubMed]

314. Liu, X.; Xu, C.; Xu, L.; Li, X.; Sun, H.; Xue, M.; Li, T.; Yu, X.; Sun, B.; Chen, L. Empagliflozin improves diabetic renal tubular injury
by alleviating mitochondrial fission via AMPK/SP1/PGAM5 pathway. Metab. Clin. Exp. 2020, 111, 154334. [CrossRef] [PubMed]

315. Durak, A.; Olgar, Y.; Degirmenci, S.; Akkus, E.; Tuncay, E.; Turan, B. A SGLT2 inhibitor dapagliflozin suppresses prolonged
ventricular-repolarization through augmentation of mitochondrial function in insulin-resistant metabolic syndrome rats. Cardio-
vasc. Diabetol. 2018, 17, 144. [CrossRef]

316. Hawley, S.A.; Ford, R.J.; Smith, B.K.; Gowans, G.J.; Mancini, S.J.; Pitt, R.D.; Day, E.A.; Salt, I.P.; Steinberg, G.R.; Hardie, D.G.
The Na+/Glucose Cotransporter Inhibitor Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function and Increasing
Cellular AMP Levels. Diabetes 2016, 65, 2784–2794. [CrossRef]

317. Villani, L.A.; Smith, B.K.; Marcinko, K.; Ford, R.J.; Broadfield, L.A.; Green, A.E.; Houde, V.P.; Muti, P.; Tsakiridis, T.; Steinberg,
G.R. The diabetes medication Canagliflozin reduces cancer cell proliferation by inhibiting mitochondrial complex-I supported
respiration. Mol. Metab. 2016, 5, 1048–1056. [CrossRef]

318. Cosentino, F.; Grant, P.J.; Aboyans, V.; Bailey, C.J.; Ceriello, A.; Delgado, V.; Federici, M.; Filippatos, G.; Grobbee, D.E.; Hansen,
T.B.; et al. 2019 ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD.
Eur. Heart J. 2020, 41, 255–323. [CrossRef]

319. Sheahan, K.H.; Wahlberg, E.A.; Gilbert, M.P. An overview of GLP-1 agonists and recent cardiovascular outcomes trials. Postgrad.
Med. J. 2020, 96, 156–161. [CrossRef]

http://doi.org/10.1124/mol.104.002600
http://doi.org/10.1093/eurheartj/9.suppl_A.33
http://doi.org/10.1007/s11064-008-9854-y
http://doi.org/10.1093/cvr/cvab159
http://doi.org/10.1161/hyp.0000000000000065
http://doi.org/10.4081/ejh.2012.15
http://www.ncbi.nlm.nih.gov/pubmed/22688296
http://doi.org/10.1248/cpb.c13-00995
http://www.ncbi.nlm.nih.gov/pubmed/24759620
http://doi.org/10.1096/fj.07-099424
http://doi.org/10.1016/j.phrs.2022.106114
http://www.ncbi.nlm.nih.gov/pubmed/35124206
http://doi.org/10.1007/s11010-022-04490-5
http://www.ncbi.nlm.nih.gov/pubmed/35723772
http://doi.org/10.1007/s11010-021-04194-2
http://www.ncbi.nlm.nih.gov/pubmed/34216348
http://doi.org/10.1056/NEJMoa2022190
http://doi.org/10.1161/CIRCULATIONAHA.120.051824
http://doi.org/10.1155/2021/9927533
http://doi.org/10.1016/j.amjcard.2019.10.026
http://doi.org/10.3390/cells8091085
http://www.ncbi.nlm.nih.gov/pubmed/31540085
http://doi.org/10.1152/ajprenal.00565.2018
http://www.ncbi.nlm.nih.gov/pubmed/31390268
http://doi.org/10.1016/j.metabol.2020.154334
http://www.ncbi.nlm.nih.gov/pubmed/32777444
http://doi.org/10.1186/s12933-018-0790-0
http://doi.org/10.2337/db16-0058
http://doi.org/10.1016/j.molmet.2016.08.014
http://doi.org/10.1093/eurheartj/ehz486
http://doi.org/10.1136/postgradmedj-2019-137186


Int. J. Mol. Sci. 2022, 23, 13653 54 of 54

320. Wu, Y.C.; Wang, W.T.; Lee, S.S.; Kuo, Y.R.; Wang, Y.C.; Yen, S.J.; Lee, M.Y.; Yeh, J.L. Glucagon-Like Peptide-1 Receptor Agonist
Attenuates Autophagy to Ameliorate Pulmonary Arterial Hypertension through Drp1/NOX- and Atg-5/Atg-7/Beclin-1/LC3β
Pathways. Int. J. Mol. Sci. 2019, 20, 3435. [CrossRef]

321. Wang, Y.; He, W.; Wei, W.; Mei, X.; Yang, M.; Wang, Y. Exenatide Attenuates Obesity-Induced Mitochondrial Dysfunction by
Activating SIRT1 in Renal Tubular Cells. Front. Endocrinol. 2021, 12, 622737. [CrossRef]

322. Monji, A.; Mitsui, T.; Bando, Y.K.; Aoyama, M.; Shigeta, T.; Murohara, T. Glucagon-like peptide-1 receptor activation reverses
cardiac remodeling via normalizing cardiac steatosis and oxidative stress in type 2 diabetes. Am. J. Physiol. Heart Circ. Physiol.
2013, 305, H295–H304. [CrossRef] [PubMed]

323. Li, P.C.; Liu, L.F.; Jou, M.J.; Wang, H.K. The GLP-1 receptor agonists exendin-4 and liraglutide alleviate oxidative stress and
cognitive and micturition deficits induced by middle cerebral artery occlusion in diabetic mice. BMC Neurosci. 2016, 17, 37.
[CrossRef] [PubMed]

324. Khin, P.P.; Hong, Y.; Yeon, M.; Lee, D.H.; Lee, J.H.; Jun, H.S. Dulaglutide improves muscle function by attenuating inflammation
through OPA-1-TLR-9 signaling in aged mice. Aging 2021, 13, 21962–21974. [CrossRef] [PubMed]

325. Tang, X.; Wang, Z.; Hu, S.; Zhou, B. Assessing Drug-Induced Mitochondrial Toxicity in Cardiomyocytes: Implications for
Preclinical Cardiac Safety Evaluation. Pharmaceutics 2022, 14, 1313. [CrossRef]

326. Fermini, B.; Coyne, S.T.; Coyne, K.P. Clinical Trials in a Dish: A Perspective on the Coming Revolution in Drug Development.
SLAS Discov. 2018, 23, 765–776. [CrossRef]
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