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Historically considered as merely cellular “powerhouse” that manufactures ATP and other 

metabolites, the mitochondrion is increasingly being recognized as a “sentinel” organelle 

capable of both detecting cellular insults and orchestrating inflammatory responses [1]. 

Mitochondria are complex organelles, containing their own DNA and composed of a double 

membrane: outer mitochondrial membrane (OMM) and inner mitochondrial membrane 

(IMM). This double membrane gives rise to two compartments; (1) the intermembrane space 

(IMS) located between OMM and IMM, and (2) the matrix (M) located in the internal space 

created by the IMM itself.

During oxidative phosphorylation, the electrons removed from biological fuels such as 

glucose and fatty acids goes through a series of electron carrier system located in IMM, 

which is widely known as mitochondrial electron transport chain (ETC). The passage of 

electrons through ETC generate energy; and ultimately these electrons reduce molecular 

oxygen in to water [2]. According to the chemiosmotic theory introduced by Peter Mitchell 

in 1961, the energy produced by electron transfer through ETC is used to establish a proton 

gradient across the IMM that drives mitochondrial ATP production [3]. Simply, 

chemiosmotic theory explains that the mechanism which propels oxidative phosphorylation 

is the proton gradient formed across the IMM, further coupling respiratory oxygen to ADP 

phosphorylation/ATP generation.

The proton gradient is established by pumping protons against their electrochemical gradient 

across the IMM. This process simultaneously induce a proton gradient (chemical) across the 

membranes which is known as a protonmotive force (ΔP) and electrical gradient known as 

mitochondrial membrane potential (ΔΨm) [4].

Mitochondrial Proton Leak Is the Principal, but Not the Only, Mechanism 

That Incompletely Couples Substrate Oxygen to ATP Generation

The mitochondrial ETC is comprised of a series of redox carriers named: Complex I(NADH: 

ubiquinone oxidoreductase), complex II (succinate dehydrogenase), complex III (ubiquinol-

cytochrome c reductase) and complex IV (cytochrome c oxidase). The exergonic process of 

electron transport through complex I–IV create ΔP, which will drive the protons back to 

matrix from IMS via ATP synthase (also known as complex V), during which the ATP are 

generated with the aid of adenine nucleotide and phosphate carriers. However, protons can 

migrate to the matrix independent of ATP synthase, a process known as “proton leak”. 

Proton leak can also be defined as the dissipation of ΔP in the presence of ATP synthase 

inhibitor Oligomycin in both isolated mitochondria and intact cells [5]. As proton leak 

depicts the protons that migrate in to the matrix without producing ATP, it makes the 

coupling of substrate oxygen and ATP generation incomplete. Proton leak is the principal, 

but not the only, mechanism that incompletely couples substrate oxygen to ATP generation 

(Fig. 20.1). Even though the contribution is insignificant, a phenomenon called “electron 
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slip” is also attributed to incomplete coupling of ATP generation and substrate oxygen as 

well. Electron slip refers to the process where electrons are transported via ETC without 

pumping protons to IMS. Therefore, electron slip results in disproportionate increase in 

oxygen consumption at high ΔP [6, 7].

The exact mechanism of how proton leak takes place is not fully known. The physiological 

regulation of proton leak is categorized in to two; (1) basal/constitutive proton leak, and (2) 

regulated/inducible proton leak.

Basal Proton Conductance Accounts for Only 5% of Proton Leak

Basal proton conductance is generally unregulated, and largely depends on the fatty acyl 

composition of the inner membrane phospholipids [8, 9]. However, the proton conductance 

through the lipid bilayer of the inner membrane accounts for only 5% of the proton leak. 

Therefore, this suggests that majority of basal conductance is regulated via mitochondrial 

inner membrane proteins. Approximately, two-third of the basal proton conductance is 

correlated to the abundance of ANT (adenine nucleotide translocase), which is a type of 

mitochondrial anion carrier protein found in the mitochondrial inner membrane [10].

Inducible Proton Leak Is Catalyzed by Specific Mitochondrial Inner 

Membrane Proteins Such as Uncoupling Proteins (UCPs)

Inducible proton leak is catalyzed by specific mitochondrial inner membrane proteins such 

as uncoupling proteins (UCPs) [11]. UCPs are a subfamily of the mitochondrial solute 

carrier family proteins that mediate transport of various metabolites across the IMM. There 

are five types of UCPs found in mammals, named as UCP1-5. Out of the five UCPs, UCP1 

was the first to be identified in brown adipose tissue and had been extensively studied. It had 

been implicated in converting mitochondrial energy potential to heat, thus mainly regulate 

adaptive thermogenesis. Even though UCP2 and UCP3 reduce the mitochondrial coupling 

efficiency, it is evident that their role is largely focused on regulating reactive oxygen species 

(ROS) levels rather that regulating thermogenesis [12, 13]. UCPs-mediated proton 

conductance is regulated at molecular, transcriptional, translational and proteolytic levels 

[14].

Electron Leak Is the Major Causative Factor for Production of Mitochondrial 

Superoxide

Electron leak refers to exit of electrons from the ETC before they get reduced to water at 

Complex IV, and is the major causative factor for production of mitochondrial superoxide. 

Generally, superoxide generation is attributed to Complexes I and III, however, other 

mitochondrial proteins such as flavin adenine dinucleotide (FAD)-linked pyruvate and α-

ketoglutarate dehydrogenase complexes are also reported to generate mitochondrial 

superoxide [15]. Superoxide is the primary reactive oxygen species (ROS) generated by 

ETC. Increased level of ROS can be detrimental to overall viability of the cells, therefore, 

superoxide once generated get rapidly dismutated by superoxide dismutase (SOD) to 

hydrogen peroxide as a protective mechanism [16]. However, at low concentrations, ROS are 
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involved as signaling molecules in various biological pathways. Under non-pathological 

conditions, mitochondria are the most significant ROS producers in the cells. Other than 

mitochondrial ROS, cell membrane bound NADPH (Nicotinamide Adenine Dinucleotide 

Phosphate) oxidase enzyme complex also contribute to total cellular ROS production during 

certain pathological conditions [17].

ROS Generation and Proton Leak

There are contradictory reports that link proton leak to ROS generation. Some reports 

provide evidence that the dissipation of ΔP [18–20] or presence of ADP decreases the 

mtROS production, while few claims that uncoupling enhances the ROS production [21, 22]. 

These contradictory evidence might be due to the differences in biological and experimental 

settings. However, the view that uncoupling decreases mitochondrial ROS production 

prevails. Therefore, uncoupling may play a protective role by mitigating ROS production in 

cells. This cyto-protective role of uncoupling was specifically observed in heart under 

conditions of oxidative stress such as ischemia reperfusion (IR) injury [23], aging [24] and 

diabetes [25]. Most prominently, UCP1 and UCP2, and also chemical uncouplers offers 

protection against IR injury. Similarly, it was observed that uncoupling can exert a profound 

protective effect against toxicity produced in the presence of hyperglycemia in endothelial 

cells. In addition, protective role of uncoupling against atherosclerosis was reported.

On the other hand, increased level of ROS seems to cause an increase proton leak [18]. It 

was observed that peroxynitrite, which is a potent inducer of lipid oxidation, increased the 

proton leak in isolated brain mitochondria [26]. Additionally, superoxide can also enhance 

the electron leak to a similar extent as peroxynitrite, and was shown to activate UCPs [27]. 

The UCPs and ANTs are attributed to enhanced proton conductance in the presence of ROS. 

Therefore, the presence of a protective feedback loop had been suggested, where increased 

ROS generation activates mechanisms that promote proton leak; and the enhanced proton 

leak in turn reduce the ROS production limiting further damage to mitochondrial function 

[18, 27].

“Uncoupling” in Pathogenesis of Cardiovascular Disease

The Magnitude of the Proton Leak and the Mechanism Involved in Mediating the Proton 
Leak Determine Whether There Is a Protective Effect in IR Injury

IR injury, atherosclerosis and diabetes-mediated cardiovascular complications are known to 

induce oxidative stress by elevating ROS generation including peroxynitrite, superoxide and 

hydrogen peroxide that adversely affect the viability of cardiomyocytes. Increased levels of 

ROS produced during various cardiac pathologies were shown to mediate breakdown of 

plasma membrane of cardiomyocytes, increased the potential for arrhythmogenesis during a 

post-ischemic events and also led to apoptosis of myocytes [28, 29] (see Chap. 10). Recent 

evidence suggests that UCPs exert a protective role against oxidative stress by suppressing 

ROS.

Diseased heart has a strong association with increased oxidative stress and an impairment of 

reserve respiratory capacity. During physiological conditions, mitochondria does not use its 
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full bioenergetic capacity unless there is an increase in energy demand during situations 

where cellular repair and detoxifying ROS is required to maintain cellular function. 

Mitochondrial reserve respiratory capacity refers to the difference between maximum 

respiratory capacity and basal respiratory capacity [30]. Therefore, depletion of reserve 

respiratory capacity indicate the inability of the cells to meet the increased energy demand in 

response to cellular stress that subsequently affect adversely to the cell viability. Intact rat 

neonatal ventricular myocytes exhibit exhaustion of the reserve capacity with an increased 

proton leak when exposed to pathologically relevant concentrations of HNE (4-

hydroxynonenal), which is a reactive lipid species accumulated in the heart during ischemia 

and heart failure [31].

Higher rate of proton leak is associated in mitochondria isolated from hearts subjected to IR 

[32, 33]. Furthermore, few research groups have shown that using uncoupling agents such as 

FCCP [carbonyl cyanide p-(tri-fluromethoxy) phenyl-hydrzone] or DNP (2,4-Dinitrophenol) 

protects mitochondrial and cardiomyocyte function from IR injury [34, 35]. However, this 

observation was reversed in mitochondria subjected to ischemic preconditioning (IPC), 

which is a cardioprotective strategy consisting of brief cycles of IR (3–5 min) to protect the 

myocardium from the damaging effects of subsequent longer episodes of IR. Surprisingly, 

mitochondria subjected to protective IPC had a smaller increment in proton conductance 

after IR compared to non-preconditioned mitochondria with higher proton conductance [32, 

33]. This is contradictory to the observation that increased proton conductance exert 

cardioprotective against IR injury. This observation was explained by differential 

mechanisms that are responsible for promoting mild proton leak and intensive proton leak. It 

was observed that generally mild-moderate proton leak during IR injury is regulated by 

UCPs [33], whereas a larger proton leak is mediated by ANT, which was shown to be a part 

of mitochondrial permeability transition pore (MPTP) [36]. Opening of MPTP under 

pathological conditions rapidly dissipate ΔΨm leading mitochondrial swelling, and mediate 

cellular apoptosis or necrosis. The larger proton leak mediated by opening of MPTP is 

detrimental to mitochondria and adversely impact to the cell viability [36]. Therefore, these 

observations suggest that magnitude of the proton leak and the mechanism involved in 

mediating the proton leak determine whether there is a protective effect against IR injury.

Uncoupling by UCP2 Preserves Vascular Function in Diet-Induced Obesity Mice as Well as 
In Diabetes

Oxidative stress plays a central role in development of diabetes-mediated macrovascular and 

microvascular complications. In bovine aortic endothelial cells, overexpressed UCP1 

blocked hyperglycemia-induced ROS production, indicating that uncoupling may play a role 

in reducing the progression of diabetes induced vascular complications [37]. Further, 

endothelial UCP2 also function as a sensor and negatively regulate mitochondrial ROS 

production in response to hyperglycemia, further validating importance of uncoupling in 

attenuating diabetes induced vascular diseases [38].

Interestingly, it was observed that UCP2 expression was gradually reduced with increased 

lipid deposition in atherosclerotic lesion in aorta in hyperlipidemic apolipoprotein E 

deficient (ApoE−/−) mice. Furthermore, it was observed that proinflammatory tumor necrosis 
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factor-α (TNF-α) can downregulate expression of UCP2 in vasculature and accelerate 

vascular damage. Therefore, this suggests that lowering the TNF-α expression within the 

aorta during exposure to vascular stress factors such as hyperinsulinemia may prevent 

vascular damage [39]. UCP2 preserves endothelial function through increasing endothelial 

nitric oxide synthase (eNOS) phosphorylation secondary to the inhibition of ROS production 

in the endothelium of obese diabetic mice. Silencing UCP2 impairs endothelium-dependent 

relaxation in aorta and mesenteric arteries from diet-induced obesity mice as well as aortic 

rings exposed to high glucose [40].

UCP2 in lung endothelial cells was recently reported to play a significant role in progression 

of pulmonary hypertension. UCP2 ablation in mice causes high right ventricular pressure 

and right ventricular hypertrophy when subjected to intermittent hypoxia induced pulmonary 

hypertension. Loss of UCP2 in lung endothelial cells increases mitophagy leading to 

progression of pulmonary hypertension. Mitophagy refers to selective mitochondrial 

autophagy, a process initiated by changes in the ΔΨm. Therefore, loss of UCP2 was 

implicated in deficiency of mitochondria and increased apoptosis in lung endothelial cells 

that contribute to exacerbation of pulmonary hypertension [41].

Also, in maternally inherited hypertension, it was shown that a specific mutation in 

mitochondrial tRNAAla (A5665G) significantly reduced the proton leak. The changes in the 

mitochondrial proton conductance and bioenergetics led to increased ROS and subsequently 

elevated blood pressure [42].

However, Eirin and colleagues demonstrated that the use of organic peroxide tert-Butyl 

hydrogen peroxide (tBHP) in isolated rat cardiomyocytes can suppress the basal respiration, 

maximal respiration and ATP production without altering the proton conductance in 

mitochondria. Also, the same research group demonstrated that use of MTP (mitochondrial 

peptide), which protects cardiolipin from peroxidation, ameliorated this effects while 

keeping the proton leak still intact. Cardiolipin is an inner membrane mitochondrial protein, 

which tethers cytochrome C to the inner membrane, thus facilitating the electron transport 

from complex III to complex IV. This protein is highly vulnerable to oxidative damage and 

subsequent loss, therefore leading to mitochondrial loss and contributing to development of 

cardiovascular disorders. The authors also demonstrate that restoration of cardiolipin 

improves cardiac function of pigs subjected to renovascular hypertension [43]. Therefore, all 

these observations indicate that the response of altering proton conductance depends on the 

etiology of hypertension.

Proton Leak Regulates ATP Synthesis-Uncoupled Mitochondrial ROS Generation, Which 
Determines Pathological Activation of Endothelial Cells for Recruitment of Inflammatory 
Cells

Most interestingly, alterations in mitochondrial morphology were reported to alter the proton 

conductance as well. Mitochondria are dynamic organelles which undergo constant shape 

changes by fission and fusion. As the name implies, fission results in smaller mitochondria 

while fusion results in larger mitochondria. In addition, variations in mitochondrial 

morphology have been found to contribute to vascular smooth muscle cell migration in 

response to arterial wall injury. Silencing Drp1 (mitochondrial fission protein dynamin-like 
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protein 1), which is the protein that regulates mitochondrial fission, limits VSMC migration 

through a markedly increase in proton leak, which suppresses not only ATP synthesis but 

also ROS production. Similarly, respiration coupling efficiency reduction was also validated 

in vivo with mitochondrial fission suppression, proposing an effective strategy to inhibit 

intimal hyperplasia in restenosis and the progression of atherosclerotic lesions [44].

Furthermore, UCP2 was shown to mitigate the atherosclerotic burden as well. Blanc and 
colleagues demonstrated that UCP2 is a protective mediator against early stage of 

atherosclerosis. The same group had shown that depletion of UCP2 in blood cells 

significantly increased the lesion size in thoracic aorta with more macrophage infiltration in 

hyperlipidemic mice. This finding was attributed to increased ROS production and 

inflammatory responsiveness in UCP2 deficient macrophages [45]. Similarly, another study 

demonstrated that UCP2 prevents progression of atherosclerosis by exerting antioxidant 

effect presumably by suppressing NF-κB activation in human aortic endothelial cells 

(HAECs). Moreover, UCP2 can attenuate apoptotic death of HAECs mediated by pro-

atherogenic LPC (lysophosphatidylcholine) [46].

We recently demonstrated that LPC promotes HAEC activation, which is one of the primary 

steps in disease progression of atherosclerosis [47]. We demonstrated the LPC specifically 

induces mitochondrial ROS rather than cytosolic ROS generation. Interestingly, we observed 

that LPC-mediated ROS generation was accompanied by increased proton leak without 

affecting the overall ATP production. Albeit the proton conductance was increased in LPC 

treated HAECs, we could not detect any change in the net proton gradient (ΔP) in 

mitochondria. The fact that ΔP and ATP production was not significantly compromised in 

LPC-mediated endothelial cell activation indicates that proton conductance through complex 

V was not impaired. Also, intact ΔP in the presence of an increased proton leak implies that 

pro-atherogenic stimuli such as LPC may promote ETC activity. Furthermore, we 

demonstrated that LPC-mediated mitochondrial ROS was responsible for increasing the 

expression of adhesion molecules such as ICAM-1 in endothelial cells, which initiates 

atherosclerosis process in vasculature [48]. We have further validated this observation by 

using mitoTempo, which is a specific mitochondrial ROS inhibitor. Our data implies that 

inhibition of mitochondrial ROS generation can significantly reduce the atherosclerotic 

burden in aortas of hyperlipidemic mice. Therefore, the major purpose for LPC-mediated 

increase in proton leak may be to modulate the mitochondrial ROS generation for signal 

transduction that ultimately lead to endothelial cell activation, without inducing 

mitochondrial damage or endothelial cell death [47, 49].

Conclusions

Mitochondria account for one third of the volume of cardiomyocytes and regulate ATP 

production that is essential to maintain cardiomyocyte health and survival [50]. Therefore, 

changes in mitochondrial biogenesis, morphology and function may contribute significantly 

to the development of cardiovascular diseases. Increased ROS can enhance proton leak, and 

in turn increased proton leak reduces the ROS generation, indicating the existence of a 

protective feedback loop that helps to ameliorate the detrimental effects caused by ROS on 

biological systems. The magnitude of proton current and the mechanism of proton 
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conductance determine the level of ROS production, extent of mitochondrial damage and 

cell viability during cardiac pathologies. Moreover, cellular stresses such as pro-atherogenic 

stimuli can enhance proton leak without affecting the overall energy efficiency in endothelial 

cells. This finding indicates that proton leak acts as an indirect mediator of signal 

transduction by fine tuning ROS production, which acts as a signaling molecule to enhance 

endothelial activation during early atherogenesis, and contribute to the progression of the 

disease. Therefore, regulation of proton leak can be a potential therapeutic target for the 

treatment of many cardiovascular disorders.
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Fig. 20.1. 
Schematic representation of proton-leak and of the proposed role of UCPs in pathogenesis of 

cardiovascular disease
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