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Abstract  Age-associated diseases are becoming 
progressively more prevalent, reflecting the increased 
lifespan of the world’s population. However, the fun-
damental mechanisms of physiologic aging are poorly 
understood, and in particular, the molecular pathways 
that mediate cardiac aging and its associated dysfunc-
tion are unclear. Here, we focus on certain ion flux 
abnormalities of the mitochondria that may contribute 
to cardiac aging and age-related heart failure. Using 
oxidative phosphorylation, mitochondria pump protons 
from the matrix to the intermembrane space to generate 
a proton gradient across the inner membrane. The pro-
tons are returned to the matrix by the ATPase complex 
within the membrane to generate ATP. However, a por-
tion of protons leak back to the matrix and do not drive 
ATP production, and this event is called proton leak or 
uncoupling. Accumulating evidence suggests that mito-
chondrial proton leak is increased in the cardiac myo-
cytes of aged hearts. In this mini-review, we discuss the 

measurement methods and major sites of mitochondrial 
proton leak with an emphasis on the adenine nucleo-
tide transporter 1 (ANT1), and explore the possibility 
of inhibiting augmented mitochondrial proton leak as a 
therapeutic intervention to mitigate cardiac aging.

Keywords  Mitochondria · Proton leak · Cardiac 
aging · Heart failure · Adenine nucleotide transporter 
1 · Pleiotropic role

Introduction

Mitochondria use oxidative phosphorylation to pump 
protons from the matrix to the intermembrane space 
to generate a proton gradient that is responsible for the 
proton electrochemical potential (ΔμH+), which is the 
major contributor to the mitochondrial membrane poten-
tial (ΔΨm). Subsequently, the protons are driven by 
the ΔμH+ to re-enter the matrix through ATP synthase, 
which generates the ATP molecules that support the 
life of the organism. However, a portion of protons leak 
back to the matrix but do not drive ATP production, an 
event called proton leak or uncoupling (Fig. 1A). This 
event also is referred to as futile proton leak [1].

Mitochondrial proton leak has been reported in many 
organs and cell types including the liver [2, 3], kidney 
[3], brain [4], thymus [5], skeletal muscle [6], heart 
[3], and pancreatic β cells [7] of mammals, ectotherms 
[8, 9], and invertebrates [10]. In this mini-review, we 
briefly introduce several methods used to measure 
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mitochondrial proton leak, and then showcase major 
sites of mitochondrial proton leak with the focus on the 
role of adenine nucleotide transporter 1 (ANT1). Finally, 
we discuss the functional impact of the increased mito-
chondrial proton leak on the aging heart and explore the 
therapeutic potential of inhibiting excessive proton leak 
to mitigate age-related diseases of the heart.

Measurement of mitochondrial proton leak (see 
summary in Table 1)

Oxygen consumption rate‑based measurements

Clark‑type oxygen electrode

The Clark-type oxygen electrode is named after Dr. 
Leland Clark, who invented the oxygen electrode in 

the 1950s to measure the pressure of oxygen (pO2) dis-
solved in solution [11]. The Clark-type oxygen probe 
uses a platinum electrode as the cathode, which directly 
contacts an oxygen-permeable Teflon membrane to 
allow oxygen to reach the cathode, the anode (a silver 
electrode) and a reference electrode Table 1. The elec-
tron flow between the electrodes generates a current, 
which is directly proportional to the level of pO2.

The Clark-type oxygen electrode measures the oxy-
gen consumption rate (OCR), which in turn, reflects 
mitochondrial respiration. With this method, the pro-
ton leak can be determined indirectly by measuring the 
OCR under non-phosphorylating conditions after addi-
tion of the ATPase inhibitor oligomycin. Mitochon-
drial membrane potential is measured simultaneously 
by a triphenylmethylphosphonium (TPMP+) sens-
ing probe. In isolated mitochondria or permeabilized 
cells, mitochondrial respiration is initiated either with 
malate and glutamate to provide complex I substrates 
or with succinate as a complex II substrate to establish 
a steady-state membrane potential. Then the kinetics of 
proton leak are determined by plotting respiration rates 
against their corresponding membrane potentials. For 
details of the method, see reference [12].

Seahorse Assay

Since 2009, Seahorse XF technology [13] has been 
widely used to measure OCR. In addition to evaluat-
ing the OCR in isolated mitochondria and permeabi-
lized cells, the Seahorse Assay can measure the OCR 
in intact cells. Using the Mitochondrial Stress Assay, 
the basal oxygen consumption rate is recorded initially 
before the ATPase inhibitor oligomycin is injected 
to prevent oxygen consumption dependent on mito-
chondrial ATP. Then, the proton ionophore cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP) is added 
to trigger maximal respiration. Finally, the complex I 
inhibitor rotenone and complex III inhibitor antimy-
cin are injected simultaneously to block mitochondria-
related respiration; the residual OCR is non-mitochon-
drial respiration. The proton leak is equivalent to the 
OCR recorded after oligomycin injection minus the non-
mitochondrial OCR. For further methodological details, 
see the Agilent Seahorse website https://​www.​agile​nt.​
com/​en/​produ​ct/​cell-​analy​sis/​how-​to-​run-​an-​assay.

The Seahorse Assay outgrew the popularity of the 
Clark-type electrode because (1) it can measure the 
mitochondrial respiration in intact cells; (2) it requires 

Fig. 1   Mitochondrial proton leak and its role in cardiac aging. 
A Mitochondria pump protons through complexes I, III and 
IV to generate a proton gradient. Protons return to the matrix 
through complex V (ATPase, ATP synthase) to drive ATP 
production. Protons leak back to matrix through ANT1, UCPs 
and the mitochondrial inner membrane. B Aging increases 
the proton leak and concurrently reduces the tolerance to the 
potentially detrimental effects of proton leak. Basal proton leak 
is needed to maintain thermogenesis and other physiologi-
cal processes. Mild increases in proton leak to mimic caloric 
restriction or exert a preconditioning effect may be beneficial. 
However, excessive proton leak may contribute to the patho-
genesis of aging in the heart and contribute to pathologies in 
other organs
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a very small amount of sample and thereby can detect 
the OCR in hundreds to thousands of cells plated on 
a 24-well or 96-well plate; and (3) it can measure the 
extracellular acidification rate (ECAR) simultaneously. 
However, both the traditional Clark-type oxygen elec-
trode and Seahorse Assay measurements of proton leak 
are based on indirect calculation of OCR and rely on 
adding mitochondrial ATPase blockers and substrates. 
Moreover, these OCR-based proton leak measurements 
cannot exclude “proton slip,” which is defined as mito-
chondrial respiratory chain activity that consumes oxy-
gen and transfers electrons without extruding protons 
from the matrix to the intermembrane space.

Mitoplast patch‑clamp

Patch-clamp is a very powerful approach to directly 
measure the mitochondrial proton leak across the inner 
mitochondrial membrane (mitoplast). This method 
requires fine preparation of the mitoplast and elegant 
patch-clamp skills. The mitoplasts with fully preserved 
integrity are usually prepared mechanically either with a 

French Press or with passive osmotic swelling to disrupt 
the outer mitochondrial membrane but leave the mito-
chondrial inner membrane and matrix intact. The whole-
mitoplast patch-clamp pipettes are similar to those used 
for standard whole-cell recordings except the pipette 
tip is smaller in size (~2–5 μm), and the tip resistance 
of the pipettes is higher (between 25 and 35 MΩ). In 
2012, Dr. Kirichok’s laboratory initially published this 
challenging method in which they recorded H+ current 
mediated by the uncoupling protein 1 (UCP1) trans-
porter in mitoplasts prepared from brown adipose tissue 
[14]. Recently, using the mitoplast patch-clamp method, 
the same group reported that proton transport is another 
integral function of ANT1 in the heart [15]. For meth-
odological details, see reference [16].

Application of the patch-clamp method to mito-
plasts enables measurement of the mitochondrial 
proton leak directly and accurately with very high 
time (< 1 ms) and amplitude (< 1 pA) resolutions 
[16]. However, this method requires a highly skilled 
operator and does not lend itself to performing high 
throughput testing.

Table 1   Measurement of mitochondrial proton leak

Methods Mechanism Advantages Limitations Ref.

Clark-type oxygen 
electrode

[O2] change Can measure phospho-
rylation related O2 
consumption in one 
experiment.

One sample each time.
Needs isolated mito-

chondria or permeabi-
lized cells.

Requires ATPase 
blocker.

Cannot exclude “proton 
slip”.

[12]

Seahorse assay [O2] change Can measure phospho-
rylation related O2 
consumption, maximal 
respiration in one 
experiment.

Good for isolated mito-
chondria or intact cells.

Suitable for high 
throughput (24- or 
96-well plates).

Measure ECAR simulta-
neously.

Requires ATPase 
blocker.

Cannot exclude “proton 
slip”.

https://​www.​agile​nt.​com/​
en/​produ​ct/​cell-​analy​
sis/​how-​to-​run-​an-​
assay.

Mitoplast patch-clamp Proton electricity current Direct
Accurate

Requires mitoplast.
Requires high skills.

[15, 16]

pH indicator-based 
measurement

pH indicator fluores-
cence change

Direct
No substrate. Reflects 

the purely proton leak.
Suitable for high 

throughput.

Requires a genetically 
encoded pH indicator.

[20]
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pH indicator‑based measurement

In response to the challenges mentioned above, our 
group established a direct method for measuring pro-
ton leak using a mitochondrial-targeted pH-sensitive 
indicator mt-cpYFP [17–20]. Mitochondrial-targeted 
pH indicators have been used extensively to measure 
changes in mitochondrial pH [21–26]. Based on this 
technology, we subsequently adapted the pH indi-
cator protocols to pioneer the direct estimation of 
mitochondrial proton leak in cardiac myocytes [20]. 
There are two excitation wavelengths for mt-cpYFP: 
488 nm, which is sensitive to pH change, and 405 
nm, which is pH-insensitive [20]. Taking advantage 
of this property, we used saponin to permeabilize car-
diomyocytes over-expressing mt-cpYFP and exposed 
the mitochondria to a pH gradient stress. The pH of 
the solution was then progressively lowered from pH 
7.5, in 8-min steps by addition of HCl in quantities 
previously titrated, to deliver a final pH of 7.3, 6.9, 
5.3, and 4.5. The drop in mt-cpYFP fluorescence 
488/405 ratio in response to stepwise lower pH is due 
to the proton leak through the mitochondrial inner 
membrane into the mitochondrial matrix. For detailed 
methods, see reference [20].

An advantage of the pH indicator-based method 
to measure proton leak is that the buffers lack meta-
bolic substrates, ATP and ADP, which makes the 
cells energetically inactive and thereby allows sepa-
ration of the physical property of the mitochondrial 
inner membrane (i.e., proton leak) from energetically 
active processes such as ion pumping and proton 
slipping. Thus, the pH indicator-based proton leak 
allows mechanistic insights that can be gained from 
evaluating the leak as a purely biophysical aspect of 
the mitochondrial inner membrane. Moreover, using 
cells with stable expression of pH indicators makes it 
feasible to use high throughput screening to identify 
drugs that regulate the proton leak.

The sites of mitochondrial proton leak

There are two general classifications of mitochondrial 
proton leak: constitutive proton leak and regulated 
proton leak [27]. The constitutive mitochondrial pro-
ton leak is composed of (1) proton leak through the 
mitochondrial inner membrane phospholipid bilayer 
and (2) ANT1-mediated proton leak. Considering that 

proton flux directly through the lipid bilayer accounts 
for ~5% of total proton leak in intact mitochondria 
[28] and that the phospholipid fatty acid composi-
tion has no correlation with it [29], there has been 
little research on the regulation of this aspect of pro-
ton leak. More studies have focused on ANT1, which 
mediates the majority of constitutive proton leak and 
will be discussed in more detail below. The regulated 
or inducible proton leak is catalyzed by uncoupled 
protein (UCP) transporters, including UCP1, 2, and 
3 [27]. The regulated proton leak mediated by UCPs, 
especially UCP1, has been extensively investigated 
and summarized. For example, see references [10, 
30–32].

ANT1 is a major transport protein of the mito-
chondrial inner membrane that controls ATP produc-
tion by exporting ATP to the cytosol while importing 
ADP to the mitochondrial matrix. ANT1 has two con-
figurations (states) in which it either faces the mito-
chondrial matrix or the cytosol. Two well-defined 
ANT1 specific inhibitors can stabilize ANT1 in one 
of these two configurations: bongkrekic acid (BKA) 
locks ANT1 facing the matrix [33] and carboxyatrac-
tyloside (CAT) locks it facing the cytosol [34].

Although ANT1 mediates the majority of consti-
tutive proton leak, the molecular determinants of the 
leak and regulatory mechanisms are poorly under-
stood. Using the Clark-type oxygen probe, Brand 
et  al. [35] reported that the abundance of ANT1 
positively correlated with basal mitochondrial pro-
ton leak in Drosophila in which ANT1 was under-
expressed, over-expressed or expressed in wild-type 
levels. In this preparation, ANT1 contributed one-half 
to two-thirds of the basal mitochondrial proton leak 
in skeletal muscle [35]. Patch-clamp measurements 
of proton leak later revealed that ANT1-mediated 
mitochondrial proton leak requires fatty acids and 
that  CAT inhibits it [15]. ANT1 switches between 
the ADP/ATP exchange mode and the distinct proton 
leak mode, and purine nucleotides negatively regulate 
the ANT1-mediated proton leak [15]. Using pH indi-
cator-based proton leak measurements, we found that 
both BKA and CAT suppress ANT1-mediated proton 
leak in aged cardiomyocytes. This evidence suggests 
that constraining the conformational state in either 
configuration or directly blocking the proton pore can 
reduce ANT1-mediated proton leak. However, which 
amino acid residues in the ANT1 protein structure 
are essential for the proton leak remains unclear and, 
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similarly, which post-translational protein modifica-
tions may modify the function of ANT1 to alter pro-
ton leak requires clarification.

Interestingly, it appears that the site of proton leak 
is highly heterogeneous between tissues. For example, 
ANT1 is the major site of proton leak in heart [15] and 
skeletal muscle [15, 35], whereas UCP1 is the dominant 
uncoupling protein responsible for proton leak in brown 
and beige fat [14, 36, 37]. In contrast, UCP2 primarily 
mediates proton leak in pancreatic β cells [7]. The dif-
ferential expression of proton leak mediators between 
cell types raises the possibility of synthesizing thera-
peutic molecules that could modulate mitochondrial 
proton leak in a tissue-specific manner. In this regard, 
an intriguing patch-clamp study in mitoplasts recently 
revealed that two commonly used proton ionophores, 
2,4-dinitrophenol (DNP), and FCCP, which act as 
“protonophores” by enabling protons to leak across the 
mitochondrial inner membrane and thereby bypass ATP 
synthase to uncouple mitochondrial oxidative phospho-
rylation, actually bind to ANT1 and UCP1 to induce the 
proton leak [38]. Accordingly, deletion or pharmaco-
logic inhibition of ANT1 dramatically reduces the DNP- 
or FCCP-induced proton leak in mitoplasts prepared 
from the heart [38]. Similarly, deletion or inhibition of 
UCP1 suppresses DNP- and FCCP-induced proton leak 
in brown fat tissue [38]. The discovery that synthetic 
protonophores can bind to and activate ANT1 and UCP1 
has reshaped our understanding of these commonly used 
reagents and strengthened the idea that therapeutic mol-
ecules can be designed to selectively modulate mito-
chondrial proton leak.

Augmented mitochondrial proton leak and its role 
in aged heart

Increased mitochondrial proton leak associated with 
aging has been reported during the past two decades 
in multiple tissues and cell types, including heart [3, 
39], liver [3, 40], kidney [3], skeletal muscle [41–43], 
testis [44], and brain microvessels [45] in rodents and 
invertebrates [46]. We also detected increased proton 
leak in intact cardiomyocytes from aged mice by Sea-
horse Assay [20] and in permeabilized aged rat car-
diomyocytes by pH indicator mt-cpYFP-based meas-
urements [20].

As discussed in “The sites of mitochondrial pro-
ton leak”, ANT1 is the major site of proton leak in 

the heart [15]. Both ANT1 inhibitors, BKA and CAT, 
inhibit the proton inward current in heart mitoplasts 
[15]. However, there are very few reports on the par-
ticular site and mechanism of the increased mito-
chondrial proton leak in the aged heart. Measured by 
a Clark-type oxygen probe in cardiac mitochondria 
isolated from aged rats, Bellanti et  al. [39] reported 
that CAT fails to prevent the excessive proton leak, 
but GDP (an UCP inhibitor) suppresses it. The same 
authors also found that protein levels of UCP2 (the 
dominant UCP isoform in the heart) and UCP3 are 
increased in the aged rat heart, which may contribute 
to the increased proton leak [39]. Inconsistent with 
this report, however, the UCP2 mRNA level is com-
parable in aged and young rat heart [47]. Similarly, 
we found that the UCP2 protein level shows no signif-
icant change in the aged mouse heart [20]. Moreover, 
we used the Seahorse Assay and mt-cpYFP-based 
measurement of proton leak to show that the ANT1 
inhibitors BKA and CAT inhibit the excessive pro-
ton leak in aged cardiac mitochondria, whereas inhi-
bition of UCP2 by genipin had no effect on it [20]. 
More comprehensively, we used the ATP synthase 
inhibitor, oligomycin A, to examine the ATPase con-
tribution to the excessive passive proton leak in the 
aged heart and found no evidence for a contribution, 
although ATP generation consumes protons [20]. 
The inconsistent findings between earlier and recent 
reports may relate to different proton leak measure 
systems, animal preparations, or inhibitors used. Col-
lectively, however, there may be reason to believe that 
ANT1 is an under-appreciated mediator of excessive 
proton leak in the aged mitochondria from heart.

Another controversial topic is whether the 
increased proton leak is a “friend or foe” in the patho-
genesis of aging. Collective reports suggest that the 
augmented mitochondrial proton leak is a double-
edged sword. There is a dogma that promoting proton 
leak, i.e., “uncoupling for survival” [48], is advan-
tageous, as reducing the mitochondrial membrane 
potential presumably reduces the leak of electrons 
and protons across the gradient. This is supported 
by positive correlations between increased skeletal 
muscle proton uncoupling and mouse lifespan [49], 
and the observation that overexpression of UCP2 
extends fly lifespan [50]. Moreover, increased UCP2 
activity leads to improved resistance to high glucose 
stress in endothelial cells [51]. Also, mild proton 
leak achieved by low concentrations of DNP shows 
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beneficial effects in several disease models [52–54] 
and promotes energy metabolism, redox balance, and 
prolongs mouse life span [55].

Although there is supportive evidence for the 
notion that proton leak is advantageous, this concept 
is challenged by reports that overexpression of UCP3 
shortens fly lifespan [56] and overexpression of UCP2 
alone [57], or UCP2 plus UCP3 [58], fails to extend 
mouse lifespan. Moreover, the increased proton leak 
induced by higher doses of DNP sold to the public 
as an oral weight loss medication at the start of the 
20th century was associated with acute toxicity and 
fatalities, and it was subsequently banned by the FDA 
in 1938 [59]. An interesting finding is that a small 
increase in proton leak mediated by UCP2 and UCP3 
during cardiac ischemic preconditioning (three 5-min 
episodes of ischemia, interspersed with 5 min of rep-
erfusion) is protective, whereas a major increase in 
proton leak mediated by ANT1 in ischemia reperfu-
sion (25 min of global ischemia followed by 30 min 
of reperfusion) is detrimental [60].

These collective findings suggest that a chronic 
excessive mitochondrial proton leak is detrimental. 
When there is an excessive proton leak, it burdens 
the mitochondrial workload, resulting in a decline in 
respiratory efficiency, decreasing ATP output, and 
increasing the electron leak, which in turn exacerbates 
superoxide generation, especially in the energetically 
active cardiomyocyte. Therefore, decreasing the path-
ological proton leak may represent a novel strategy 
to reduce mitochondrial workload and restore normal 
mitochondrial function and cell biology, ultimately 
helping to attenuate or reverse cardiac dysfunction in 
aging. In support of this concept, we found that SS-31 
(aka elamipretide, a four amino acid peptide) binds 
to ANT1 [20, 61] and prevents excessive mitochon-
drial proton leak in aged cardiomyocytes [20], and 8 
weeks of systemic treatment with SS-31 protects the 
heart from age-related dysfunction [62]. However, 
due to the pleiotropic effects of SS-31, we still lack 
direct proof that prevention of excessive proton leak 
protects against cardiac dysfunction. In this regard, 
Dr. Wojtovich and colleagues recently used a novel 
mitochondrial-targeted light-activated proton pump to 
pump protons from the mitochondrial matrix into the 
intermembrane space, thereby by-passing the electron 
transport chain to increase mitochondrial membrane 
potential. This intervention extended the lifespan of 
Caenorhabditis elegans by 30 to 40% [63], thereby 

providing direct causal evidence that rescuing the age-
related decline in mitochondrial membrane potential 
(ΔΨm), of which the proton electrochemical potential 
(ΔμH+) is the major component, is sufficient to slow 
the rate of aging and extend lifespan in this organism.

Thus, a mild proton leak may decrease ROS pro-
duction by reducing the mitochondrial potential gra-
dient, while an excessive proton leak may increase 
ROS production. However, the exact conditions that 
separate these two domains are as of yet unclear.

In an attempt to integrate diverse observations 
in a unifying framework and reconcile the dispari-
ties, we conceptualized a model of antagonistic plei-
otropy [64] to explain the role of increased proton 
leak (Fig.  1B). The first tenet of this model is that 
the degree and duration of the mitochondrial proton 
leak play a key role in determining its beneficial or 
detrimental balance. It appears that basal proton leak 
is required for maintaining thermogenesis. A mild 
increase in proton leak can mimic the situation of 
caloric restriction as the most effective way to extend 
life span [55]. Alternatively, a short-term increase in 
proton leak may be beneficial because it transiently 
or partially reduces the ΔΨm, resulting in a precon-
ditioning-type protection from ischemic injury [60]. 
However, excessive proton leak can raise the mito-
chondrial workload by accelerating electron transport 
and the concomitant electron leak, ultimately exacer-
bating superoxide (oxygen free radical) generation to 
promote pathogenic events and cell injury.

The second tenet of this model is that the ability to 
tolerate and/or compensate for the excessive proton 
leak is weakened in the aged heart. It is known that 
the organization of mitochondrial supercomplexes is 
disrupted in the aged heart [65], which can result in 
functional defects in electron transport. Additionally, 
aging results in lowered activities of the mitochondrial 
complexes I [66], III [67] and IV [68], which are all 
major proton pump sites. Finally, ATP synthase activ-
ity may decrease by ~40% in the aged heart [69, 70]. 
All of these structural and functional declines impair 
the mitochondrial capacity to pump more protons to 
restore the ΔμH+ or generate ATP that supports many 
physiological processes. Thus, it is possible that the 
same level of proton leak that is beneficial or tolerable 
in the young heart may be detrimental to the old heart, 
which already may be challenged by the higher proton 
leak associated with aging (Fig. 1). This would be an 
example of antagonistic pleiotropy in aging [64].
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Perspective

In summary, the mitochondrial proton leak is a ubiq-
uitous phenomenon that contributes to the cellular 
metabolic rate in all eukaryotic cells. It appears to 
play a pleiotropic role depending on the health of the 
cell or organism, leak severity, and duration; either 
conferring protection or exacerbating injury caused 
by biological insults including the aging process.

Although the mitochondrial proton leak has been 
documented for more than a half century, many questions 
remain to be answered. For example, what is the relation-
ship between mitochondrial proton leak and production 
of reactive oxygen species (ROS)? Does excessive proton 
leak actually cause cardiac dysfunction and will therapeu-
tic prevention of excessive proton leak benefit the aged 
heart? Finally, what is the molecular basis of mitochon-
drial proton leak with regard to the structural aspects of 
the ANT1 molecule that mediates much of the proton 
leak, and which signaling pathways enable its regulation?

We anticipate that these questions and others will 
be addressed by the energized research teams rapidly 
advancing our knowledge of mitochondrial proton 
leak in different tissues and by the implementation of 
improved measurement techniques. One can envision 
a new treatment paradigm in which pharmacological 
modulators of mitochondrial proton leak are imple-
mented as medications to combat aging and other dis-
eases of mitochondrial dysfunction.
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