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Abstract

The mitochondrial membrane potential (ΔΨm) generated by proton pumps (Complexes I, III and 

IV) is an essential component in the process of energy storage during oxidative phosphorylation. 

Together with the proton gradient (ΔpH), ΔΨm forms the transmembrane potential of hydrogen 

ions which is harnessed to make ATP. The levels of ΔΨm and ATP in the cell are kept relatively 

stable although there are limited fluctuations of both these factors that can occur reflecting normal 

physiological activity. However, sustained changes in both factors may be deleterious. A long-

lasting drop or rise of ΔΨmvs normal levels may induce unwanted loss of cell viability and be a 

cause of various pathologies. Among other factors, ΔΨm plays a key role in mitochondrial 

homeostasis through selective elimination of dysfunctional mitochondria. It is also a driving force 

for transport of ions (other than H+) and proteins which are necessary for healthy mitochondrial 

functioning. We propose additional potential mechanisms for which ΔΨm is essential for 

maintenance of cellular health and viability and provide recommendations how to accurately 

measure ΔΨm in a cell and discuss potential sources of artifacts.
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Introduction

The mitochondrial membrane potential (ΔΨm) results from redox transformations 

associated with the activity of the Krebs cycle and serves as an intermediate form of energy 

storage which is used by ATP synthase to make ATP. These transformations generate not 

only an electrical potential (because of charge separation) but also a proton gradient, and 

together they form the transmembrane potential of hydrogen ions [1]. Available data indicate 

that signaling mechanisms driven by ATP and ΔΨm are different [2]. Normally, cells 

maintain stable levels of intracellular ATP and ΔΨm, and this stability is thought to be a 

requisite for normal cell functioning [3–5]. It also suggests that although these parameters 

can change due to the physiological activity, these changes should be transient, and that a 

prolonged perturbation of each factor may compromise the viability of the cells, leading to 

pathological consequences [6]. According to recent findings, ΔΨm can be used not only for 

ATP synthesis but it is also a factor determining viability of mitochondria participating in a 

process of elimination of disabled mitochondria. It is also a driving force for transport of 

charged compounds some of which are essential for mitochondrial viability. These non-

energy-producing functions are often treated superficially in the literature. So, it is the 

purpose of this piece to discuss these other mechanisms which can play critical and even 

decisive roles in cell maintenance and viability. We will review the known roles of ΔΨm and 

give recommendations on its accurate measurements in a cell.

The significance of changes in ΔΨm and ATP levels for cellular activity. 

What is the main basis of the mitochondrial quality control mechanism?

In order not to have significant consequences to the viability of the cells, the concentration 

of ATP in the cell may vary only in some limited range [7]. When changes are sustained and 

fall below a threshold value, degenerative processes will result. Perhaps this is partially due 

to chemical reasons, since favoring ATPase over synthase activity leads to the deleterious net 

release of hydrogen ions. After a significant drop in the ATP levels, due to the energy 

supplydemand mismatch caused by insufficient ATP generation and a proportionally larger 

use of ATP, an intracellular acidosis is observed, accompanied by an essential depletion of 

intracellular pH buffers. We should note the unsuitability of the conventionally used term, 

“lactic acidosis” (i.e., excessive accumulation of lactate in the tissue) since the observed 

acidification in these circumstances in reality is highly dominated by the hydrolytic activity 

of the ATPase reaction rather than by the excess buildup of formed lactate (see explanations 

in Ref. [8]). The damaging effect of acidosis is explained at least partially by causing 

unwanted activation of proteases, nucleases and lipases [9–12], which leads to excessive 

degradation of cellular components. Given that even with a significant drop in ATP levels in 

the cell (from the normal low mM levels, to submillimolar concentrations) nearly all ATP-

consuming enzymes remain saturated by ATP (because the available Michaelis constants for 

ATP of the ATP-consuming enzymes are normally orders lower, in the micromolar range), 

and possibly the products of ATP hydrolysis rather than ATP itself are those regulators that 

determine the viability of the cells. The idea as to why the cell keeps such a high level of 

ATP will be discussed later, but for now we note that the degradation of ATP leads not only 

to acidosis, but also to an increase in the levels of ADP and AMP, and the latter nucleotide is 
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an important component of intracellular regulation due to the activation of AMP kinase 

which can initiate protective signaling cascades [13]. In any case, the homeostasis of ATP, 

although functioning across a relatively wide range, is a vital attribute of the cell. It has been 

hypothesized [6] that there is some sort of ATP-sensor in each kind of cell, responding to 

even brief but significant drops of ATP levels, potentially leading to cell death.

The direction of the membrane potential (negative inside) in the cell and mitochondria is 

such that the driving force is preferred for inward transport of cations and outward transport 

of anions. This property allows accumulation of cations of metals in the mitochondria 

exerted by intrinsic electrogenic transporters and depending on membrane potential. As 

examples, we would like to point out the highly reviewed topic of “Ca2+ transport” [14], and 

that of the much less discussed “transport of iron” (in ferrous (Fe2+) form), from the cytosol 

to mitochondria. Ca2+ is a well-recognized regulator of mitochondrial respiration [15] and 

intermediary metabolism [16]. In its turn, the ΔΨm-driven inward mitochondrial transport of 

Fe2+ together with the mitochondrial iron-sulfur (Fe-S) cluster processing machinery are 

required for the biogenesis of Fe-S clusters which are crucial cofactors for numerous 

proteins that play essential role in diverse cellular processes, including electron transport, 

enzyme catalysis, cofactor biosynthesis, ribosome biogenesis, DNA replication, DNA repair, 

transcription, and translation [17].

In addition, cations can be transported by antiporter transport systems [18–20] which 

formally do not depend on membrane potential (e.g., regulated by concentration gradient). 

As to anions - in particular, anionic substrates of respiration - they are mainly transported by 

antiporter systems not affected by the magnitude of the membrane potential. Possibly, the 

thermodynamic restriction for inward transport of anions in energized mitochondria might 

be evolutionarily determined to create a barrier for penetration of “extrinsic” polyanions 

(e.g., in the form of nucleic acids). It is known that in mitochondria there are systems for 

transport of nucleic acids which are necessary for the activities of the organelles [21–25]. 

The energetics of such inward transport of different nucleic acids is not very clear. Most data 

is available on the mechanism of tRNAs inward mitochondrial transport. Based on the 

transport of tRNALys in mitochondria of yeast, two modes of tRNA transport operation were 

suggested: direct import of a particular nucleic acid and its coimport with some 

proteinaceous partners. While for the first mode, solely ATP is needed, for the second mode 

both ATP and membrane potential are essential [26,27]. Albeit the transport of tRNAs was 

mostly observed in lower eukaryotes, the current suggestion that this mechanism is 

conserved in higher organisms offers the possibility of mitochondrial inward tRNAs 

transport across many species from animal kingdom including humans [26,28–30]. The 

mechanism of release of nucleic acids from mitochondria and cells [31], and particularly, of 

mitochondrial DNA [32], although justifiable in terms of thermodynamic principle, is quite 

speculative.

It is clear that mitochondrial proteins are important components of the mechanism involved 

in regulation of ΔΨm generation and execution of its roles in mitochondria. Now we will 

switch our focus toward two important proteins residing in mitochondria and playing 

important role in both formation and regulation of the mitochondrial membrane potential 

which is apparently relevant to the history of mitochondrial evolution.
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To better evaluate the role of the mitochondrial membrane potential (for the mitochondrion 

and the host cell) it would be instructive to examine the theory of the bacterial origin of 

mitochondria [33], together with some of the differences in the energetics of mitochondria 

and their bacterial ancestors. In addition to some inherited bacterial features, mitochondria 

acquired the requisite synthesis of several proteins that play important role in their 

relationship with the host cell and the presence of which would have been useless and even 

harmful for a free-living bacterium in aqueous environment. One of these acquired proteins, 

is the adenine nucleotide transporter (ANT). The ANT exchanges ATP formed in the matrix 

for ADP generated by energy-consuming reactions in the cell [34]. Since one molecule of 

ATP, which has four negative charges (ATP4−), is exchanged for one molecule of ADP, 

which has three negative charges (ADP3−) it is important to point out that because of the net 

charge misbalance the equimolar exchange is driven by ΔΨm [35,36]. This exchange is 

reversible, and the direction of transport depends on the chemical energy of ADP and ATP 

gradient and ΔΨm. It has been suggested that the electrogenic exchange of ATP4− for 

ADP3− by ANT can potentially play role in maintaining ΔΨm, for example, in cells depleted 

of mitochondrial DNA (ρ°-cells), which use glycolysis as their only source of ATP [37].

Another important source of ΔΨm is the reverse operation of ATP synthase (i.e., under 

ATPase activity) which occurs when ΔΨm cannot be built up by normal operation of a 

mitochondrial respiratory chain. In order to prevent this reverse ATPase activity and to avoid 

the excessive consumption of cellular ATP, a remarkable mitochondrial protein, the ATPase 

inhibitory factor 1 (IF1), has evolved [38–40]. IF1 acts to hinder the counter-clockwise rotor 

gyration of the ATP synthase by interacting with F1 portion of the ATP synthase complex 

[41]. Perhaps, the evolution of this protein arose in opposition to the “selfish” behavior of 

the mitochondrion to use intracellular ATP to maintain ΔΨm. In agreement with this 

observation, it has been demonstrated that in the presence of IF1, ρ°-cells have a diminished 

ΔΨm while in the absence of IF1 they could maintain ΔΨm [42].

For mitochondria, which occupy a large percentage of intracellular volume, the ATP/ADP 

exchange can easily saturate with ATP the limited intracellular volume in contrast to 

bacteria, living in a relatively unlimited extracellular space. Still, a reasonable question 

arises, why mitochondria export, and then maintain a relatively very high content of cellular 

ATP (mM), when most of the ATP-consuming systems, typically with Km only in µM 

levels, are in a state saturated by ATP which somehow may exclude ATP from being a factor 

regulating enzymatic activity.

ΔΨm provides the driving force for ATP synthesis in mitochondria. As noted above, the 

rotational direction of ATP synthase can lead to either the synthesis of ATP at the expense of 

ΔΨm (at clockwise rotation of ATP synthase complex) or to the hydrolysis of ATP, leading 

to the generation of ΔΨm (at counterclockwise rotation of ATP synthase complex) [43]. In 

addition, the membrane potential can be supported by the reverse operation of ANT 

importing cytosolic ATP into mitochondria in exchange for mitochondrial ADP [44,45]. We 

may conclude, the higher is the level of intracellular ATP, the more stable are the ΔΨm 

values, making ATP a compound buffering ΔΨm. The mitochondrion is successfully using 

this feature under conditions when oxidative phosphorylation is ceased, for example, during 

hypoxia, when the respiratory chain of mitochondria is stunned [46]. The maintenance of 
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ΔΨm for the expense of the hydrolysis of cytoplasmic ATP potentially indicates a high 

degree of importance of mitochondrial ΔΨm homeostasis. On the other hand, for cells, such 

“theft” of ATP in the absence of oxidative ATP synthesis is eventually disadvantageous as 

this process can be seen as a quite selfish or parasitic manifestation on the part of 

mitochondria (rather than reflecting the usual symbiotic relationship between the host cell 

and mitochondria) reminiscent of their bacterial ancestry [47].

Additionally, it is necessary to consider the possible consequences of ΔΨm instability in 

mitochondria and what ΔΨm-dependent processes are essential for the functioning of 

mitochondria and the host cell. Such instabilities of ΔΨm have been described [48–51], and 

occasionally they are attributed to the oscillations of the mitochondrial permeability 

transition (MPT) [5]. As was suggested, due to depolarization and opening of a 

megachannel, mitochondria within a short time can release the accumulated unwanted 

substances, including cations. However, one critical factor is the time the mitochondrion 

stays in a state of depolarization. ΔΨm flickering (very brief episodes of depolarization) 

[5,52] may not lead to significant changes in mitochondrial functioning, while prolonged 

depolarization (the exact time threshold is difficult to establish) leads to a “point of no 

return” and the mitochondrion as a functional entity dies [53]. It is improbable that the death 

of a such single mitochondrion has fatal consequence for the cell. In neuron, the MPT 

induction of 15% of entire mitochondrial population was insufficient to trigger neuronal 

death [54] showing that under at least certain conditions somewhat massive mitochondria 

deaths might be required to reach the threshold to trigger cell death. Since the unitary MPT-

induced mitochondrial death is associated with release of cytochrome C, AIF and other 

factors, apparently, the threshold for induction of the cells death is at least in part determined 

by levels of these deadly factors. Literally speaking, this threshold is the point of no return 

and depending on severity of the mitochondrial damage, it can induce cell death by 

apoptosis or, if the damage is extensive, by necrosis [55–59].

However, depolarization not accompanied by induction of MPT is also possible [52]. 

Particularly, partial depolarization at the transition from the state 4 (corresponding to 

approximately 180 mV measured in isolated mitochondria [60]) to state 3 (about 150 mV 

[60] in isolated mitochondria and 108 mV (with 158 mV in resting state) in live neurons 

[61]) is the normal acceptable physiological process, not accompanied by fatal changes. 

Durable, and maybe full, depolarization of mitochondria is monitored by the system of 

mitochondrial quality control with the participation of such players as the mitochondrial 

kinase PINK1 and the cytosolic E3 ubiquitin ligase Parkin [62]. This results in activation of 

the process of macroautophagy (mitophagy) where mitochondria are utilized/recycled 

without inducing cell death. This recycling process happens without the release of 

mitochondrial apoptotic factors, and, furthermore, such (solitary) events are not 

accompanied by the triggering of an irreversible cell death cascade.

Optimal values of ΔΨm

It is difficult to determine the “optimal” values of ΔΨm for the cells and mitochondria for 

the following reasons. On the one hand, the higher the ΔΨm, the higher the energy capacity 

of the inner mitochondrial membrane and the potentially higher the synthesis of ATP. On the 
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other hand, while the inner membrane is an excellent electrical insulator, the high electric 

field is difficult (and energetically expensive) to maintain, given the presence of various 

membrane transport proteins accounting for a large portion of the membrane mass which are 

capable of transferring different solutes across the membrane.

The occurrence of inner membrane ion leaks could significantly compromise the magnitude 

of ΔΨm, with the leak being not simply proportional to, but exponentially dependent on 

ΔΨm [63]. Furthermore, at high ΔΨm the mitochondrial respiratory chain becomes a 

significant producer of reactive oxygen species (ROS) and the generation of ROS also 

depends exponentially on ΔΨm [64–67]. Given that excessive production of ROS could 

directly cause various pathologies [68,69], maintaining excessively high mitochondrial ΔΨm 

is potentially harmful to mitochondria and consequently to the cell [67]. On the other hand, 

sustained inappropriately low values of ΔΨ are also dangerous, not only because of the 

insufficient ability to produce ATP, but potentially also due to a low level of mitochondrial 

ROS production that could lead to an alternative state to that of oxidative stress, the so-

called “reductive stress” [70], which could be as detrimental to homeostasis as oxidative 

stress.

The mechanism of ΔΨm control involves both the operation of the proton pumps, and the 

regulation of ΔΨm discharge. The latter can drive the synthesis of ATP coupled to a number 

of ATP hydrolysis-dependent endergonic reactions [23], or to producing heat resulting from 

controlled or uncontrolled ion leak across the inner mitochondrial membrane without energy 

being harnessed to do useful work [71]. If a minor decline in the ΔΨm could lead to a 

significant decrease in harmful levels of ROS production [65], it is reasonable to hypothesize 

that the optimal values of ΔΨm, might be achieved by application of “mild uncouplers” 

which lower ΔΨm to a level still allowing both production of required amounts of ATP, and 

also of lower ROS levels that would be relatively harmless to the cells [72]. Consequently, 

under specific cases of poorly regulated ΔΨm and ROS elevations “mild uncouplers” could 

potentially have beneficial properties in limiting the ravages of a number of diseases, 

including those associated with aging [73], obesity [74,75] and pathologies accompanied by 

oxidative stress, such as stroke and heart attack [76–78]. Therefore, an extensive search has 

been initiated among the compounds with various chemical structures for new drugs which 

could potentially be tested therapeutically as “mild uncouplers” of oxidative phosphorylation 

[79–84].

ΔΨm is a part of ΔµH+

The observed non-concerted oscillations of the mitochondrial membrane potential mean that 

at any given moment of time, the mitochondria in the cell can have different magnitudes of 

ΔΨm. Either single, or unified in clusters, mitochondrial structures were found to be 

equipotential [85]. However, even without oscillatory behavior, mitochondria may have 

different average ΔΨm within a cell or organ [86–88]. This may be a result of physiological 

or pathological processes whose mechanisms have not been deciphered yet. To understand 

whether the detected change in ΔΨ is real, physiologically determined, and accompanied by 

changes in energy status, it is necessary to consider all factors influencing the measured 

magnitudes of ΔΨm.
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The mitochondrial membrane potential (ΔΨm) is only a part of the transmembrane potential 

energy of the hydrogen ion gradient (ΔµH+) on the inner mitochondrial membrane

ΔμH+ = − FΔΨm + 2 . 3ΔpH

where F = Faraday constant.

Just for the reader’s information the widely used term, “protonmotive force” (Δp, typically 

expressed in mV units) is a parameter directly proportional to the true free energy change, 

ΔµH+ (formally, ΔµH+ divided by -F (where F is Faraday constant)).

Δp = ΔΨm − 59ΔpH

Although the total mitochondrial membrane energy capacity (ΔµH+) could be maintained 

after a possible increase of the concentration component (ΔpH), accompanied with the 

decrease in ΔΨm, the latter would cause the retardation of the inward mitochondrial 

transport of positively charged elements (cations of metals, as well as cationic peptides and 

other cationic compounds). Furthermore, this situation could result in inward transport of 

acidic compounds along the pH gradient causing further mitochondrial depolarization and 

the matrix acidification.

Role of ΔΨm in mitochondrial protein transport and retrograde signaling

Most mitochondrial proteins are encoded in the nucleus, synthesized in cytosol and imported 

into the mitochondria in a complex fashion that in many cases requires ΔΨm. When ΔΨm is 

nulled, the transport of proteins into mitochondria can be limited or even suspended. In the 

earlier work from the lab of Lan Bo Chen, it has been shown that the mitochondrial 

energetics in some cultured cells is represented mainly by ΔpH [86]; the question then arises 

if the import of necessary proteins into mitochondria is feasible under these conditions. It 

had been originally proposed that ~50% of proteins transported into mitochondria do not 

have a cleavable canonical mitochondrial targeting sequence (MTS; a signal sequence of 12–

70 or more amino acids residues at N-terminus with a net positive charge [89]) (e.g., 

cytochrome c or ATP/ADP translocator [90,91]). A recent systematic N-proteome analysis 

of yeast mitochondria indicated that up to 70% of mitochondrial proteins are in fact 

synthesized with a pre-sequence, suggesting that the cleavable pre-sequences are 

significantly more abundant than previously assessed and thus the pre-sequence pathway 

could be by far the major pathway of mitochondrial protein import [92].

For import, mitochondrial proteins first use translocases of the outer membrane (TOMs). 

Some proteins are inserted into the outer membrane while others (e.g., mitochondrial carrier 

proteins, subunits of the membrane-bound complexes) are either transported into the matrix 

and processed there or inserted into the inner membrane using TIM translocases, ΔΨm, and 

ATP for processing the pre-sequence by peptidase, and finally the export of the processed 

inner membrane protein from matrix to inner membrane requiring ΔpH [93,94], reviewed in 
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Ref. [95]. Thus, for partial reactions of the protein translocation into mitochondria both 

energy components of the transmembrane potential (ΔΨm and ΔpH) are required.

It is possible that it is the ΔpH which is involved in part of retrograde signaling through 

release of mitochondrial proteins which then appear in the nucleus [96]. Mitochondrial 

retrograde signaling represents communication from mitochondria to the nucleus under both 

normal and pathological conditions and it serves mitochondria to signal their status to the 

nucleus and cell. Changes in both ΔΨm and ΔpH were shown to trigger the retrograde 

response although the detailed mechanisms are not known [97]. Perhaps the fluctuation of 

ΔpH and ΔΨ in time (and ΔΨm oscillations at the expense of its transformation to ΔpH) 

could trigger or contribute to the efficacy of retrograde signaling, even though fluctuations 

of ΔΨm do not always reflect the changes in global energetics of mitochondria. To evaluate 

the total energy capacity of mitochondria it is necessary to evaluate not only ΔΨm, but also 

ΔpH, which will be discussed later.

Heterogeneity of ΔΨm as a basis for the incidence of pathologies

There is a close relationship between the functional and morphological (ultrastructural) state 

of the mitochondria [98]. The ultrastructural diversity of mitochondria within an organism, 

tissue or single cell is striking (reviewed in Ref. [47]). Within a single cell, this diversity is 

noticeably larger after the onset of certain pathologies [99–101]. Consequently, functional 

diversity of mitochondria under certain pathological conditions is also larger than under 

physiological conditions, which was observed at the ultrastructural level (e.g., electron-

microscopic patterns of cytochrome oxidase activity in different mitochondria of myopathic 

cell are very different [102]).

The levels of mitochondrial heterogeneity reflect the different functional state of 

mitochondria and can be assessed by the magnitude of ΔΨm in mitochondrial suspension 

[88], and among mitochondria within a single cell ([88,103,104], reviewed in Ref. [105]) 

and in the tissue [87], or by the redox status, measured by fluorescence of flavin nucleotides 

[103,106]. Under certain pathological conditions described, the population of mitochondria 

in the tissue with decreased ΔΨ becomes more pronounced [88]. The latter observation 

suggests that a population analysis of mitochondria by a distribution of ΔΨm could be 

examined as potential prognostic factor which may assess the degree of tissue dysfunction or 

damage in pathologies and aging.

The emergence and increase of heterogeneity of the mitochondrial functional state, 

estimated by the values of ΔΨm, could result from many factors involved in the 

development of pathological process. First, we note that a significant portion of pathogenic 

factors is associated with oxidative stress, which can cause fragmentation (fission) of the 

mitochondrial network. This asymmetric division process could result in the formation of at 

least two subpopulations of mitochondria [107,108]. This process of asymmetric distribution 

of damaged and intact internal contents of mitochondria followed by division of 

mitochondria themselves is reminiscent of that seen in yeast and bacteria [109–112]. Strong 

evidence supports the notion that an intrinsic quality control mechanism is triggered that 

ensures that the population of the low-potential mitochondria will undergo degradation via 
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mitophagy using the previously mentioned mechanism [62]. The appearance of the low-

potential mitochondria in the general population of mitochondria in the cell implies that 

either the mitochondrial quality control system has failed, or the process damaging 

mitochondria exceeds the capacity to fix/eliminate damaged ones, or there could be a defect 

in the mechanism of degradation of mitochondria. Some additional, as yet unknown reasons 

cannot be excluded.

Additionally to the pivotal role played in the elimination of low-potential mitochondria, the 

mitochondrial quality control system also encounters high-potential (hyperpolarized) 

mitochondria that could present a serious burden due to their excessive production of ROS. 

However, the risk occurs only when hyperpolarization is prolonged [113], while short-term 

hyperpolarization (but not ΔΨm flickering if not accompanied by generation of excessive 

ROS [52]) can carry a signal function, which can be useful since a short-term small burst of 

ROS generation can prime (precondition) the system to mitigate the damage from a 

subsequent significant burst of ROS. However, the correct interpretation of “mitochondrial 

hyperpolarization” is complex and susceptible to artifacts due to difficulties inherent in 

measurements of the membrane potential that are usually performed by using fluorescent 

probes [52]. Under these conditions, these probes are theoretically distributed by the Nernst 

potential.

ΔΨm = − RT
nF  ln 

Fin
Fout

where Fin and Fout – the concentration of permeable cations inside and outside of 

mitochondria, correspondingly, but significant realworld artifacts can and do occur when, 

e.g., practical dye concentrations exceed certain limits.

In the next chapter, we will discuss the potential drawbacks in available techniques to 

evaluate the mitochondrial membrane potential.

Measurements of mitochondrial membrane potential: facts and artifacts

Measurement of ΔΨm, values of which are frequently given in the literature, are either made 

in the suspension of mitochondria or in cells in situ. For suspensions, most often the 

principle of redistribution of penetrating cations (for mitochondria) or anions (for 

submitochondrial particles) is used. When energization of these structures is changed, it 

results in changes of the probe levels in the incubation medium. Measurements are often 

performed using selective electrodes (e.g., a TPP+-sensitive electrode), or spectral methods, 

for example, in suspensions of mitochondria by fluorescence changes of probes carrying a 

delocalized positive charge [114]. Conventionally, high concentrations of fluorophore are 

used, resulting in a scenario where fully energized mitochondria promote the accumulation 

of the probe to levels that can result in the selfquenching of the probe's fluorescence 

[115,116]. Under these conditions, deenergization associated with the release of these 

fluorescent probes from mitochondria will increase mitochondrial fluorescence due to the 

process of dequenching of the intramitochondrial localized fluorescence of the residual 

probe pool. Therefore, in a practical sense, measurements of ΔΨm can be done under non-
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quenching and quenching conditions depending on the concentration of the fluorescent 

probe used [117].

The total fluorescence of the probes accumulated in the mitochondria of the cell is 

determined by many factors. Firstly, these probes are typically more hydrophobic than 

amphiphilic substances; consequently, in addition to transportation into the mitochondrial 

matrix, they can non-specifically bind to phospholipid membranes, particularly 

mitochondrial membranes. This nonspecific binding can be quite high and strongly 

depending on membrane composition, which may vary [115,118], suggesting an advantage 

in using the less hydrophobic probes to avoid influence by such artifacts.

Secondly, the fluorescence properties of the probe itself in the mitochondria can be also 

affected by the cellular membrane potential that should be considered and which can also 

vary.

Thirdly, there may be an active pumping of different positivelycharged and hydrophobic 

substances exerted by P-glycoproteins. This process represents the action of the multiple 

drug resistance (MDR) pumps, affecting the cytosolic content of these substances (including 

fluorescent probes many of which are good substrates for MDR pumps [119]) which may 

significantly depend on the activity of these pumps. MDR contribution to the distribution 

and uptake of these dyes may vary greatly and could be difficult to quantify [120]. MDR 

activity due to multiplicity of MDR forms and the uncertainty of their operation may 

significantly hinder the adequate assessment of the level of the membrane potential. The 

known inhibitors of MDR pumps, such as verapamil, cyclosporine A, or progesterone could 

be too toxic and/or result in adverse effects on the cell function, so caution is urged 

regarding their use.

Fourthly, as we have pointed out, variations in the mitochondrial ΔpH make difficult to 

evaluate the entire transmembrane potential of hydrogen ions, which could be corrected by 

converting ΔpH into ΔΨm using, for example, nigericin. However, nigericin should be 

carefully titrated due to potential undesirable artifacts associated with the activation of 

electrogenic transport of potassium ions into the mitochondria, which together with 

electroneutral K/H exchange will lead to uncoupling.

Fifthly, it is necessary to consider the possibility that these membrane potential sensitive 

probes undergo intracellular modifications, significantly altering the ratio of the fluorescence 

of the initial probe and its product. This can occur, for example, with lipophilic, cationic 

rhodamine derivatives, which are frequently represented by ester-derivatives. For 

intracellular and intramitochondrial esterases, these probes can be suitable substrates, and 

their deesterification could result in the transformation of a cation into zwitterion which is 

also the case for number of other permeable dyes used in the form of AM (Fura-AM, Indo-

AM, etc.), which after deesterification afford much lower permeability than the original 

product [121]. As a representative example of these probes Fig. 1 shows rhodamine 123.

In this case, because of esterase activity, rhodamine 110 might be formed, which is a 

zwitterion that can be trapped in the cell and the mitochondria due to its low permeability. 

However, the fluorescence properties of rhodamine 110 (zwitterion) and the rhodamine 123 
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(cation) are similar. It will lead to an increase in fluorescence in the mitochondria, because 

rhodamine 123 is accumulated in accordance with the magnitude of ΔΨm, giving a certain 

level of fluorescence, while the deesterified product (rhodamine 110) could contribute to that 

fluorescence independently on the membrane potential. Consequently, deesterification could 

result in the often-observed artifact of a lack of complete release of the probe after 

mitochondrial deenergization by uncouplers or inhibitors. This can occur if the uncoupler is 

added after the probe, and not vice versa and could explain the old observation made in the 

laboratory of Lan Bo Chen on a long retention of fluorescence (attributed that time to the 

fluorescence of rhodamine 123 only) in the mitochondria of tumor and muscle cells [122]. 

Although the mechanism of this retention has been studied extensively, it was originally 

concluded (incorrectly) that these cells and their mitochondria hold elevated levels of 

membrane potential [123,124]. However, this assumption was flawed since the potential 

cannot contribute to the permanent binding of the probe to the mitochondria. In this 

scenario, the extra fluorescence contribution (the “hyperpolarization”) derives from non-

Nernstian behavior of the rhodamine 110. Consequently, the data on mechanisms of 

retention of the cationic dyes must be carefully evaluated, as they require the state of 

mitochondrial hyperpolarization in every case to be clearly proved. Additionally, the 

retention of different dyes, including those used in photodynamic therapy (e.g., 

protoporhyrins derivatives) may also be due to similar intracellular reactions, resulting in 

that a permeable form after entering the cell (or the mitochondria) producing a non-

permeable form, which could be trapped by system [121].

Sixthly, the formed mitochondrial membrane potential could be influenced by mitochondrial 

ATP production required to support cellular ATP-consuming reactions (endergenic 

reactions) and other cellular and mitochondrial functions, e.g., activities of respiratory 

complexes, O2 consumption/respiration, etc. These all need to be carefully evaluated to 

ensure the correct interpretation of the apparent membrane potential levels obtained 

[125,126]. For example, supplementation with a mitochondrial ATPase inhibitor, e.g., 

oligomycin, could eliminate the influence of mitochondrial ATP hydrolysis on the drop of 

ΔΨm (reviewed in Ref. [127]).

Application and assessment of commonly used fluorescent probes for 

ΔΨm measurements

We will make a brief overview and assessment of probes most frequently used for evaluation 

of ΔΨm. The interested reader is recommended to see several excellent reviews and research 

papers for a more in-depth and critical analysis of different mitochondrial probes 

[61,126,128–130]. One of the more commonly used types of probes are so called “slow 

cationic dyes” which, upon being added to cells or isolated mitochondria, become rather 

slowly distributed between the external and internal mitochondrial space, but this 

distribution does not always obey the Nernst law. They also cannot quickly respond to fast 

changes in the membrane potential, but they are reliable for the steady state measurements 

or for tracking slow changes of ΔΨm. Among them: DiOC6(3), Rhodamine 123 (Rh123), 

Tetramethylrhodamine ethyl (TMRE) or methyl (TMRM) ester, Nonylacridine orange 

(NAO), Saphranine O, Merocyanine 540, JC-1 or JC-9 and many others.
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From the first glance, JC-1 [131] looks very attractive due to its ability to discriminate low 

and high membrane potential in mitochondria [132] (where in high-potential mitochondria, 

the dye forms red-fluorescent J-aggregates, whereas low potential mitochondria possess 

green fluorescence). However, specialists point out its limited applicability because of the 

significant and frequent episodes of paradoxically uninterpretable experimental data (e.g., 

see Ref. [126]). Among its adverse effects are: the changes of fluorescence independent of 

ΔΨm (including those observed in the presence of H2O2 [133]), the inconvenient necessity 

to use it as a ratiometric dye which requires special technique, and the high dependence of 

the results on the peculiarities of the loading protocol. In addition, it is a very efficient 

photosensitizer which makes not easily interpretable results on the appearance in a single 

mitochondrial filament of regions with J-aggregates [131] which could be a result of a 

photodamage associated with mitochondrial segregation and fission [108]. However, most, if 

not all mitochondrial fluorescent probes suffer from the same critique of being unwanted 

photosensitizers which sometimes can be exploited [49,134]. Therefore, these probes must 

be used carefully with the minimal light exposure to minimize photo-generated ROS 

toxicity.

Although NAO demonstrates a strong ΔΨm-dependency, but its practical use can be limited 

due to its high toxicity and the fact that it stains both native and fixed samples through an 

ΔΨm-independent interaction with cardiolipin of the inner mitochondrial membranes 

(which makes it more usable for determination the mitochondrial mass rather than the 

membrane potential [135]). But even its use as a marker of cardiolipin or mitochondrial 

mass has been criticized [136].

Rosamine based MitoTracker dyes (such as MitoTracker Orange CMTMRos and 

MitoTracker Red CMXRos) also behave similarly to NAO. However, they undergo a multi 

step conversion starting from non-fluorescent compounds, and after oxidation, they acquire a 

positive charge and sequestrate inside the mitochondria where they bind to 

intramitochondrial components. This latter property of these dyes, which is conventionally 

exploited to track mitochondria in fixed samples, obviously makes them poor reporters of 

changing mitochondrial ΔΨm. In general, ΔΨm–independent binding of dyes to cellular 

components is a problem for interpretation of dyes when used as ΔΨm reporter (which 

requires ΔΨm-unrelated binding of the probe to be considered [115,118]). A significant 

disadvantage of DiOC6(3) lies in its very high level of non-specific bindings [137]. Some 

degree of non-specific binding also exists, although to a lesser extent, for rhodamine-based 

probes in the order TMRE > Rh123 > TMRM [115].

In light of this brief critical review, we suggest that TMRM may represent a reasonable set 

of compromises and can provide a valid estimation of ΔΨm under carefully controlled 

conditions.

Conclusions and perspectives

At first glance, it seems that the conflict between the hypothesis that the quality control 

system of mitochondria is based on the evaluation of the magnitude of the membrane 

potential and the data that some proteins can be transported without membrane potential 
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may yield a conclusion that it is not a protein transport which is a factor that requires 

homeostasis of ΔΨm. However, it should be noted that the ΔΨm threshold for transport of 

proteins into mitochondria is low and 20–40 mV is sufficient to motivate this process [138]; 

these magnitudes of ΔΨm, in principle can persist even when using uncouplers that may not 

dissipate the entire ΔΨm, although such low values are very difficult to measure [139]. It is 

generally assumed that the vectorial protein import is ceased in the presence of uncouplers in 

the system, although binding of the immature preprotein to the TOM complex does not 

require energy of ATP or ΔΨm [140], and in the absence of energy, translocation of proteins 

is stunned at this stage [141]. This property is successfully utilized by the machinery of the 

mitochondrial quality control system, the Pink1-Parkin system. PINK1 is typically imported 

into energized mitochondria and subsequently degraded. However, when the membrane 

potential drops, PINK1 remains bound to the TOM complex thus recruiting Parkin. 

Parkindependent ubiquitination induces the organelle specific degradation by mitophagy 

[62].

The current level of knowledge about the systems that are harnessing ΔΨm and processes 

that are controlled by ΔΨm in mitochondria highlights two aspects that are of prime 

importance. First is the vectorial transport of charged compounds (inward transport of 

positive compounds and outward transport of negative ones), including electrogenic 

transport of cations (e.g., Ca2+, which can serve as a powerful bioenergetic regulator of 

mitochondrial bioenergetics [15]). The second is the harnessing of ΔΨm to create torque 

used for ATP synthesis [43]. This latter aspect is an important component of bioenergetics. 

Bacteria are using membrane potential not only to generate rotary torque required for ATP 

synthesis [142] but also for mechanical translocation via the bacterial flagellum [143] while 

mitochondria are using ΔΨm to power only the rotor in ATP synthase machinery [43,144] 

without harnessing it for motility. The flagellar motor couples ion flow across the 

cytoplasmic membrane to rotation and this flow is driven by both the membrane potential 

and the transmembrane ion concentration gradient. Interestingly, it has been suggested that 

the flagellar motor of archaeon Halobacterium salinarum is driven directly by ATP and is not 

coupled to the proton gradient or the ion motive force of the cell [145]. For comparison, both 

mechanisms supported by ΔΨ are shown in Fig. 2. In evolutionary terms, the presence of 

electrochemical potential of hydrogen ions, and, in particular, ΔΨm as an intermediate of 

ATP generation provides an additional control function over transmembrane transport. This 

may give some advantages over purely chemical processes of energy generation (e.g., 

substrate-level phosphorylation, where protonmotive force is irrelevant). Given this, it seems 

that the vital necessity of preserving the energy components of mitochondria, primarily 

ΔΨm and associated with it ΔpH is their involvement in the ATP synthesis and as a driving 

force of the import of the cations and proteins. ΔΨm is implicated in many additional 

functions, adding further complexity and diversity to the role of mitochondria in cellular 

homeostasis, including the mitochondrial quality control, ROS generation, MPT pore 

stabilization and maintenance of the retrograde signaling through mitochondrial export of 

negatively charged molecules including DNA [146]. Furthermore, ΔΨm impacts directly or 

secondarily various cellular processes, e.g., production of heat, control of redox and pH 

microenvironments, proliferation, cell death, etc., where the mechanism of ΔΨm 

involvement remains rather obscure and is beyond the scope of this review.
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Fig. 1. 
Possible transition of a permeable rhodamine 123 into impermeable rhodamine 110.
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Fig. 2. 
Transformation of ΔΨ into energy of a rotary motion using a rotor of ATP synthase (left) 

and bacterial flagellum (right).
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