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Abstract

Mitochondria are capable of detecting cellular insults and orchestrating inflammatory responses. 

Mitochondrial reactive oxygen species (mtROS) are intermediates that trigger inflammatory 

signaling cascades in response to our newly proposed conditional damage associated molecular 

patterns (DAMP). We recently reported that increased proton leak regulates mtROS generation and 

thereby exert physiological and pathological activation of endothelial cells. Herein, we report the 

recent progress in determining the roles of proton leak in regulating mtROS, and highlight several 

important findings: 1) The majority of mtROS are generated in the complexes I and III of electron 

transport chain (ETC); 2) Inducible proton leak and mtROS production are mutually regulated; 3) 

ATP synthase-uncoupled ETC activity and mtROS regulate both physiologica006C and 

pathological endothelial cell activation and inflammation initiation; 4) Mitochondrial Ca2+ 

uniporter and exchanger proteins have an impact on proton leak and mtROS generation; 5) MtROS 

connect signaling pathways between conditional DAMP-regulated immunometabolism and histone 

post-translational modifications (PTM) and gene expression. Continuous improvement of our 

understanding in this aspect of mitochondrial function would provide novel insights and generate 

novel therapeutic targets for the treatment of sterile inflammatory disorders such as metabolic 

diseases, cardiovascular diseases and cancers.
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1. Introduction - mitochondria are “sentinel” organelles capable of 

detecting cellular insults and orchestrating inflammatory responses

Historically considered as merely cellular “powerhouses” that manufacture ATP and other 

metabolites, mitochondria are increasingly being recognized as “sentinel” organelles, which 

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

Mitochondria are complex organelles, which contain their own DNA and are 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 located in 

the space created by the IMM itself.

For the proper function and maintenance, mitochondria require coordination between their 

own genome and the nuclear genome within the cell. A complex cellular signaling network 

exists to mediate the crosstalk between the mitochondria and the nucleus,and also to elicit 

mitochondrial responses to cellular stresses [2,3]. Moreover, mitochondria are 

morphologically dynamic organelles where their shape is tightly regulated by mitochondrial 

biogenesis processes such as fusion, fission, mitophagy, and endoplasmic reticulum (ER) -

mitochondria tethering/juxtaposition [4–7]. Many metabolic and cellular signals play a role 

in determining mitochondrial morphology, thus affecting its function [8].

The function of mitochondria is not confined to performing oxidative phosphorylation and 

supplying the ATP to perform cellular processes. There is ample evidence of mitochondria 

being involved in diverse functions ranging from regulating cellular metabolism to sterile 

inflammation [9]. From the past publications, it is apparent that mitochondria are important 

components in innate immunity. The innate immunity responds to infection and injury by 

recognizing pathogen associated molecular patterns (PAMP) or damage associated 

molecular patterns (DAMP) [10]. These PAMP and DAMP are recognized by PRR (pattern 

recognition receptors). Most extensively studied PRR types are TLR (Toll like receptors) 

and NLR (NOD like receptors). Additionally, RLR (RIG-I like receptors), AIM-2 (absent in 

melanoma), RAGE (receptor for advanced glycation end products), P2Y receptors and P2X 

receptors were identified as PRRs [11–14]. MAVS (mitochondrial antiviral signaling 

proteins) located on OMM are necessary adaptors for activation of RLR in response to viral 

infections [15–17]. Moreover, mitochondria play a central role in mediating signals of TLR 

and NLR [18–20].

Recently, our lab demonstrated that mitochondria are essential components in signaling 

mediated by conditional DAMP such as LPC (lysophosphatidylcholine) [21]. LPC is a 

member of lysophospholipids (LPL) family. Moreover, LPC is a bioactive lipid and is the 

major phospholipid component of oxidized low-density lipoproteins [22]. It is believed to be 

an important mediator in inflammatory disorders [23]. Previously, by using LPL family as a 

prototype, we identified the metabolites that elicit physiological functions at normal 

concentration but activate inflammatory responses at elevated concentrations as conditional 

DAMP [24,25]. We further reported that mitochondria act as sensors, which relay 

information to the nucleus to modulate the gene expression,and generate appropriate 

responses to overcome the insults caused by conditional DAMP [3,21]. Also, the ability of 
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mitochondrial constituents to act as DAMP in response to cellular stresses is well 

established [26,27]. Therefore, mitochondria are important organelles that participate in 

various signaling pathways associated with triggering innate immunity and inflammation.

2. The majority of mitochondrial reactive oxygen species (mtROS) are 

generated in the complexes I and III of electron transport chain (ETC)

As an important part of cellular reactive oxygen species system [28], mtROS has been 

identified as an intermediate that trigger inflammatory signaling cascade in response to 

DAMP and PAMP [18,29,30]. Despite ROS (reactive oxygen species) being identified as a 

toxin for its high reactivity with lipids, proteins and nucleic acids, recent studies have 

suggested its important role in mediating physiological cellular signaling during homeostasis 

[1,31]. Mitochondria are a significant source of ROS in cells because more than 90% of 

cellular oxygen is consumed in mitochondria [32,33]; and ROS is produced as consequences 

of mitochondrial electron transport chain (ETC) activity during oxidative phosphorylation.

Oxidative phosphorylation is an essential cellular process that generate ATP, which is the 

main energy source in cells. During oxidative phosphorylation, the electrons removed from 

biological fuels such as glucose and fatty acids by electron donors reduced NADH and 

FADH2, go through a series of electron carrier system located in IMM, which is widely 

known as the ETC [34]. The mitochondrial ETC is comprised of a series of redox carriers 

named: Complex I: NADH dehydrogenase (ubiquinone), complex II (succinate 

dehydrogenase), complex III (ubiquinol-cytochrome c reductase) and complex IV 

(cytochrome oxidase). The stepwise transfer of electrons from complex I-IV ultimately 

reduce respiratory oxygen to water at complex IV [35].

Electron transport from complex I to IV is an exergonic process; and this energy is utilized 

to establish a proton gradient by pumping positively charged protons from the matrix to 

IMS. The proton gradient that is created across the IMM is named as proton-motive force 

(ΔP). Also, this process establishes a chemical gradient named mitochondrial membrane 

potential (ΔΨm) by increasing the positive charge and the negative charge in IMS and 

matrix, respectively [36]. This ΔP allows membrane potential-dependent ATP-synthase 

(complex V) to generate ATP from ADP (adenosine di-phosphate) when protons re-enter to 

the matrix through complex V [37]. Therefore, the proton gradient couple respiratory 

oxygen to ADP phosphorylation/ATP generation. However, during the stepwise transmission 

of electrons through the ETC, there is a chance for the electron to exit the ETC before being 

reduced to water at complex IV. This process is termed as electron leak, and result in 

generation of 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 were also reported to generate 

mitochondrial superoxide [38]. A comprehensive review on the generation of mtROS and 

targeting mtROS as a therapy for inflammatory diseases and cancers had been previously 

published by our lab [1].
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3. Inducible proton leak and mtROS production are mutually regulated

Lipid membranes show high conductance to protons; therefore, protons migrate to the 

matrix of the mitochondria across IMM independent of complex V. This process is termed as 

“proton leak”. During proton leak, energy is dissipated as heat instead of being used for ATP 

synthesis [39]. As proton leak depicts the protons that migrate into the matrix without 

producing ATP, it makes the coupling of substrate oxygen and ATP generation incomplete. 

However, proton leak is the principal, but not the only mechanism that incompletely couples 

substrate oxygen to ATP generation. Even though the contribution is insignificant, a 

phenomenon called “electron slip”, as the second mechanism, 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 and 

without contribution to ΔP. Therefore, electron slip result in disproportionate increase in 

oxygen consumption at high ΔP [40,41]. The exact mechanism of how proton leak takes 

place is not fully known [42].

Based on many publications, it is evident though “seemingly unproductive”, proton leak 

plays an important role in regulating the viability of the cells during normal physiological 

status as well as in pathology. Surprisingly, mitochondrial proton leak accounts for 

approximately 26% of the oxygen consumption rate in isolated hepatocytes [43]. As proton 

leak and ATP production both compete for ΔP, theoretically one can expect to observe less 

proton leak in the presence of high cellular energy demand. However, proton leak is 

responsible for almost 34% of oxygen consumption rate in skeletal muscles subjected to 

maximal tetanic contraction. Therefore, it is safe to conclude that proton leak contributes 

largely to maintaining the cellular metabolic rate, and therefore is not a futile process that 

occurs in the cells [44].

The physiological regulation of proton leak is categorized into two types; 1) basal/

constitutive proton leak, and 2) regulated/inducible proton leak. Basal proton conductance is 

generally unregulated, and largely depends on the fatty acyl composition of the inner 

membrane phospholipids [45,46]. However, the proton conductance through the lipid bilayer 

of the IMM 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 

adenine nucleotide translocase (ANT), which is a mitochondrial protein found in the 

IMM[47].

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

as uncoupling proteins (UCPs) [48]. 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, UCP-1 

was the first to be identified in brown adipose tissue (BAT) and has been extensively studied. 

UCP-1 is responsible for converting mitochondrial energy potential to heat, thus mainly 

regulate adaptive thermogenesis. Several studies have demonstrated that UCP-1 positive 

cells in white adipose tissue (WAT) show similar properties as brown adipocytes [49–51]. 

Furthermore, increased expression of UCP-1 in white adipocytes augmented the energy 
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consumption to a similar level to that of brown adipocytes [52–54]. Therefore, it is clearly 

evident that the proton leak regulated by UCP-1 in BAT plays an essential role in 

thermogenesis. Even though, UCP-2 and UCP-3 reduce the mitochondrial coupling 

efficiency, their roles are largely focused on regulating reactive oxygen species (ROS) levels 

rather than regulating thermogenesis [29,55]. UCPs-mediated proton conductance is 

regulated at various levels such as molecular, transcriptional, translational, and proteolytic 

[56]. Moreover, many publications have demonstrated the involvement of UCPs in 

development of various pathologies such as cardiovascular diseases, oxidative stress, 

immune response, and type 2 diabetes mellitus. Table 1 summarizes some of the 

publications that demonstrated the involvement of proton leak or UCPs in the development 

of cardiovascular diseases and metabolic diseases. However, it is not clear whether the 

proton leak is directly involved at the molecular level in some of the studies that showed that 

UCPs are involved in disease progression. The effects that are mediated by UCPs might be 

independent to uncoupled respiration.

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

provide evidence that the dissipation of ΔP [57–59] or presence of ADP decrease the mtROS 

production, while a few claim that uncoupling enhances the ROS production [21,60,61]. 

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

settings. However, the view that uncoupling decreases mtROS production prevails. Previous 

publications have demonstrated that 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 [62], 

aging [63] and diabetes [64]. Most prominently, expression of UCP1 and UCP2, and also 

chemical uncouplers offer 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 [65,66].

On the other hand, increased level of ROS seems to cause an increase in proton leak [57]. It 

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

proton leak in isolated brain mitochondria [67]. Additionally, superoxide can also enhance 

the electron leak to a similar extent as peroxynitrite, and was shown to activate UCPs 1, 2 & 

3 in rat BAT, kidney and skeletal muscles [68]. The UCPs and ANTs are attributed to 

enhanced proton conductance in the presence of ROS. Therefore, the presence of a 

protective feedback loop has been suggested, where increased ROS generation activates the 

mechanisms that promote proton leak; and the enhanced proton leak in turn reduce the ROS 

production limiting further damage to mitochondrial function [57,68].

However, it was also reported that increased mtROS is required to activate UCP-1 during 

thermogenesis. A recent study implied that mtROS production is elevated during 

thermogenesis in BAT. This increase in ROS generation was accompanied by elevated 

UCP-1 dependent respiration [69]. Furthermore, it was reported that mice rely exclusively 

on alternative mechanisms of thermogenesis in the absence of UCP-1 [70]. Unlike in UCP-1 

intact experimental systems, quenching of mtROS did not inhibit thermogenesis in UCP-1 

KO mice. This is strong evidence that mtROS is essential for UCP-1 dependent 
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thermogenesis [71]. UCP-1 in normal cellular environment, remains in a purine-nucleotide 

bound state, which is its inactive form [72,73]. Current evidence suggests that rather than the 

expression level, activation status of UCP-1 is important for uncoupled respiration during 

thermogenesis. MtROS itself was identified as a mediator that activates not only UCP-1, but 

also UCP-2 and UCP-3 [68]. Detailed discussion about the most recent findings on the 

relationship between mtROS and UCP-1 mediated thermogenesis is well reviewed elsewhere 

[71].

4. ATP synthase-uncoupled ETC activity and mtROS regulate both 

physiological and pathological endothelial cell activation and inflammation 

initiation

Recently, our lab published the effects of conditional DAMP LPC on inducing endothelial 

cell activation [21]. Endothelial activation is the initial step of the inflammatory process that 

initiate the circulating immune cells to adhere and migrate across the endothelium that 

ultimately lead to progression of atherosclerosis. Recently, we proposed two types of 

endothelial activation: 1) Physiological endothelial cell activation, and 2) Pathological 

endothelial cell activation [74]. We described physiological endothelial cell activation as a 

mechanism that endothelial cells utilize to induce low-grade activation to recruit patrolling 

immune cells to maintain the homeostasis and good health of the endothelium and conduct 

immunosurveillance in tissues and vessels. On the other hand, we recognized pathological 

endothelial cell activation as a mechanism that is triggered by constant exposure of the 

endothelium to cardiovascular disease risk factor-derived stresses. Continuous bombardment 

of PAMP and DAMP may trigger prolonged activation of endothelial cells that ultimately 

lead to recruitment of pathological immune cells to the endothelium leading to development 

of a continuous inflammatory process that is difficult to resolve [75].

Our data showed that low dose of LPC treatment (10 μM) in endothelial cells generated ROS 

at a low level and promoted endothelial activation without compromising mitochondrial 

integrity, ATP generation and cell viability. In contrast, high dose of LPC (40 μM) treatment 

generated high level of ROS and activated apoptosis of the cells. This data shows that 

mitochondria have the ability to sense the level of insult caused by conditional DAMP and 

other cellular stresses, and mediate appropriate responses. Also, we hypothesize that mtROS 

is an important intermediate that enables mitochondria to fine tune between eliciting 

physiological transient low-grade inflammation and prolonged full-blown inflammatory 

responses depending on the intensity of the insult. Further, our data indicated that the levels 

of ROS generated mediate activation of differential signaling mechanisms in the cells such 

as site-specific histone 3 lysine 14 acetylation [21,76] and determine the homeostatic and 

pathological responses.

Interestingly, we observed that a low dose of LPC had a profound effect on oxidative 

phosphorylation system in the mitochondria. LPC (10 μM) treatment increased the 

mitochondrial oxygen reduction rate, maximal respiration rate while having no impact on 

the spare respiratory rate of the mitochondria. This indicated to us that the basal respiration 

was increased, thus the ETC activity was increased in endothelial cells treated with low dose 
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of LPC. Despite the ETC activity being induced, we did not observe an increase in ATP 

generation in our experimental system. It was evident to us that the mitochondrial ETC 

activity was augmented not to increase energy production, but to mediate a different 

response that is uncoupled to ATP synthesis. Simultaneously, with the augmented ATP 

synthase-uncoupled ETC activity, we observed an increase in proton leak without dissipation 

of ΔΨm in the mitochondria. Therefore, it was evident that the ETC activity was increased in 

order to maintain a steady proton gradient, and thereby to stabilize ΔΨm and mitochondrial 

integrity in endothelial cells treated with low dose of LPC [21].

5. Mitochondrial Ca2+ uniporter and exchanger proteins have an impact on 

proton leak and mtROS generation

LPC acts through G-protein coupled receptors (GPCR). Our data indicated that low dose of 

LPC treatment significantly induced cytosolic and mitochondrial Ca2+ influx. So far, Ca2+ is 

one of the most important intracellular messengers that was extensively studied in various 

pathologies. Myriad of proteins are known to change their conformation and charge due to 

Ca2+ binding, therefore, the intrusion and extrusion of Ca2+ are tightly controlled at a cost of 

high energy consumption [77]. Just like ER, mitochondria are one of the important 

organelles that sequester Ca2+ in the cells. However, mitochondria utilize distinct 

mechanisms to that of ER to regulate Ca2+. Mitochondrial outer membrane is highly 

permeable to Ca2+ but the inner membrane is more selective and utilizes specific 

transporters and channels that allow Ca2+ influx [77].

During the maintenance of mitochondrial Ca2+ homeostasis, tight regulation of both influx 

and efflux of Ca2+ are essential. Ca2+ influx requires intact ΔΨm, suggesting that the 

maintenance of the negativity of the mitochondrial matrix is important for the flux [78,79]. 

While Ca2+ ions enter in to the mitochondria through mitochondrial Ca2+ uniporter (MCU), 

there are other mitochondrial exchanger proteins that are responsible for Ca2+ efflux [80]. In 

our experimental system, we observed that use of ruthenium red (RR - an inhibitor of Ca2+ 

transporters including MCU) with LPC attenuated the proton leak and also mtROS 

generation, suggesting that Ca2+ influx is the initial response to low intensity stress [21].

We hypothesize that LPC mediated induction of proton leak we observed was due to 

elevated activity of exchangers that are responsible for regulating Ca2+ homeostasis (Fig. 1). 

Previously it was shown that mitochondrial ion exchangers are linked with movement of 

protons across the IMM [81]. Mostly, mitochondrial Na+/Ca2+ exchanger (NCX) is the 

predominant antiporter that is involved in extrusion of Ca2+ [82]. The movement of protons 

via mitochondrial Na+/H+ exchanger (NHE), which is also an antiporter is indirectly related 

to the function of NCX by extruding Na+ that entered via NCX. In addition, there are reports 

confirming the presence of Ca2+ and proton antiporters, where Ca2+ is extruded at the 

expense of proton intrusion. Molecular identity of this Ca2+/H+ exchanger is still in debate. 

So far, Letm1 protein is the potential candidate that was recognized as this unidentified 

exchanger [77]. Regardless we did not quantify the activity of these exchangers in our 

experimental system, as mentioned above, we did observe an increase in Ca2+ movement 

and proton leak in response to LPC treatment in endothelial cells. Therefore, we hypothesize 
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that the increased proton leak we observed was due to increased activity of exchangers that 

are responsible for mediating Ca2+ efflux, and hence we term this type of proton leak as 

“ion-mediated proton leak”. Therefore, we further postulate that increased proton 

conductance is a vital physiological process that is necessary to regulate Ca2+ while 

maintaining the mitochondrial integrity by stabilizing ΔΨm during propagation of low grade 

inflammation due to exposure to conditional DAMP.

6. MtROS connects signaling pathways between conditional DAMP 

regulated immunometabolism and histone posttranslational modifications 

(PTM) and gene expression

Our data implied that increased Ca2+ in the cytosol and mitochondria are responsible for 

mtROS production, which in turn induce PTM of histones in the nucleus. We hypothesize 

that increased activity of ATP synthase uncoupled ETC activity that result due to augmented 

ion mediated proton leak is responsible for increased mtROS production. Despite the 

prevailing notion that increased proton leak mitigates mtROS production, there are reports 

that demonstrate increased mtROS production in the presence of enhanced proton leak, 

which is similar to our findings [69]. We specifically demonstrated that acetylation at lysine 

14 residue of histone 3 protein (H3K14Ac) is responsible for induction of ICAM-1 

(intercellular adhesion molecule −1) gene expression in LPC treated endothelial cells. 

ICAM-1 act as an adhesion molecule in endothelial cells and facilitate the recruitment of 

immune cells in to the endothelium. Previously, mtROS induced PTM in proteins that 

regulate mitochondrial fission was reported [83]. However, to the best of our knowledge, our 

report was the first to describe the ability of mtROS to elicit PTM of histone proteins, thus 

modifying the gene expression patterns. Future studies are required to identify the molecules 

that mitochondria utilize to relay signaling to other compartments that result in PTM of 

proteins.

In summary, the novel working model we propose is as follows (Fig. 1). In response to 

various stresses such as conditional DAMP LPC, GPCR gets activated and triggers Ca2+ 

influx in both cytosol and in the mitochondria. In order to maintain the mitochondrial 

integrity and propagate low-grade inflammatory response, ion mediated-proton leak is 

induced due to increased activity of ion exchangers. To avoid dissipation of ΔΨm, ATP 

synthase-uncoupled ETC activity is increased to propel the protons back to IMS from the 

matrix. Increased ETC activity leads to generation of mtROS that promote PTM of proteins 

via signaling partners that are yet to be elucidated. These mtROS-mediated PTM in proteins 

enable the cells to generate low-grade inflammation and activate responses to resolve the 

inflammation. The intensity of the stimuli and the duration of the insult may play a vital role 

in determining the type of response that mitochondria may elicit. However, we cannot negate 

the fact that uncoupling proteins may also contribute to the maintenance of ΔΨm during 

cellular insults that may alter ion flux in mitochondria. In our system we did not observe a 

significant modulation of uncoupling proteins. However, we did observe a slight increase in 

ANT, which might also contribute to the increased proton leak we observed. Therefore, 

proton leak whether it is ion dependent or protein dependent, gives the ability to the 

mitochondria to respond to low intensity cellular insults without compromising ΔΨm.
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Abbreviations

AIM-2 Absent in melanoma-2

ANT Adenine nucleotide transferase

BAT Brown adipose tissue

DAMP Damage associated molecular patterns

ER Endoplasmic reticulum

ETC Electron transport chain

GPCR G-protein coupled receptors

HUVEC Human umbilical vein cells

ICAM-1 Intercellular adhesion molecule − 1

IMM Inner mitochondrial membrane

IMS Intermembrane space

IR Ischemia reperfusion

LPC Lysophosphatidylcholine

LPL Lysophospholipids

MAVS Mitochondrial antiviral signaling proteins

MCU Mitochondrial Ca2+ uniporter

mtROS Mitochondrial ROS

NCX Na+/Ca+ exchanger

NHE Na+/H+ exchanger

NLR NOD like receptors

OMM Outer mitochondrial membrane

PAMP Pathogen associated molecular patterns

PRR Pathogen recognition receptors

PTM Post-translational modifications

RAGE Receptor for advanced glycation end products
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RLR RIG-I like receptors

ROS Reactive oxygen species

RR Ruthenium red

TLR Toll like receptors

UCP Uncoupling protein

WAT White adipose tissue
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Fig. 1. Proton leak is physiologically important to maintain the mitochondrial integrity when 
responding to low grade inflammation:
1) Conditional DAMP LPC acts through its receptors and increases Ca2+ influx in the 

cytosol.

2) Mitochondrial Ca2+ influx is mediated by MCU (Mitochondrial Ca2+ uniporter).

3) Ion mediated proton leak is increased to maintain the membrane potential in the presence 

of elevated mitochondrial Ca2+ influx. A) Indirect increase of proton leak: Na+/ Ca2+ 

exchanger (NCX) mediates Ca2+ extrusion while allowing Na+ intrusion. NHE (Na+/H+ 

exchanger) indirectly facilitates the function of NCX by allowing Na+ extrusion and 

increased proton leak to the matrix. B) Direct increase of proton leak: Ca2+/H+ exchanger 

mediates the efflux of Ca2+ at the expense of increased H+ influx in to the mitochondrial 

matrix.

4) Increased ATP uncoupled ETC (electron transport chain) activity. To maintain the 

mitochondrial membrane potential in the presence of increased proton leak, ATP uncoupled 

ETC activity is augmented. This leads to increased mtROS production.

5) MtROS mediated post-translational modification (PTM) of proteins. Through downstream 

targets that are yet to be identified, mtROS relay signaling to the nucleus and modulate 

histone PTM. Changes in the histone acetylation modulate gene expression and exert 

appropriate responses to induce low grade inflammation.
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