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A B S T R A C T   

Mitochondria are major sources of reactive oxygen species (ROS), which play important roles in both physio
logical and pathological processes. However, the specific contributions of different ROS production and scav
enging components in the mitochondria of metabolically active tissues such as heart and kidney cortex and outer 
medulla (OM) are not well understood. Therefore, the goal of this study was to determine contributions of 
different ROS production and scavenging components and provide detailed comparisons of mitochondrial 
respiration, bioenergetics, ROS emission between the heart and kidney cortex and OM using tissues obtained 
from the same Sprague-Dawley rat under identical conditions and perturbations. Specifically, data were obtained 
using both NADH-linked substrate pyruvate + malate and FADH2-linked substrate succinate followed by addi
tions of inhibitors of different components of the electron transport chain (ETC) and oxidative phosphorylation 
(OxPhos) and other ROS production and scavenging systems. Currently, there is limited data available for the 
mitochondria of kidney cortex and OM, the two major energy-consuming tissues in the body only next to the 
heart, and scarce quantitative information on the interplay between mitochondrial ROS production and scav
enging systems in the three tissues. The findings from this study demonstrate significant differences in mito
chondrial respiratory and bioenergetic functions and ROS emission among the three tissues. The results quantify 
the rates of ROS production from different complexes of the ETC, identify the complexes responsible for vari
ations in mitochondrial membrane depolarization and regulations of ROS production, and quantify the contri
butions of ROS scavenging enzymes towards overall mitochondrial ROS emission. These findings advance our 
fundamental knowledge of tissue-specific and substrate-dependent mitochondrial respiratory and bioenergetic 
functions and ROS emission. This is important given the critical role that excess ROS production, oxidative stress, 
and mitochondrial dysfunction in the heart and kidney cortex and OM play in the pathogenesis of cardiovascular 
and renal diseases, including salt-sensitive hypertension.   

1. Introduction 

Mitochondria and NADPH oxidases (NOX: e.g., NOX2, NOX4) are 
major cellular sources of reactive oxygen species (ROS: e.g., O•−

2 , H2O2) 
in humans and rodents [1–3]. Mitochondria produce O•−

2 and H2O2 as 
byproducts of metabolism and oxidative phosphorylation (OxPhos), 
whereas O•−

2 and H2O2 are direct products of NOXs on the cell mem
brane [4–7]. At low concentrations, ROS function as secondary 

messengers activating and deactivating different cell signaling pathways 
[8,9]. However, when produced in high concentrations, ROS can cause 
oxidative stress, inflammation, apoptosis, tissue damage, and diseases 
[8,9]. 

Mitochondria are vital cellular organelles responsible for adenosine 
triphosphate (ATP) production which is required for the diverse cellular 
functions essential for the survival of the organism. ATP is produced 
through mitochondrial metabolism and OxPhos with ROS as byproducts 
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of the electron transport chain (ETC) reactions [10,11]. The heart and 
kidney are the two most metabolically active organs in humans and 
rodents with high mitochondrial contents, basal metabolic rates, and 
energy requirements. Hence, excess mitochondrial ROS (mtROS) pro
duction in these organs can play a crucial role in both normal function 
and pathogenesis of cardiovascular and renal diseases [12–15]. As 
portrayed in Fig. 1, the mitochondrial ETC complexes I and III (CI and 
CIII) are major sources of ROS [16–18]. Major mitochondrial ROS 
scavengers include the glutathione (GSH) and thioredoxin (TRX) sys
tems [19,20]. Both CI and CIII produce superoxide anion (O•−

2 ) that is 
converted to hydrogen peroxide (H2O2) by manganese superoxide dis
mutase (MnSOD), which is then reduced to H2O by the GSH and TRX 
systems [4,5,21,22]. Recent studies have shown that complex II (CII) is 
another major source of ROS in the mitochondria [23–25]. Quinlan et al. 
found that when CI and CIII are fully inhibited and succinate concen
tration is low, CII produces O•−

2 or H2O2 in rat skeletal muscle [26]. Audi 
et al. showed that CII is the predominant source of H2O2 in isolated 
perfused rat lungs [23]. 

Most studies related to mtROS production have focused on heart and 
skeletal muscle mitochondria [27,28] with very limited data available 
for kidney mitochondria [29]. Furthermore, quantitative interplay be
tween mtROS production and scavenging is not well-understood in any 
of the tissues [30–32]. This lack of understanding has been exacerbated 
by the presence of multiple ROS-producing sources and scavenging 
systems in the mitochondria, including O•−

2 dismutase enzyme MnSOD 
and H2O2 scavenging enzymes (GSH and TRX systems) [25]. In this 
study, we aimed to systematically and quantitatively characterize the 
contributions of different ROS production and scavenging components 
towards overall mtROS production using experimental data obtained 
from isolated mitochondria from cardiac muscle tissue (heart) and 
epithelial tissue (kidney cortex and outer medulla (OM)). 

The family of cell membrane NOXs is a significant source of ROS in 
cells [6,33,34]. They play a crucial role in the cellular innate immune 
response by generating a relatively large amount of O•−

2 and H2O2 
known as “respiratory burst” to kill pathogens [34]. The NOX2 and 
NOX4 isoforms are abundant in the heart and kidney [35,36]. Li et al. 
[36] reported a progressive increase in the level of NOX subunits 
including p22, gp91, p67, and p47 during the progression of cardiac 
hypertrophy. Similarly, Cowley et al. [37] and Zheleznova et al. [38] 
reported significant contributions of NOX4 and NOX2 in the kidney 

towards the progression of salt-sensitive hypertension in salt-sensitive 
rats. Recent studies have shown that there is feed-forward regulation 
of ROS between cell membrane NOXs and mitochondria [3,39,40]. 
Studies by Ohsaki et al. [41] found evidence of feed-forward signaling 
from the kidney medullary thick ascending limb mitochondria to cell 
membrane NOXs. Dikalov et al. [3] reported that the crosstalk between 
mitochondria- and NOX-mediated ROS production can be pharmaco
logically targeted under conditions of oxidative stress. In this study, we 
examine the contribution of NOX2 towards overall mtROS production in 
isolated mitochondria from each of the three tissues and determine 
whether NOX2 in an inherent component of mitochondria or its pres
ence is due to contamination during the isolation process. GSK3795039 
(GSK), the first small molecule identified to inhibit NOX2 over other 
NOX isoforms, was used to specifically inhibit NOX2 over other isoforms 
in the present study [42,43]. 

The mitochondrial membrane potential (ΔΨm), mtROS, and proton 
leak are intricately linked. ΔΨm and pH gradient (Δ pH) together 
determine the proton motive force (Δp) which drives ATP synthesis 
[44]. In respiring mitochondria, ΔΨm is typically maintained between 
150 and 200 mV and this energy is dissipated during OxPhos for ATP 
synthesis. Mitochondrial ROS production is triggered by the leak of 
electrons from the respiratory chain (ETC) and their reaction with mo
lecular O2 resulting in O•−

2 production. A strong positive correlation 
exists between mtROS emission and ΔΨm [45]. Starkov et al. [46] re
ported significant increases in mtROS production when ΔΨm increased 
above 140 mV. Conversely, increased mtROS production has also been 
observed with reductions of ΔΨm found in mitochondrial disorders 
associated with decrease in the activity of ETC components [47,48]. 

The mitochondrial proton leak fine-tunes mtROS levels through a 
protective feedback loop where increased ROS production enhances 
proton leak, and increased proton leak reduces ROS production [49]. 
The regulation of proton leak and electron leak has been suggested as a 
potential therapeutic target for many cardiovascular diseases [49], body 
weight regulations, and insulin secretion [50]. 

To date, no systematic study has integrated changes in mtROS pro
duction, ΔΨm, proton leak, and NOX-mitochondria ROS-ROS crosstalk. 
Therefore, the aim of the present study was to determine the sources of 
ROS production and scavenging in isolated mitochondria from cardiac 
muscle tissue (heart) and epithelial tissue (kidney cortex and OM). We 
sought to determine the relative contribution of ROS producing sources 
and antioxidant enzymes towards overall mtROS emission (see Fig. 1). 

Fig. 1. Schematics of the mitochondrial oxidative 
phosphorylation and ROS production and scav
enging. The illustrated biological system includes 
mitochondrial electron transport chain (ETC) re
actions and ROS production; nucleotides and phos
phate transporters on mitochondrial inner membrane; 
mitochondrial ROS scavenging systems; membrane 
NOX2 enzyme. Mitochondrial ETC reactions occur via 
complex I (CI) to complex IV (CIV) which are involved 
in oxidative phosphorylation (OxPhos), ATP synthesis 
at complex V (CV), and ROS production. In mito
chondrial ROS scavenging systems, redox reactions 
occur via superoxide dismutase SOD2 in mitochondria 
and glutathione (GSH) and thioredoxin (TRX) sys
tems. Cell membrane NOX2 which is one of the major 
sources of ROS production in the cytosol is involved is 
shown as a potential source of ROS production in the 
mitochondria. The potential sites of ROS production 
are targeted by their corresponding inhibitors 
including CI inhibitor ROT, CII inhibitor TTFA, CIII 
inhibitor AA, CIV inhibitor KCN, and NOX2 inhibitor 
GSK. The main components involved in ROS scav
enging including TRX system is inhibited by AF and 
GSH system is inhibited by DNCB. The ROS- 
ΔΨm-uncoupling feedback loop is studied by inducing 

maximum uncoupling effect using FCCP. The “?” shows potential contribution of NOX2 to mtROS production.   
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To achieve this, we used specific inhibitors of ETC complexes and ROS 
scavenging systems to systematically and quantitatively characterize the 
contributions of these distinct sources towards overall mtROS produc
tion. Additionally, we investigated the ETC uncoupling effect on mtROS 
production using the mitochondrial uncoupling agent Trifluoromethoxy 
Carbonylcyanide Phenylhydrazone (FCCP), and the potential NOX2 
contribution towards overall mtROS generation by inhibiting NOX2 
with GSK2795039. 

2. Methods 

Male Sprague-Dawley (SD) rats (8–9 weeks old; 300–350 g) were 
purchased from Envigo (Madison, WI) and housed in our animal facil
ities. Rats were maintained at 21 ± 2 ◦C with a 12:12-h light-dark cycle 
and were provided water and food ad libitum. The Medical College of 
Wisconsin (MCW) Institutional Animal Care and Use Committee 
(IACUC) approved the animal use and the experimental protocols 
described below. Rats were anesthetized with inaction 2 mL/100 gm and 
the heart and kidneys were harvested for mitochondrial isolation by 
differential centrifugation as described below with the tissue maintained 
at (4 ◦C) throughout the procedures. 

2.1. Heart mitochondria isolation 

Heart mitochondria were isolated through differential centrifugation 
method, as described previously [51,52]. Briefly, the heart was har
vested from the SD rat, and for consistency in mitochondrial yield, ~0.8 
gm of the heart tissue was used for mitochondrial isolation. The heart 
was minced in ice-cold isolation buffer (IB) containing (in mM) 200 
mannitol, 50 sucrose, 5 KH2PO4, 5 3-(N-morpholino) propane sulfonic 
acid (MOPS), and 1 EGTA, with 0.1% bovine serum albumin (BSA) at pH 
7.15 (adjusted with KOH). The minced heart was suspended in 2.5 mL IB 
with 5U/mL protease which was then adjusted to 15 mL with IB and 
homogenized for 32 s. The volume of suspension was then adjusted at 
25 mL with IB and centrifuged at 8000 g for 10 min. The supernatant 
was discarded, and the pellet was re-suspended in 25 mL IB and 
centrifuged at 8000 g for 10 min. The supernatant was discarded, and 
the pellet was again re-suspended in 25 mL IB and centrifuged at 700 g 
for 10 min. The pellet was discarded and supernatant from this step was 
centrifuged again at 8000g for 10 min to yield the final mitochondrial 
pellet, which was suspended in IB, transferred to an Eppendorf tube and 
kept on ice for measuring protein content. 

2.2. Kidney mitochondria isolation 

Kidney mitochondria were isolated via differential centrifugation 
method with slight modification from that for the heart mitochondria, as 
described previously [51,52]. Briefly, cortical and outer medullary (OM) 
tissues were dissected from the kidney. For consistency in mitochondrial 
yield, ~0.1 gm of OM tissue and ~0.8 gm of cortex tissue was used for 
mitochondrial isolation. Both tissues were minced in the IB and the 
volume was adjusted to 10 mL for cortex and 2 mL for OM which were 
then homogenized for 15 and 5 s, respectively. The volume was adjusted 
with IB to a total of 15 mL for cortex and 2 mL for OM which were then 
centrifuged at 600g for 10 min. The pellet was discarded, and the su
pernatant was centrifuged at 12,000g for 15 min for both tissues. The 
pellet was then mixed well in IB, and the volume was adjusted up to 15 
mL for cortex and 2 mL for OM. This was centrifuged for the third time at 
12,000 g for 15 min to yield the final mitochondrial pellet which was 
transferred to an Eppendorf tube and placed on ice for measuring pro
tein content. 

2.3. Mitochondrial protein measurement, purity, and quality assessment 

After suspension of the mitochondrial pellet in the final step, the final 
mitochondrial protein content was determined using BSA as the stan

dard with Bio-Rad Quick Start Bradford Assay Kit in Thermo™ Scien
tific™ NanoDrop OneC spectrophotometer [53]. Mitochondrial purity 
was determined using Western blot, and mitochondrial quality was 
controlled by the Respiratory Control Index (RCI). Mitochondrial RCI is 
defined as the O2 consumption rate (OCR) at state 3/OCR at state 2. To 
obtain RCI, mitochondrial OCR was measured following the experi
mental protocol in Fig. 2A, where pyruvate (5 mM) and malate (2.5 mM) 
were added as substrates, followed by the addition of 500 μ M ADP for 
heart mitochondria and 250 μ M ADP for kidney cortex and OM mito
chondria. The RCI should be between 8 and 10 for heart mitochondria 
and between 5 and 8 for kidney cortex and OM mitochondria. 

2.4. Oxygen consumption measurement 

Isolated mitochondria from the heart and kidney cortex and OM 
were suspended in respiration buffer (RB) containing (in mM) 130 KCl, 5 
K2HPO4, 20 MOPS, 1 EGTA, and 0.1% BSA at pH 7.15 adjusted with 
KOH. Mitochondrial O2 consumption (respiration) was measured using 
Oxygraph-2k (O2k) respirometer (Oroboros Instruments, Innsbruck, 
Austria) with DatLab 7 software for data acquisition and analysis. The 
O2k chambers were calibrated at O2 concentration of 210 μ M, tem
perature fixed at 37 ◦C, and the suspension stirring at 750 rpm. The O2 
concentration is acquired in μ M, and the O2 consumption rate is ac
quired in pmol/sec/mL. 

2.5. Membrane potential measurement 

Isolated mitochondria from the heart and kidney cortex and OM 
were suspended in the respiration buffer (RB) containing the fluorescent 
dye rhodamine 123 (R123; 1 μM) stirred at 1200 rpm with temperature 
fixed at 37 ◦C. R123 is a monovalent cationic dye that is sequestered 
electrophoretically into the mitochondrial matrix driven by ΔΨm [54]. 
The R123 intensity was detected using a Photon Technology Interna
tional (PTI) spectrofluorometer (Horiba Scientific Inc.) with the exci
tation (λex) and emission (λem) wavelengths set at 500 and 529 nm, 
respectively. R123 is widely used for dynamic measurements of isolated 
mitochondrial membrane potential (ΔΨm), but quantitative interpreta
tion of changes in the R123 fluorescence requires a nonlinear calibration 
method. For this purpose, we used a computational model of mito
chondrial bioenergetics coupled with R123 dye transport across the 
inner mitochondrial membrane (IMM) and partitioning of the dye into 
the mitochondrial matrix [55], as used in our recent study [51]. 

2.6. H2O2 measurement 

Isolated mitochondria from the heart and kidney cortex and OM 
were suspended in the respiration buffer (RB) containing Amplex Red 
reagent (AR; 10-acetyl-3, 7-dihydroxyphenoxazine; 50 μM) and horse
radish peroxidase enzyme (HRP; 0.1 U/ml) at 37 ◦C. In the presence of 
HRP, mitochondrial H2O2 reacts with AR to produce the fluorescent 
product resorufin which is detected by the PTI spectrofluorometer with 
the excitation and emission wavelengths set at 530 and 583 nm, 
respectively. Resorufin fluorescence was then calibrated to H2O2 con
centration using a standard curve and linear regression as described in 
our recent study [51]. For the present study, the standard curve has R2 

value of 0.99, and slope (AR intensity/H2O2) of 124103 (a.f.u./μ M). 

2.7. Experimental protocol 

In one set of experiments, mitochondrial O2 consumption, ΔΨm and 
H2O2 emission were measured following the timeline protocol in Fig. 2B 
where mitochondria were energized with NADH-linked substrates py
ruvate (5 mM) and malate (2.5 mM) or FADH2-linked substrate succi
nate (10 mM) followed by the addition of 200 μ M ADP for heart 
mitochondria and 100 μ M ADP for kidney cortex and OM mitochondria. 
In this protocol, we measured five respiratory states including state 1 
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after the addition of mitochondria, state 2 or leak state after the addition 
of substate, state 3 or OxPhos state after the addition of ADP, state 4 after 
ADP is phosphorylated to ATP, and state 5 or uncoupling state after 
FCCP (2 μ M) was added. The purpose of this set of experiments was to 
understand mitochondrial respiration and bioenergetics in relation to 
ROS generation. In another set of experiments, mitochondrial ΔΨm and 
H2O2 emission were measured following the timeline protocol in Fig. 2C 
where mitochondria were energized with either NADH-linked or 
FADH2-linked substrates followed by sequential addition of increasing 
doses of one of a set of 8 inhibitors of various ETC complexes, NOX2, and 
mtROS scavenging systems. In this protocol, we measured state 1 after 
the addition of mitochondria and state 2 after the addition of substrates 
followed by the addition of increasing doses of an inhibitor. The purpose 
of this experimental protocol was to study the relative contribution of 
mtROS production sites and scavenging enzymes to overall mtROS 
generation (Fig. 1). 

2.8. Data analysis and statistics 

MatLab and MS Excel software were used for data analysis and sta
tistics, including the conversion of R123 fluorescence to ΔΨm in mV, the 
conversion of resorufin fluorescence to H2O2 concentration in μM, 
statistical analysis (mean, standard deviation (S.D.), and standard error 
(S.E.)). Students’; t-test and one-way ANOVA with p < 0.05 were used 
for determining statistical significance. Data are shown as mean ± S.E. 
with 4–6 biological replicates. 

3. Results 

To ensure the viability of isolated mitochondria, we determined the 
RCI (state 3 OCR/state 2 OCR) for each experimental day with pyruvate 
+ malate (PM) substrate followed by the addition of saturating ADP 
concentrations (500 μM for heart and 250 μM for kidney cortex and 
OM), following the experimental protocol of Fig. 2A. Heart samples with 
RCI values of less than 8 were discarded, and kidney cortex and OM 
samples with RCI values less than 6 were discarded. The viable heart 
mitochondrial RCI averaged 8.74 ± 0.32 and the viable kidney cortex 

and OM mitochondrial RCI averaged 6.91 ± 0.44 and 7.15 ± 0.39, 
respectively. 

After quality control assessment, we evaluated mitochondrial OCR, 
ΔΨm, and H2O2 emission in the presence of PM (5:2.5 mM) or succinate 
(SUC, 10 mM) as substrate followed by the addition of a single dose of 
ADP (200 μM for heart and 100 μM for kidney cortex and OM) for iso
lated heart and kidney cortex and OM mitochondria following the 
timeline protocol of Fig. 2B. To quantify the contributions of mito
chondrial ETC complexes and potential NOX enzymes as well as mtROS 
scavenging enzymes to overall H2O2 emission and bioenergetics (ΔΨm) 
in different tissues, the effects of the following inhibitors were assessed 
in isolated heart and kidney cortex and OM mitochondria using AR and 
HRP assay following the timeline protocol of Fig. 2C. The elements of the 
mtROS handling system that were perturbed are represented in Fig. 1 
and include CI which was inhibited using rotenone (Rot), CII which was 
inhibited using thenoyltrifluoroacetone (TTFA), CIII which was inhibi
ted using antimycin A (AA), CIV which was inhibited using potassium 
cyanide (KCN), NOX2 which was inhibited using GSK, mitochondrial 
uncoupling using FCCP, the TRX scavenging system which was inhibited 
using auranofin (AF), and the GSH scavenging system which was 
inhibited using dinitrochlorobenzene (DNCB). For each of the inhibitors, 
three increasing concentrations were added 2 min apart to the isolated 
mitochondria in the presence of either PM or SUC substrate to determine 
changes in H2O2 emission and ΔΨm. 

3.1. Comparisons of mitochondrial O2 consumption, ΔΨm, and H2O2 
emission in the heart and kidney cortex and OM in the presence of PM or 
SUC substrate 

Fig. 3A-O summarizes the tissue-specific O2 consumption responses 
of isolated mitochondria stimulated with either PM or SUC substrate 
followed by a single dose of ADP addition (200 μM for heart, and 100 μM 
for kidney cortex and OM as indicated in the experimental protocol in 
Fig. 2B). Results show that isolated mitochondria consumed more O2 in 
the presence of SUC compared to PM in all three tissues (Fig. 3A–C). The 
initial O2 concentration in the experimental chamber was about 200 μ 
M, which decreased to 119 ± 3.24, 170 ± 3.57, and 179 ± 2.08 μ M in 

Fig. 2. Timeline experimental protocols for iso
lated mitochondrial respiration, H2O2, and ΔΨm 

measurements in Sprague-Dawley (SD) rat heart 
and kidney cortex and OM. (A) Protocol for 
measuring time-course of mitochondrial respiration 
and RCI. At time (t) = 0 min, 0.1 mg/mL mitochon
dria for heart and kidney cortex and OM were added 
to the respiration buffer, followed by PM (5:2.5 mM) 
addition after 2 min, followed by 500 μ M ADP 
addition to heart mitochondria, and 250 μ M ADP 
addition to kidney cortex and OM mitochondria at t =
4 min. (B) Protocol for measuring time-courses of 
mitochondrial respiration, ΔΨ and H2O2 flux. At time 
(t) = 0 min, 0.1 mg/mL mitochondria for heart and 
kidney cortex and OM were added to the respiration 
or AR or R123 buffer, followed by PM (5:2.5 mM) or 
SUC (10 mM) substrates addition after 2 min, fol
lowed by 200 μ M ADP addition to heart mitochon
dria, and 100 μ M ADP addition to kidney cortex and 
OM mitochondria at t = 4 min. In ΔΨm and H2O2 
measurements 2 μ M FCCP were added after ADP 
exhaustion. (C) Protocol for measuring time-courses 
of mitochondrial H2O2 emission and ΔΨm. At t = 0 
min, 0.1 mg/mL mitochondria for heart and kidney 
cortex and OM were added to the AR buffer or R123 
buffer, followed by 5:2.5 mM PM, or 10 mM SUC 
addition after 1:30 min. At t = 3:30 min, first con
centration of Rot inhibitor (or one of the following 
inhibitors TTFA, AA, KCN, GSK, AF, and DNCB or 

FCCP uncoupler) was added followed by addition of second and third concentrations at t = 5:30, and 7:30 min.   
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the presence of PM and 71 ± 4.39, 136 ± 2.86, and 153 ± 2.30 μ M in 
the presence of SUC in the heart, kidney cortex, and kidney OM mito
chondria, respectively. The heart mitochondria exhibited a higher O2 
consumption rate (OCR or JO2) than the cortex and OM mitochondria in 

the presence of both substrates (Fig. 3D–I). Additionally, in the presence 
of PM, the ADP-induced state 3 duration in the OM mitochondria was 
longer than that in the cortex mitochondria, which was longer than that 
in the heart mitochondria (OM > cortex > heart). In the presence of 

Fig. 3. Dynamic and static experimental data on tissue-specific and substrate-dependent measurements of mitochondrial respiration in the heart and 
kidney cortex and OM: Comparison of mitochondrial O2 consumption dynamics in the presence of PM and SUC in the heart (A), kidney cortex (B), and kidney OM 
(C). Comparison of OCR time courses and states 1 to 5 static data in the presence of PM and SUC in the heart (G and J), kidney cortex (H and K), and kidney OM (I and 
L). Comparison of mitochondrial RCI in the presence of PM and SUC in the heart (M), kidney cortex (N), and kidney OM (O). These variables were collected following 
the experimental protocol B in Fig. 2. In all measurements, concentration of PM is 5:2.5 mM, SUC is 10 mM, ADP for heart mitochondria is 200 μ M, and ADP for 
kidney cortex and OM mitochondria is 100 μ M. Data are shown as average of n = 6 biological replicates ± S.E for the heart and kidney cortex mitochondria and of n 
= 4 biological replicates ± S.E for the kidney OM mitochondria. To indicate the statistical difference between two sequential additions, asterisk (*) are used, with a 
significant level of p < 0.05. 
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SUC, the duration of state 3 in the heart mitochondria was longer than 
that in the OM mitochondria which was longer than that in the cortex 
mitochondria (heart > OM > cortex). For heart mitochondria, the OCRs 
at states 2 and 4, but not at state 3, were higher in the presence of SUC as 
compared to those in the presence of PM (Fig. 3G, J). For kidney cortex 
and OM mitochondria, the data in Fig. 3 (I and L, E and H) show that the 
OCRs at states 2, 3, and 4 were higher in the presence of SUC as 
compared those in the presence of PM. For all three tissues, the RCI 

values with sub-saturating ADP concentrations in the presence of PM 
were significantly higher than those in the presence of SUC (Fig. 3M −
O). However, the RCI values with sub-saturating ADP concentrations 
were similar in the heart, kidney cortex and OM mitochondria for both 
substrates. 

Fig. 4A-R summarizes the tissue specific responses of mitochondrial 
H2O2 emission and ΔΨm stimulated with either PM or SUC substrate 
followed by the sequential addition of a single dose of ADP (200 μM for 

Fig. 4. Dynamic and static experimental data on tissue-specific and substrate-dependent measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC in the heart (A), kidney cortex (B), and 
kidney OM (C). Comparison of the rate of H2O2 emission in the presence of PM and SUC in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). 
Comparison of mitochondrial ΔΨm dynamics and static data in the presence of PM and SUC in the heart (J, M and P), kidney cortex (K, N and Q), and kidney OM (L, O 
and R). These variables were collected following the experimental protocol B in Fig. 2. In all measurements concentration of PM is 5:2.5 mM, SUC is 10 mM, ADP for 
heart mitochondria is 200 μ M, and ADP for kidney cortex and OM mitochondria is 100 μ M. Data are shown as average of n = 6 biological replicates ± S.E for the 
heart and kidney cortex mitochondria and of n = 4 biological replicates ± S.E for the kidney OM mitochondria. To indicate the statistical difference between two 
sequential additions, asterisk (*) are used, with a significant level of p < 0.05. 
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heart, and 100 μM for kidney cortex and OM) and the mitochondrial 
uncoupler FCCP. As shown in Fig. 4A–I, H2O2 emission was greater in 
the presence of SUC in the heart and kidney OM mitochondria compared 
to PM, but not significantly different between PM and SUC in the kidney 
cortex mitochondria. The final concentration of H2O2 in the respiration 
buffer were 0.06 ± 0.001, 0.51 ± 0.009, and 0.15 ± 0.006 μ M in the 
presence of PM, and 0.21 ± 0.003, 0.53 ±0.016, and 0.25 ± 0.01 μ M in 
the presence of SUC for the heart, kidney cortex, and kidney OM mito
chondria, respectively (Table 1). The rate of mitochondrial H2O2 emis
sion did not change significantly after addition of ADP or FCCP in the 
three tissues in the presence of PM, as well as kidney cortex in the 
presence of SUC (Fig. 4A–C). In contrast, in the heart and kidney OM 
mitochondria oxidizing SUC, the rate of H2O2 emission fell immediately 
after addition of ADP, then increased at state 4, and finally decreased 
after addition of FCCP (state 5) (Fig. 4A,C). The ΔΨm in all three tissues 
increased after the addition of either PM or SUC then decreased 
(partially depolarized) after the addition of ADP with maximum depo
larization occurring after the addition of FCCP (Fig. 4J-R). Furthermore, 
the duration of ADP-induced state 3 was found to be longer in the 
presence of SUC in both the heart and OM mitochondria, as compared to 
PM, although no such distinction was observed in the cortex mito
chondria. In the presence of both substrates, the duration of state 3 was 
higher in the OM mitochondria as compared to the heart mitochondria, 
which was longer as compared to that for the cortex mitochondria. 
These state 3 durations of ΔΨm for different substrates and different 
tissues were consistent with the corresponding state 3 durations of OCR 
in Fig. 3D–F. 

3.2. Tissue-specific and substrate-dependent effects of CI inhibition by 
ROT on mitochondrial H2O2 emission and ΔΨm 

The effects of CI inhibition with addition of three increased con
centrations of ROT upon H2O2 emission and ΔΨm in the heart and kidney 
cortex and OM mitochondria respiring under either PM or SUC substrate 
are summarized in Fig. 5A-R. As depicted in Fig. 5A–C, the inhibition of 
CI by ROT resulted in final concentrations of H2O2 in the respiration 
buffer of 0.43 ± 0.068, 0.97 ± 0.068, and 0.310 ± 0.048 μ M in the 
presence of PM and 0.46 ± 0.23, 1.0 ± 0.058, and 0.33 ± 0.047 μ M in 
the presence of SUC for the heart, kidney cortex, and kidney OM mito
chondria, respectively (Table 1). Notably, the rate of H2O2 emission 
significantly increased in the heart mitochondria after addition of ROT 
in the presence of PM, but significantly decreased in the presence of SUC 

(Fig. 5D,G). The H2O2 emission was saturated after addition of 1.1 μ M 
ROT for both substrates (Fig. 5D,G). In the kidney cortex mitochondria, 
the rate of H2O2 emission after addition of ROT did not change signifi
cantly in the presence of PM but decreased significantly and was satu
rated at 0.1 μ M ROT in the presence of SUC (Fig. 5E,H). In the kidney 
OM mitochondria, the rate of H2O2 emission after addition of ROT 
increased in the presence of PM, decreased in the presence of SUC, and 
reached saturation at 1.1 μ M ROT for both substrates (Fig. 5F,I), similar 
to the heart mitochondria. 

As depicted in Fig. 5J-R, the heart and kidney cortex and OM mito
chondria respiring with PM (Fig. 5M − O) exhibited significant depo
larization of ΔΨm in response to ROT reaching saturation at 1.1 μ M 
ROT. ROT had no significant effect on ΔΨm in the presence of SUC in the 
mitochondria from all three tissues (Fig. 5P-R). Thus, the ΔΨm dynamics 
in response to ROT were similar for all three tissues in the presence of 
either PM or SUC (Fig. 5J-R). 

3.3. Tissue-specific and substrate-dependent effects of CII inhibition by 
TTFA on mitochondrial H2O2 emission and ΔΨm 

The effects of CII inhibition with the addition of three increasing 
concentrations of TTFA upon H2O2 emission and ΔΨm in the heart and 
kidney cortex and OM mitochondria in the presence of either PM or SUC 
substrate are summarized in Fig. 6A-R. As depicted in Fig. 6A–C, inhi
bition of CII by TTFA resulted in final concentrations of H2O2 in the 
respiration medium of 0.13 ± 0.006, 0.86 ± 0.075, and 0.18 ± 0.014 μ 
M in the presence of PM, and 0.39 ± 0.024, 1.01 ± 0.088, and 0.28 ±
0.010 μ M in the presence of SUC in the heart, kidney cortex, and kidney 
OM mitochondria, respectively (Table 1). The rate of mitochondrial 
H2O2 emission in the presence of PM decreased significantly in response 
to TTFA addition in all tissues and reached saturation at 100 μ M in the 
heart and 50 μ M TTFA in the kidney cortex and OM (Fig. 6D–F). The 
rate of mitochondrial H2O2 emission in the presence of SUC decreased 
significantly in response to TTFA addition in all tissues and reached 
saturation at 10 μ M TTFA in the heart and 50 μ M TTFA in the kidney 
cortex and OM (Fig. 5G–I). 

As shown in Fig. 6J-R, ΔΨm in the heart and kidney cortex and OM 
mitochondria was significantly depolarized in response to TTFA addi
tion reaching saturation at 50 μ M TTFA for both PM and SUC substrates. 
As shown in Fig. 6P-R, the addition of TTFA to the heart, kidney cortex 
and OM mitochondria resulted in more depolarization of ΔΨm in the 
presence of SUC compared to that in the presence of PM. 

3.4. Tissue-specific and substrate-dependent effects of CIII inhibition by 
AA on mitochondrial H2O2 emission and ΔΨm 

The effects of CIII inhibition with addition of three increasing con
centrations of AA upon H2O2 emission and ΔΨm in the heart and kidney 
cortex and OM mitochondria respiring under either PM or SUC substrate 
are summarized in Fig. 7A-R. As shown in Fig. 7A–C, CIII inhibition by 
AA resulted in final concentrations of H2O2 in the respiration buffer of 
0.69 ± 0.075, 1.31 ± 0.077, and 0.24 ± 0.008 μ M in the presence of PM 
and 0.92 ±0.0.079, 1.37 ± 0.089, and 0.32 ± 0.001 μ M in the presence 
of SUC in the heart, kidney cortex, and kidney OM mitochondria, 
respectively (Table 1). Notably, the rate of H2O2 emission was signifi
cantly increased in the heart and kidney OM mitochondria after addition 
of AA in the presence of PM, but it was not significantly altered in the 
presence of SUC (Fig. 7D, G, F and I). The increase in the rate of mito
chondrial H2O2 emission was saturated after addition of 1.1 μ M AA in 
the presence of PM. Interestingly, in the kidney cortex mitochondria 
oxidizing either PM or SUC, the rate of H2O2 emission in response to AA 
addition was not significantly altered (Fig. 7E,H). Altogether, the rate of 
H2O2 emission did not change significantly in the presence of SUC in any 
of the tissues but significantly increased in the heart and kidney OM 
mitochondria utilizing PM (Fig. 7D–I). 

As depicted in Fig. 7J-R, the dynamics of ΔΨm in response to AA 

Table 1 
Final concentration of H2O2 (μM) in the extra-mitochondrial buffer medium 
upon mitochondrial H2O2 emission.   

PM SUC 

Heart Cortex OM Heart Cortex OM 

ADP 0.06 ±
0.001 

0.51 ±
0.009 

0.15 ±
0.006 

0.21 ±
0.003 

0.53 ±
0.016 

0.25 ±
0.01 

Ctrl 0.095 ±
0.004 

0.85 ±
0.004 

0.242 ±
0.013 

0.601 ±
0.012 

0.95 ±
0.01 

0.717 ±
0.023 

TTFA 0.13 ±
.006 

0.86 ±
.075 

0.18 ±
0.014 

0.39 ±
0.024 

1.01 ±
0.088 

0.28 ±
0.010 

KCN 0.11 ±
0.004 

0.90 ±
0.060 

0.24 ±
0.013 

0.42 ±
0.018 

0.88 ±
0.066 

0.53 ±
0.016 

FFCP 0.1 ±
.009 

0.79 ±
0.029 

0.2 ±
0.014 

0.29 ±
0.014 

0.92 ±
.036 

0.48 ±
0.049 

GSK 0.15 ±
0.012 

0.65 ±
0.038 

0.2 ±
0.021 

0.61 ±
0.037 

0.92 ±
0.054 

0.44 ±
0.023 

ROT 0.43 ±
.068 

0.97 ±
0.068 

0.31 ±
0.048 

0.47 ±
0.23 

1.05 ±
.058 

0.33 ±
.047 

AA 0.69 ±
0.075 

1.31 ±
0.077 

0.24 ±
0.008 

0.92 ±
.0.079 

1.37 ±
0.089 

0.32 ±
0.001 

AF 0.27 ±
0.01 

1 ± 0.05 0.23 ±
0.008 

1.87 ±
0.01 

1.55 ±
0.099 

0.9 ±
0.058 

DNCB 0.94 ±
0.07 

1.77 ±
0.113 

0.38 ±
0.069 

2 ±
0.126 

2.03 ±
0.115 

1.39 ±
0.426  
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Fig. 5. Dynamic and static experimental data on tissue-specific and substrate-dependent measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of CI inhibitor ROT. Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, and 
3 doses of ROT in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of rate of mitochondrial H2O2 emission static data in the presence of PM and SUC, 
and 3 doses of ROT in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the presence of PM 
and SUC, and 3 doses of ROT in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of PM and SUC, and 
3 doses of ROT in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental protocol in Fig. 2C. In 
all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of ROT (0.1, 1, and 10 μ M) were added every 2 min after the 
substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential ad
ditions, asterisk (*) are used, with a significant level of p < 0.05. 
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addition were similar in all three tissues in the presence of either sub
strate. In all three tissues, ΔΨm was significantly depolarized in response 
to AA addition reaching saturation at 1.1 μ M AA in the presence of both 
substrates (Fig. 7M-R). However, in the heart mitochondria, the ΔΨm 

depolarization after addition of 0.1 μ M AA was significaantly less 
compared to the kidney cortex and OM mitochondria for both substrates 
(Fig. 7M-R). 

Fig. 6. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of CII inhibitor TTFA: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, 
and 3 doses of TTFA in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of rate of mitochondrial H2O2 emission static data in the presence of PM and 
SUC, and 3 doses of TTFA in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the presence 
of PM and SUC, and 3 doses of TTFA in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of PM and 
SUC, and 3 doses of TTFA in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental protocol in 
Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of TTFA (10, 40, and 50 μ M) were added every 2 min 
after the substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential 
additions, asterisk (*) are used, with a significant level of p < 0.05. 
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3.5. Tissue-specific and substrate-dependent effects of CIV inhibition by 
KCN on mitochondrial H2O2 emission and ΔΨm 

The effects of CIV inhibition with addition of three increasing con

centrations of KCN upon H2O2 emission and ΔΨm in the heart and kid
ney cortex and OM mitochondria respiring under either PM or SUC 
substrate are summarized in Fig. 8A-R. As depicted in Fig. 8A–C, CIV 
treatment with KCN resulted in final concentrations of H2O2 in the 

Fig. 7. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of CIII inhibitor AA: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, and 
3 doses of AA in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the presence of PM and 
SUC, and 3 doses of AA in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the presence of 
PM and SUC, and 3 doses of AA in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of PM and SUC, 
and 3 doses of AA in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental protocol in Fig. 2C. 
In all measurements, concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of AA (0.1, 1, and 10 μ M) were added every 2 min after the 
substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential ad
ditions, asterisk (*) are used, with a significant level of p < 0.05. 
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Fig. 8. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of CIV inhibitor KCN: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, 
and 3 doses of KCN in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the presence of PM 
and SUC, and 3 doses of KCN in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the 
presence of PM and SUC, and 3 doses of KCN in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of 
PM and SUC, and 3 doses of KCN in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental 
protocol in Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of 1, 2, and 5 mM KCN were added to kidney 
cortex mitochondria and 0.01, 0.1, 1 mM KCN were added to heart and kidney OM mitochondria every 2 min after the substrate addition at state 2. Data are shown as 
the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential additions, asterisk (*) are used, with a significant level of 
p < 0.05. 
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respiration medium of 0.11 ± 0.004, 0.90 ± 0.06, and 0.24 ± 0.013 μ M 
in the presence of PM and 0.42 ± 0.018, 0.88 ± 0.066, and 0.53 ± 0.016 
μ M in the presence of SUC in the heart, kidney cortex, and kidney OM 
mitochondria, respectively (Table 1). In the heart mitochondria utilizing 
PM and SUC, the rate of H2O2 emission decreased significantly after 
0.01 mM KCN addition reaching saturation after 0.11 mM KCN addition 
for PM and 1 mM KCN addition for SUC (Fig. 8D, G). Similarly, in the 
kidney cortex mitochondria utilizing PM or SUC, the rates of H2O2 
emission decreased significantly only after 1 mM KCN addition (Fig. 8E, 
H). However, in the kidney OM mitochondria utilizing SUC, the rate of 
H2O2 emission decreased significantly after 0.01 mM KCN addition, but 
it did not change significantly in the presence of PM (Fig. 8F, I). 

As seen in Fig. 8J-R, ΔΨm was significantly depolarized after the 
addition of 0.1 mM KCN to the heart mitochondria, 1 mM KCN to the 
kidney cortex mitochondria, and 0.11 mM KCN to the kidney OM 
mitochondria utilizing PM or SUC (Fig. 8D–I). In the kidney cortex 
mitochondria, ΔΨm depolarization in response to KCN additions was 
significantly higher than in the heart and OM mitochondria in the 
presence of ether PM or SUC (Fig. 8J-R). 

3.6. Tissue-specific and substrate-dependent effects of TRX and GSH 
H2O2 scavenging systems inhibition by AF and DNCB on mitochondrial 
H2O2 emission and ΔΨm 

The effects of TRX and GSH H2O2 scavenging systems inhibition with 
the addition of three increasing concentrations of AF and DNCB upon 
H2O2 emission and ΔΨm in the heart and kidney cortex and OM mito
chondria respiring under either PM or SUC substrate are summarized in 
Fig. 9A-R and 10A-R, respectively. As shown in Fig. 9A–I, the inhibition 
of thioredoxin reductase (TRXR) enzyme by AF resulted in substantial 
increase in mitochondrial H2O2 emission in the heart and kidney OM, 
but not in the kidney cortex for both substrates. As depicted in Fig. 9A–C, 
the final concentration of H2O2 in the respiration buffer were 0.27 ±

0.01, 1 ± 0.05, and 0.23 ± 0.008 μ M in the presence of PM and 1.87 ±
0.01, 1.55 ± 0.099, and 0.90 ± 0.058 μ M in the presence of SUC in the 
heart, kidney cortex, and kidney OM mitochondria, respectively 
(Table 1). In the heart and OM mitochondria utilizing SUC, the rate of 
H2O2 emission significantly increased in response to AF addition 
(Fig. 9G,I). However, this increase was not significant in the presence of 
PM (Fig. 9D,F). In the cortex mitochondria utilizing PM or SUC, the rate 
of H2O2 emission after addition of AF did not change significantly 
(Fig. 9E,H). AF had no significant effect on ΔΨm in mitochondria from all 
three tissues in the presence of PM or SUC (Fig. 9J-R). 

Fig. 10A–I summarizes the effects of DNCB-induced depletion of 
mitochondrial GSH pool on H2O2 emission in the heart and kidney 
cortex and OM mitochondria respiring under either PM or SUC sub
strate. As shown in Fig. 10A–C, the final concentrations of H2O2 in the 
respiration buffer were 0.94 ± 0.07, 1.77 ± 0.113, and 0.38 ± 0.069 μ 
M in the presence of PM and 2.0 ± 0.126, 2.03 ± 0.115, and 1.39 ±
0.426 μ M in the presence of SUC in the heart, kidney cortex, and kidney 
OM mitochondria, respectively (Table 1). In all three tissues, the rate of 
mitochondrial H2O2 emission was significantly increased in response to 
DNCB addition in the presence of both substrates (Fig. 10D–I). The rate 
of H2O2 emission in the presence of PM was higher in the kidney cortex 
mitochondria in response to DNCB addition compared to that in the 
heart and kidney OM mitochondria (Fig. 10D–F). However, in the heart 
mitochondria utilizing SUC, the rate of H2O2 emission in response to 
DNCB addition was higher than that for the kidney cortex and OM 
mitochondria (Fig. 10G–I). Additionally, addition of DNCB in the heart 
mitochondria utilizing SUC resulted in changes in H2O2 emission rate 
which were similar to the kidney cortex and OM mitochondria. Finally, 
in all tissues, ΔΨm did not change significantly in response to DNCB 
addition for either substrate (Fig. 10J-R), as in the case of AF addition. 

3.7. Tissue-specific and substrate-dependent effects of OxPhos uncoupling 
by FCCP on mitochondrial H2O2 emission and ΔΨm 

The effects of OxPhos uncoupling with addition of three increasing 
concentrations of FCCP upon H2O2 emission and ΔΨm in the heart and 
kidney cortex and OM mitochondria respiring under either PM or SUC 
substrate are summarized in Fig. 11A-R. As shown in Fig. 11A–C, as a 
result of uncoupling of mitochondrial OxPhos by FCCP addition, the 
final concentrations of H2O2 in the respiration medium were 0.1 ±

0.009, 0.79 ± 0.029, and 0.2 ± 0.014 μ M in the presence of PM, and 
0.29 ± 0.014, 0.92 ±0.036, and 0.48 ± 0.049 μ M in the presence of 
SUC in the heart, kidney cortex, and kidney OM mitochondria, respec
tively (Table 1). In the heart and OM mitochondria after addition of 
FCCP, the rate of H2O2 emission decreased significantly in the presence 
of SUC and decreased slightly in the presence of PM (Fig. 11D,G,F,I). In 
the cortex mitochondria utilizing PM or SUC, the rate of H2O2 emission 
decreased in response to FCCP addition (Fig. 11E,H). However, in the 
cortex mitochondria utilizing PM or SUC, the final concentration of 
H2O2 in the respiration buffer after increasing doses of FCCP additions 
was significantly higher than the heart and OM mitochondria 
(Fig. 11A–C). Finally, in all tissues, ΔΨm was significantly depolarized 
after the addition of 1.1 μ M of FCCP (Fig. 11J-R). 

3.8. Tissue-specific and substrate-dependent effects of NOX2 inhibition by 
GSK on mitochondrial H2O2 emission and ΔΨm 

The effects of NOX2 inhibition with addition of three increasing 
concentrations of GSK upon H2O2 emission and ΔΨm in the heart and 
kidney cortex and OM mitochondria respiring under either PM or SUC 
substrate are summarized in Fig. 12A-R. As shown in Fig. 12A–C, as a 
result of NOX2 inhibition by GSK addition, the final concentrations of 
H2O2 in the respiration medium were 0.15 ± 0.012, 0.65 ± 0.038, and 
0.2 ± 0.021 μ M in the presence of PM and 0.61 ± 0.037, 0.92 ± 0.054, 
and 0.44 ± 0.023 μ M in the presence of SUC in the heart, kidney cortex, 
and kidney OM mitochondria, respectively (Table 1). In the heart and 
OM mitochondria utilizing SUC, the rate of H2O2 emission decreased 
significantly in response to GSK addition, however, this decrease was not 
as significant in the presence of PM (Fig. 12D,G,F,I). In the cortex 
mitochondria utilizing PM or SUC, the rate of H2O2 emission decreased 
significantly in response to GSK addition (Fig. 12E,H). In the cortex 
mitochondria utilizing PM or SUC, the final concentrations of H2O2 in 
the respiration buffer in response to increasing doses of GSK additions 
were significantly higher than that in the heart and OM mitochondria 
(Fig. 12A–C). In all three tissues, ΔΨm did not change significantly in 
response to GSK addition for either substrate (Fig. 12J-R). 

3.9. Comparison of tissue-specific and substrate-dependent mitochondrial 
H2O2 emission under different perturbations 

The inhibition of IQ site of CI by ROT resulted in reduction in the rate 
of H2O2 emission from 0.79 ± 0.02 to 0.22 ± 0.04 nmol/min/mg in the 
heart mitochondria and from 0.54 ± 0.02 to 0.24 ± 0.04 nmol/min/mg 
in the kidney OM mitochondria despite no changes in ΔΨm (Fig. 5, 
Table 2). Whereas the inhibition of IIQ site of CII by TTFA resulted in 
reduction in the rate of mitochondrial H2O2 emission from 0.79 ± 0.06 
to 0.04 ± 0.008 nmol/min/mg in the and from 0.54 ± 0.02 to 0.04 ±
0.008 nmol/min/mg in the kidney OM and as well as a significant de
polarization of ΔΨm in both tissues (Fig. 6, Table 2). In the heart mito
chondria, the rate of H2O2 emission was 0.79 ± 0.02 nmol/min/mg 
(Table 2) after SUC addition and 0.61 ± 0.012 μM H2O2 (Table 1) at the 
end of the experiment (after 10 min). The final concentration of H2O2 in 
the presence of SUC, which is majorly resulted from reverse electron 
transport (RET), was 0.6 ± 0.012 μM, which reduced to 0.43 ± 0.068 
μM in response to CI inhibition by ROT in the presence of PM (Fig. 5) but 
increased to 0.69 ± 0.075 μM in response to CIII inhibition by AA in the 
presence of PM (Fig. 7, Table 1). These findings suggest that the 
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Fig. 9. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of TRX system inhibitor AF: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and 
SUC, and 3 doses of AF in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the presence of 
PM and SUC, and 3 doses of AF in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the 
presence of PM and SUC, and 3 doses of AF in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of PM 
and SUC, and 3 doses of AF in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental protocol in 
Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of 0.1, 1, and 10 μ M AF were added to heart and kidney 
OM mitochondria and 1, 10, and 40 were added to kidney cortex mitochondria and every 2 min after the substrate addition at state 2. Data are shown as the average 
of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential additions, asterisk (*) are used, with a significant level of p < 0.05. 
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Fig. 10. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of GSH system inhibitor DNCB: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM 
and SUC, and 3 doses of DNCB in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the 
presence of PM and SUC, and 3 doses of DNCB in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic 
data in the presence of PM and SUC, and 3 doses of DNCB in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the 
presence of PM and SUC, and 3 doses of DNCB in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the 
experimental protocol in Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of DNCB (1, 10, and 100 μ M) 
were added every 2 min after the substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference 
between two sequential additions, asterisk (*) are used, with a significant level of p < 0.05. 
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Fig. 11. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of FCCP uncoupler: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, and 3 
doses of FCCP in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the presence of PM and 
SUC, and 3 doses of FCCP in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the presence 
of PM and SUC, and 3 doses of FCCP in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of PM and 
SUC, and 3 doses of FCCP in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental protocol in 
Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of FCCP (0.1, 1, and 10 μ M) were added every 2 min after 
the substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two sequential 
additions, asterisk (*) are used, with a significant level of p < 0.05. 
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contribution of IIIQo site of CIII to H2O2 emission in the heart mito
chondria is considerably high. In the kidney OM mitochondria, the rate 
of H2O2 emission after SUC addition was 0.54 ± 0.06 nmol/min/mg 
(Table 2) leading to 0.71 ± 0.023 μM H2O2 (Table 1) at the end of the 

experiment (after 10 min). The final concentration of H2O2 resulting 
from RET was 0.71 ± 0.023 μM, which reduced to 0.31 ± 0.048 μM in 
response to CI inhibition by ROT in the presence of PM (Fig. 5) and to 
0.24 ± 0.008 μM in response to CIII inhibition by AA in the presence of 

Fig. 12. Dynamic and static experimental data on tissue-specific and substrate-specific measurements of mitochondrial H2O2 emission and ΔΨm in the 
heart and kidney cortex and OM in the presence of NOX2 inhibitor GSK: Comparison of mitochondrial H2O2 emission dynamics in the presence of PM and SUC, 
and 3 doses of GSK in the heart (A), kidney cortex (B), and kidney OM (C). Comparison of the rate of mitochondrial H2O2 emission static data in the presence of PM 
and SUC, and 3 doses of GSK in the heart (D and G), kidney cortex (E and H), and kidney OM (F and I). Comparison of mitochondrial ΔΨm dynamic data in the 
presence of PM and SUC, and 3 doses of GSK in the heart (J), kidney cortex (K), and kidney OM (L). Comparison of mitochondrial ΔΨm static data in the presence of 
PM and SUC, and 3 doses of GSK in the heart (M and P), kidney cortex (N and Q), and kidney OM (O and R). This data was collected following the experimental 
protocol in Fig. 2C. In all measurements concentration of PM is 5:2.5 mM and SUC is 10 mM. Increasing concentrations of GSK (10, 40, and 50 μ M) were added every 
2 min after the substrate addition at state 2. Data are shown as the average of n = 6 biological replicates ± S.E. To indicate the statistical difference between two 
sequential additions, asterisk (*) are used, with a significant level of p < 0.05. 
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PM (Fig. 7, Table 1). In the kidney cortex mitochondria, the rate of H2O2 
emission after SUC addition was 0.7 ± 0.01 nmol/min/mg leading to 
0.95 ± 0.01 μM H2O2 at the end of the experiment (after 10 min) (Ta
bles 1 and 2). The final concentration of H2O2 resulting from RET was 
0.95 ± 0.01 μM, which slightly increased to 0.97 ± 0.068 μM in 
response to CI inhibition by ROT in the presence of PM (Fig. 5) and 1 ±
0.05 μM in response to CIII inhibition by AA in the presence of PM 
(Fig. 7, Table 1). 

In the heart and kidney OM mitochondria respiring under PM, the 
final concentration of H2O2 after inhibition of GSH scavenging system by 
DNCB were 0.94 ± 0.07 μM and 0.38 ± 0.069 μM, respectively (Fig. 10, 
Table 1), whereas the final concentration of H2O2 after inhibition of TRX 
scavenging system by AF were 0.27 ± 0.01 μM and 0.24 ± 0.008 μM, 
respectively (Fig. 9, Table 1). In the heart and kidney OM mitochondria 
respiring under SUC, the final concentration of H2O2 after inhibition of 
GSH scavenging system by DNCB were 2.0 ± 0.126 μM and 1.39 ±

0.426 μM, respectively (Fig. 10, Table 1), whereas the final concentra
tion of H2O2 after inhibition of TRX scavenging system by AF were 1.87 
± 0.01 μM and 0.9 ± 0.058 μM, respectively (Fig. 9, Table 1). Therefore, 
the contribution of the GSH scavenging system to H2O2 degradation was 
~1.5-fold higher than the TRX scavenging system in these tissues. In the 
kidney cortex mitochondria respiring under PM, the final concentration 
of H2O2 was 0.85 ± 0.004 μM which significantly increased to 1.77 ±
0.113 μM as a result of GSH system inhibition by DNCB and slightly 
increased to 1 ± 0.05 μM as a result of TRX system inhibition (Table 1). 
In the kidney cortex mitochondria respiring under SUC, the final con
centration of H2O2 was 0.95 ± 0.01 μM which significantly increased to 
2.03 ± 0.115 μM as a result of GSH system inhibition by DNCB (Fig. 10) 
and slightly increased to 1.55 ± 0.099 μM as a result of TRX system 
inhibition by AF (Fig. 9, Table 1). Therefore, the TRX scavenging system 
does not contribute to mitochondrial H2O2 degradation, despite signif
icant contribution of GSH scavenging system to H2O2 degradation. 

4. Discussion 

In this section, tissue-specific and substrate-dependent differences in 
mitochondrial respiratory and bioenergetic functions and ROS produc
tion and scavenging in the heart and kidney cortex and OM are dis
cussed. The findings from the present study demonstrate significant 
differences in mitochondrial respiratory and bioenergetic functions and 
ROS emission among the three tissues. Additionally, we quantify the 
sources of ROS production from different complexes of the ETC which 
are responsible for variations in mitochondrial membrane depolariza
tion and regulations of ROS production. Furthermore, we investigate the 

contributions of ROS scavenging enzymes towards overall mitochon
drial ROS emission. These findings advance our fundamental under
standing of tissue-specific and substrate-dependent mitochondrial 
respiratory and bioenergetic functions and ROS emission. This knowl
edge is particularly important due to the critical role played by excess 
ROS production, oxidative stress, and metabolic dysfunction in the 
pathogenesis of cardiovascular and renal diseases, including salt- 
sensitive hypertension. 

4.1. Tissue-specific and substrate-dependent mitochondrial respiration, 
bioenergetics, and H2O2 emission relationships 

The data from the present study demonstrated that the mitochondria 
from all three tissues exhibit a higher proton leak (state 2) mediated O2 
consumption rate (OCR or JO2) with lower efficiency of OxPhos for ATP 
production (state 3) when respiring with SUC compared to PM (Fig. 3A- 
L), characterized by lower respiratory control index (RCI; state 3 OCR/ 
state 2 OCR) (Fig. 3M − O). Interestingly, the ADP-induced state 3 
(OxPhos state) OCR in the heart mitochondria was significantly 
depressed with SUC compared to PM, but it was significantly higher in 
the kidney cortex and OM mitochondria with SUC compared to PM 
(Fig. 3G-L). Furthermore, it was observed that the OCR profile during 
OxPhos state in the heart mitochondria, while respiring with SUC, dis
played distinct differences compared to the kidney cortex and OM 
mitochondria (Fig. 3D–F). A similar pattern was also observed in the 
state 3 membrane potential (ΔΨm) dynamics between the heart and 
kidney cortex and OM mitochondria when respiring with PM and SUC 
(Fig. 4J-L). Comparison between mitochondrial respiratory and bio
energetics functions showed negative correlation between OCR and 
ΔΨm in the leak state (state 2) and positive correlation between OCR and 
ΔΨm in the OxPhos state (ADP-induced state 3) in all tissues for either 
substrate (Figs. 3 and 4). These differential respiratory and bioenergetic 
responses of the heart and kidney cortex and OM mitochondria to PM 
and SUC substrates and ADP can be attributed to variations in the ac
tivities of enzymes and transporters associated with the NADH and 
FADH2-linked pathways within the mitochondria in these tissues, 
enabling them to perform distinct metabolic functions. 

Significant differences were also observed in the rates of H2O2 
emission among the heart and kidney cortex and OM mitochondria 
during different states of respiration with PM and SUC substrates 
(Fig. 4A–I). Interestingly, the rate of H2O2 emission in the kidney cortex 
mitochondria did not vary significantly between PM and SUC during 
different states of respiration (Fig. 4B,E,H). Moreover, it remained 
consistently elevated across all respiratory states, suggesting that the 
primary source of ROS production in the kidney cortex mitochondria 
may be different from the ETC complexes such as the involvement of 
NOX2 enzyme. In contrast, the rates of H2O2 emission in the heart and 
kidney OM mitochondria exhibited significant variations between PM 
and SUC, as well as during different states of respiratory states (Fig. 4A, 
D,G,C,F,I). In both the heart and kidney OM mitochondria, the rate of 
H2O2 emission increased immensely with SUC addition, attenuated 
significantly with ADP addition (state 3), further increased upon phos
phorylation of ADP to ATP (state 4), and significantly decreased with 
FCCP addition due to increased proton leak. On the other hand, the rate 
of H2O2 emission in the heart and kidney OM mitochondria oxidizing 
PM showed minimal variation during different states of respiration. 
These findings suggest that multiple ETC complexes are likely the pri
mary sources of ROS production in the heart and kidney OM mito
chondria. Furthermore, in the heart and kidney OM mitochondria 
oxidizing SUC, there was a positive correlation between mitochondrial 
OCR and the rate of mitochondrial H2O2 emission, as well as ΔΨm in 
both the leak state and OxPhos state. However, no such correlation was 
observed in the heart and kidney OM mitochondria oxidizing PM, nor in 
the kidney cortex mitochondria oxidizing PM or SUC (Figs. 3 and 4). 

These distinct tissue-specific and substrate-dependent mitochondrial 
respiration (OCR), bioenergetics (ΔΨm), and H2O2 emission data are 

Table 2 
Final rate of mitochondrial H2O2 emission (nmol/min/mg).   

PM SUC 

Heart Cortex OM Heart Cortex OM 

Ctrl 0.05 ±
0.007 

0.76 ±
0.01 

0.17 ±
0.02 

0.79 ±
0.02 

0.83 ±
0.02 

0.54 ±
0.06 

TTFA 0.04±6e- 
4 

0.36 ±
0.04 

0.06 
±5e-4 

0.04 ±
0.01 

0.36 ±
0.01 

0.04 
±8e-4 

KCN 0.02 ±
0.003 

0.32 ±
0.07 

0.13 ±
0.01 

0.03 ±
0.006 

0.37 ±
0.1 

0.15 ±
0.01 

FFCP 0.04±5e- 
4 

0.55 ±
0.03 

0.15 ±
0.01 

0.07 ±
0.02 

0.63 ±
0.03 

0.23 ±
0.03 

GSK 0.025 ±
0.003 

0.13 ±
0.01 

0.07 ±
0.02 

0.17 ±
0.01 

0.32 ±
0.05 

0.23 ±
0.01 

ROT 0.92 ±
0.21 

0.55 ±
0.05 

0.37 ±
0.1 

0.22 ±
0.04 

0.5 ±
0.03 

0.24 ±
0.07 

AA 0.97 ±
0.04 

1.01 ±
0.06 

0.23 ±
0.02 

0.84 ±
0.03 

0.9 ±
0.06 

0.18 ±
0.02 

AF 0.43 ±
0.02 

0.79 ±
0.08 

0.31 ±
0.02 

3.03 ±
0.12 

1.68 ±
0.23 

1.79 ±
0.1 

DNCB 0.578 ±
0.14 

0.321 ±
0.03 

0.129 ±
0.02 

0.596 ±
0.06 

0.369 ±
0.01 

0.283 ±
0.03  
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consistent with the recent results of Tomar et al. from our laboratory 
[51]. The observed changes in the OCR, ΔΨₘ, and H2O2 during the 
OxPhos state (state 3) in the heart and kidney OM mitochondria when 
utilizing SUC may be attributed to the excessive production of oxalo
acetate (OXA), an intermediate of TCA cycle [51,56–58]. OXA is known 
to inhibit succinate dehydrogenase (SDH) (coupled to Complex II) 
leading to a reduction in reverse electron flow (RET)-mediated ROS 
production at Complex I (CI) and forward electron flow (FET) down
stream in the ETC, resulting in reduced OxPhos. In addition, the high 
rate of H2O2 emission in the heart and kidney OM mitochondria with 
SUC in state 2 may be attributed to RET-mediated excess ROS produc
tion at CI [51,58]. During this process, superoxide (O•−

2 ) is generated as 
a result of electrons leaking from IQ and IF sites of CI to O2 when elec
trons move back from ubiquinol (UQH2) at CII to NAD+ at CI generating 
NADH. This phenomenon is known as RET-mediated ROS production 
[59,60]. It is important to note that no significant differences in ΔΨₘ 
and H2O2 emission were observed in the kidney cortex mitochondria 
when utilizing SUC and PM. This suggests that SDH inhibition by OXA is 
not the primary mechanism affecting ΔΨₘ and H2O2 emission in this 
tissue, or it is possible that mitochondrial OXA accumulation does not 
occur to a significant extent in the kidney cortex mitochondria. 

4.2. Effect of ROT inhibition of CI on tissue-specific and substrate- 
dependent mitochondrial H2O2 emission and ΔΨm relationship 

Complex I (CI) transfers two electrons from NADH to ubiquinone 
(UQ) and pumps four protons to the inter-membrane space (IMS), 
contributing to the generation of membrane potential (ΔΨₘ) and proton 
motive force (Δp). During this process, NADH is oxidized at the IF site 
(flavin mononucleotide (FMN) containing subunit) and donates two 
electrons to the 2Fe–2S cluster (N2 cluster), which then reduces UQ to 
UQH2 in a two-step process proposed by Fato et al. [61]. 

The FMN and UQ sites within the structure of CI are relatively 
accessible to the mitochondrial matrix side, which increases the likeli
hood of electron leakage and ROS production from these sites [62]. The 
specific contribution of these sites to ROS production by CI has been 
examined using NADH- and FADH2-linked substrates, as well as specific 
CI inhibitors. Several studies have shown that the IF site is a significant 
source of O•−

2 production at CI, rather than the IQ site [63,64]. However, 
other investigators have argued that IQ site O•−

2 production is more 
dominant compared to the IF site [65,66]. It is important to note that 
most of these studies have focused on the mitochondria of the heart or 
skeletal muscle, and none have specifically addressed the kidney cortex 
or OM mitochondria. Therefore, to address this uncertainty, we con
ducted measurements of the rate of H2O2 emission in the heart and 
kidney cortex and OM mitochondria using both NADH-linked and 
FADH2-linked substrates, followed by the addition of ROT, which in
hibits CI by blocking the transfer of electrons from the N2 cluster centers 
to ubiquinone (UQ). 

Our findings suggest that in the presence of NADH-linked substrate 
PM, H2O2 emission was barely detectable in the heart and kidney OM 
mitochondria. However, upon inhibition of the IQ site by ROT, the rate 
of H2O2 emission significantly increased. This increase could be a result 
of electrons leak from the IF site or the N2 cluster of IQ site (UQ binding 
site) to the mitochondrial matrix. Our observation of negligible H2O2 
emission in the presence of PM show that the IF site is not a major 
contributor to mtROS production under normal conditions. However, 
the IF site could contribute to excessive mtROS production as a sec
ondary consequence of highly reduced NAD pool (high NADH/NAD) 
under pathological conditions. In the presence of FADH2-linked sub
strate SUC, the rate of H2O2 emission was significantly elevated in the 
heart and kidney OM mitochondria, potentially due to reverse electron 
transfer (RET) from UQH2 to NAD. However, upon inhibition of the IQ 
site by ROT, the rate of H2O2 emission decreased significantly. This 
reduction could be a result of blocking electron leak from the IQ site to 

mitochondrial matrix or blocking electron transfer from UQH2 to NAD 
and ultimately blocking electron leak from the IF site to mitochondrial 
matrix. Therefore, in the heart and kidney OM mitochondria, the 
negligible H2O2 emission in the presence of PM and significant reduction 
in the rate of H2O2 emission after addition of ROT in the presence of SUC 
suggest that the IQ site is the primary source of ROS emission in these 
tissues. The IF site appears to be secondary to mtROS emission which is 
likely a consequence of the highly reduced NAD pool. Interestingly, we 
did not observe any significant changes in the H2O2 emission rate after 
addition of ROT to the kidney cortex mitochondria respiring with PM. 
However, a significant reduction was observed in the rate of H2O2 
emission after addition of ROT to the kidney cortex mitochondria 
respiring with SUC. These observations suggest a significant contribu
tion of the IQ site to mtROS production in the kidney cortex mitochon
dria. We also observed that the contribution of the IQ site to H2O2 
emission in the kidney cortex mitochondria is less significant compared 
to those in the heart and kidney OM mitochondria. 

Although RET-mediated O•−
2 production in mitochondria is not a 

common occurrence under physiological conditions, it has been found to 
be a significant contributor to ROS production in pathological condi
tions [62]. Reduction in ΔΨₘ leads to an increased protein pumping 
across the inner mitochondrial membrane (IMM), resulting in the 
buildup of ΔΨₘ. This in turn, reduces electron leakage from the ETC and 
hence decreases ROS emission in mitochondria [67–69]. In the heart and 
kidney OM mitochondria, when respiring with PM after addition of 
ROT, there is a reduction in ΔΨₘ despite an increase in mitochondrial 
H₂O₂ emission. However, in the presence of SUC after addition of ROT, 
the rate of H₂O₂ emission decreases despite no change in ΔΨₘ. In all 
tissues in the presence of either substrate, the opposite profiles of 
mitochondrial H₂O₂ emission rate and ΔΨₘ show that the changes in 
mitochondrial H2O2 emission dynamic were resulted from site alter
ations rather than ΔΨₘ changes. 

4.3. Effect of TTFA inhibition of CII on tissue-specific and substrate- 
dependent mitochondrial H2O2 emission and ΔΨm relationship 

Complex II (CII) is directly coupled to succinate dehydrogenase 
(SDH) (an intermediate enzyme in the TCA cycle within mitochondrial 
matrix). As an intermediate enzyme of the TCA cycle, SDH transfers two 
electrons from SUC to FAD at IIF site, oxidizing SUC to fumarate (FUM) 
and reducing FAD to FADH2. As the second complex of the ETC, CII 
transfers two electrons from FADH2 to UQ at the IIQ site, oxidizing 
FADH2 to FAD and reducing UQ to UQH2 [26,70]. Mitochondrial CII 
inhibitors are categorized as two groups including the IIF site inhibitors 
such as malate (MAL), oxaloacetate (OXA), and malonate or the IIQ site 
inhibitors such as TTFA and Atpenin A5 [71]. 

Quinlan et al. [70] and Drose et al. [72] reported that the rate of ROS 
production by CII was higher in the presence of sub-saturating concen
trations of SUC compared to its saturated concentrations in the mito
chondria isolated from hind limb skeletal muscle. They found that the 
mitochondrial H2O2 emission rate and SUC concentration had a 
bell-shaped relationship. In these experiments, they incubated mito
chondria with 4 μM ROT and 2 μM Myxothiazol (MYX: CIII inhibitor) 
and reported that the maximum H2O2 emission rate was obtained at 0.4 
mM SUC [70]. In the same condition, inhibition of CII by Malonate (IIF 
site inhibitor) led to complete prevention of H2O2 emission in the 
presence of low concentrations of SUC (<1 mM). However, when CII was 
inhibited by Atpenin A5 (IIQ site inhibitor) instead of malonate, the 
H2O2 emission declined only by ~ 50%. Therefore, they concluded that 
the IIF site of CII contributes to mitochondrial H2O2 production more 
than the IIQ site. They also observed that when mitochondria were 
inhibited by Atpenin A5, less concentrations of SUC were required to 
achieve the H2O2 emission rate peak that was also influenced by the 
choice of inhibitor and incubation condition. Quinlan et al. concluded 
that decrease in the mitochondrial H2O2 emission induced by IIQ inhi
bition could potentially be attributed to a SUC-dependent leftward shift 
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in the H2O2 emission rate rather than any upstream site. In a study by 
Drose et al. [71], using submitochondrial particles (SMP) from bovine 
heart mitochondria respiring with 0.1 mM SUC, the peak H2O2 emission 
rate was found to be ~1000 pmol/min/mg. They employed various 
inhibitors of CII, including 1.5 mM malonate, 0.25 μM Atpenin A5, and 
100 μM TTFA, and observed reduction in the rate of H2O2 emission with 
increasing SUC concentrations within the range of 0.1mM–5mM. They 
concluded that the unoccupied flavin site (IIF) is the primary source of 
ROS production by CII. However, in these two studies, the mitochondria 
were incubated with differing concentrations of SUC, as well as in
hibitors of CI, CII, and CIII. Therefore, it is challenging to distinguish 
changes in mitochondrial H2O2 emission resulting from differences in 
incubation conditions or secondary effects of CI, CII, and CIII inhibitors 
from changes caused by alterations in CII sites in these experiments. 
Furthermore, these studies focused on heart or skeletal muscle mito
chondria, without considering the kidney cortex or OM mitochondria. 
To address these uncertainties, we measured the rate of H2O2 emission 
in the heart and kidney cortex and OM mitochondria in the presence of 
both NADH-linked and FADH2-linked substrates, followed by an array of 
TTFA additions, which inhibit CII by blocking the transfer of electrons 
from FADH2 to UQ at IIQ site. 

We observed low H2O2 emission in the heart and kidney OM mito
chondria respiring with PM, which remained unchanged after inhibition 
of the IIQ site by TTFA. However, the H2O2 emission in the heart and 
kidney OM mitochondria respiring with SUC was significantly dimin
ished after inhibition of IIQ site by TTFA. In the kidney cortex mito
chondria, respiring with either PM or SUC substrate, the inhibition of IIQ 
site by TTFA resulted in significant reduction of the H2O2 emission rate. 
In all tissues, the addition of TTFA to isolated mitochondria resulted in a 
slight decline in ΔΨm in the presence of PM, but a significant decline in 
the presence of SUC. The reduction in ΔΨm was attributed to a decrease 
in the reduced UQ pool (low UQH2/UQ) and reduced UQH2 availability 
to CIII, which in turn prevented pumping of protons across IMM. The 
H2O2 emission rate decreased significantly after addition of 10 μM 
TTFA, while ΔΨm reduced significantly after addition of 50 μM TTFA to 
the heart and kidney OM mitochondria respiring with either PM or SUC. 
Therefore, the reduction in mitochondrial H2O2 emission rate cannot be 
attributed solely to the decrease in ΔΨm in these tissues. Inhibition of IIQ 
site of CII by TTFA obstructed the flow of electrons upstream of CII and 
prevented RET-mediated O•−

2 production, indicating that the IIQ site of 
CII contribute to mtROS production in these tissues. Thus, contribution 
of the IIQ site of CII to mtROS production is greater than contribution of 
ΔΨm depolarization in the heart and kidney OM mitochondria respiring 
with PM or SUC. In the kidney cortex mitochondria, the decrease in 
H2O2 emission rate upon addition of varying TTFA concentrations is 
directly proportional to the changes in ΔΨm for both substrates. 
Consequently, we can conclude that in this tissue, the decrease in 
mitochondrial H2O2 emission rate may be primarily due to the reduction 
in ΔΨm rather than the contribution of an independent site at CII. 

4.4. Effect of AA inhibition of CIII on tissue-specific and substrate- 
dependent mitochondrial H2O2 emission and ΔΨm relationship 

In complex III (CIII), the completion of one catalytic cycle necessi
tates the oxidation of two UQH2 molecules to two UQ molecules on the 
IMS side (P-side or IIIQo site), reduction of one UQ molecule to one UQH2 
molecule on the matrix side (N-side or IIIQi site), and reduction of two 
CytCox molecules to two CytCred molecules on the P-side [59,73,74]. 
During the first half of the cycle, one UQH2 molecule binds to the IIIQo 
site, contributing two bifurcated electrons. One of these electrons flows 
through the high-potential chain (CytC bH), reducing a CytCox molecule 
to CytCred on the P-side, while the other electron flows through the 
low-potential chain (CytC bL), reducing one UQ molecule to UQH (SQ) 
on the N-side. In the second half of the cycle, another UQH2 molecule 
binds to the IIIQo site, donating two bifurcated electrons. One of these 
electrons reduces the second CytCox molecule to CytCred on the P-side, 

while the other electron reduces UQH to UQH2 on the N-side. Common 
inhibitors of CIII are Antimycin A (AA) which inhibits the IIIQi site on the 
N-side, and Myxothiazol (MYX) which inhibits the IIIQo site on the 
P-side. The prevailing view is that CIII generates O•−

2 through the for
mation of an unstable semiquinone (SQ) at the IIIQo site during the 
Q-cycle, although the precise molecular mechanism of this process re
mains a matter of debate [59,73,75–77]. 

Quinlan et al. [78] conducted experiments to investigate the 
contribution of IIIQo site to O•−

2 production in isolated mitochondria of 
hind limb skeletal muscle of female Wistar rats. They utilized NADH- 
and FADH2-linked substrates, such as Glutamate-Malate (GM) and SUC 
and measured the rate of H2O2 emission in isolated mitochondria 
exposed to SUC while inhibiting the IQ site of CI with ROT, the IIF site of 
CII with Malonate, and the IIIQ0 site of CIII with MYX. This study 
revealed that in the presence of GM, mitochondrial O•−

2 /H2O2 was 
predominantly released from IF site at CI, IIIQo site at CIII, and 2-Oxoglu
tarate Dehydrogenase (ODH). Conversely, in the presence of SUC, 
mitochondrial O•−

2 /H2O2 primarily originated from the IQ site, with a 
minor contribution from the IF site at CI and IIIQo at CIII. Based on these 
findings, the authors concluded that the IIIQo site played a principal role 
in mitochondrial O•−

2 production at CIII. However, it is important to note 
that the experiments did not differentiate between changes in mito
chondrial O•−

2 and/or H2O2 emission due to secondary effects of CI and 
CIII inhibitors from changes resulting from alterations at CIII sites. 
Moreover, most of these studies focused on heart or skeletal muscle 
mitochondria, with little consideration given to the kidney cortex or OM 
mitochondria. To address these limitations, our study measured H2O2 
emission in the heart and kidney cortex and OM mitochondria using 
both NADH-linked and FADH2-linked substrates, followed by the addi
tion of various doses of AA, a CIII inhibitor that blocks electron flow at 
the IIIQi site on the N-side. 

We observed a significant increase in the rate of H2O2 emission when 
the IIIQi site was inhibited by AA in the heart and kidney OM mito
chondria respiring with PM while no changes were observed in the 
presence of SUC. In the heart and kidney OM mitochondria respiring 
under PM, the significant increase in the H2O2 emission rate after AA 
addition could potentially be attributed to secondary effects of IIIQi site 
inhibition, allowing electrons to move upstream in the ETC and leak 
from the IIIQo site of CIII and/or IQ site of CI. Furthermore, the absence of 
significant changes in the rate of mitochondrial H2O2 emission in the 
presence of SUC suggests that contributions of IQ site of CI (RET-medi
ated ROS), IIF and/or IIQ sites of CII dominate over the contribution of 
CIII in these tissues. In the kidney cortex mitochondria respiring with 
PM or SUC, inhibition of IIIQi of CIII by AA did not lead to a significant 
change in the rate of H2O2 emission, indicating that CIII is not a major 
contributor to mitochondrial H2O2 emission in this tissue. In the three 
tissues, ΔΨm significantly depolarized upon addition of AA to isolated 
mitochondria in the presence of either substrate. Despite the ΔΨm de
polarization, the rate of H2O2 emission did not decrease suggesting that 
the changes in mitochondrial H2O2 emission were primarily driven by 
the site-specific contributions rather than ΔΨm alterations. 

4.5. Effect of KCN inhibition of CIV on tissue-specific and substrate- 
dependent mitochondrial H2O2 emission and ΔΨm relationship 

Complex IV (CIV), also known as cytochrome c oxidase, is the ter
minal enzyme in the mitochondrial respiratory chain. It catalyzes the 
reduction of O2 to H2O while simultaneously pumping four protons 
across IMM. During the catalytic cycle of CIV four reduction steps occur, 
each resulting in the formation of one molecule of H2O and translocation 
of one proton across IMM. The electron transfer begins at CytCred, pro
gresses through a dicopper complex CuA, and subsequently reaches the 
low-spin heme a. Finally, O2 reduction takes place in the binuclear 
active cite (BNC), composed of a mononuclear copper complex CuB and 
a high-spin heme a3 [18,79,80]. While it is established that CIV is 
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susceptible to ROS production, there is a limited number of experi
mental or computational studies investigating the relation between CIV 
bioenergetics and the dynamics of H2O2 emission [18,81]. 

Ramzan et al. conducted a study on the impact of high ATP/ADP on 
CIV activity. They observed that despite mitochondrial respiration and 
ΔΨm remaining constant, there was a significant reduction in the pro
duction of mitochondrial H2O2. They concluded that this decrease in 
mitochondrial O•−

2 /H2O2 emission was solely attributed to the binding 
of ATP to CIV, leading to static respiration and ΔΨm [81]. Potassium 
cyanide (KCN) is a well-known inhibitor of CIV. It binds to the heme 
a3-CuB binuclear center, blocking both oxygen utilization, and conse
quently, ATP production [82]. However, most of the studies examining 
the effects of KCN have been conducted in the heart or skeletal muscle 
mitochondria, without considering the kidney cortex or OM mitochon
dria. To address these limitations, we measured the rate of H2O2 emis
sion in the heart and kidney cortex and OM mitochondria in the presence 
of both NADH-linked and FADH2-linked substrates followed by an array 
of KCN additions, which inhibit CIV. 

We did not observe significant reductions in the rate of H2O2 emis
sion after inhibition of CIV by KCN in the heart and kidney OM mito
chondria respiring with PM despite significant reduction in the presence 
of SUC. In the kidney cortex mitochondria, the rate of H2O2 emission 
was reduced significantly after CIV inhibition by KCN in the presence of 
either substrate. In all tissues, the titration of KCN led to significant 
depolarization of ΔΨm, with a greater reduction observed in the pres
ence of SUC compared to PM. This difference in ΔΨm depolarization 
could be attributed to the varying number of complexes involved in 
proton translocation across the IMM, which in turn contributes to the 
maintenance of ΔΨm. When mitochondria are oxidizing PM, complexes 
CI, CIII, and CIV all contribute to proton pumping, thereby increasing 
ΔΨm. However, when mitochondria are oxidizing SUC, only CIII and CIV 
contribute to proton translocation across IMM, potentially resulting in a 
different ΔΨm response. Therefore, changes in the rate of mitochondrial 
H2O2 emission in all tissues could be potentially attributed to ΔΨm de
polarization rather than site contribution. 

KCN is also known to inhibit the activity of the scavenging enzyme 
catalase, which can potentially lead to an increase in H2O2 emission 
rate. However, based on our experiments, we did not observe any 
changes in the rate of H2O2 emission after KCN addition to the heart and 
kidney cortex and OM mitochondria. This finding aligns with previous 
reports suggesting that catalase has a negligible contribution to ROS 
scavenging within mitochondria. 

4.6. Effects of AF inhibition of TRX and DNCB inhibition of GSH 
scavenging systems on tissue-specific and substrate-dependent 
mitochondrial H2O2 emission and ΔΨm relationship 

The thioredoxin system consists of three proteins: thioredoxin (TRX), 
thioredoxin reductase (TRXR), and peroxiredoxin (PRX). This system 
plays a crucial role in reducing harmful H2O2 to H2O through two redox 
reactions. First, TRXR catalyzes the reduction of TRXox to TRXred using 
NADPH as a redox cofactor (electron donor). Second, H2O2 is reduced to 
H2O by PRX, using TRXred as an electron donor [83,84]. Auranofin is a 
commonly used inhibitor of the TRX system, which binds to the sele
nocysteine of reduced TRXR, thereby inhibiting the scavenging activity 
of this system. This compound is also utilized for treatment of various 
diseases [85]. 

The glutathione system comprises of glutathione (GSH), glutathione 
reductase (GR), and glutathione peroxidase (GPx) proteins, which also 
play a vital role in reducing harmful H2O2 to H2O through two redox 
reactions. GR facilitates the reduction of oxidized glutathione disulfide 
(GSSG) to reduced GSH by utilizing NADPH as a redox cofactor (electron 
donor). Subsequently, GPx catalyzes the reduction of H2O2 to H2O using 
GSH as the electron donor [19,86]. GR maintains the reduced state of 
the mitochondrial GSH pool by coupling glutathione disulfide (GSSG) 
reduction to the matrix NADP pool (Eh ~ −415 mV) [87]. 1-Chloro-2, 

4-dinitrobenzene (CDNB or DNCB) is a substrate for GST that leads to 
the depletion of GSH by forming 1-S-glutathionyl-2,4-dinitrobenzene 
(GSDNB) [87,88]. DNCB is used to enhance function of immune sys
tem in immune-compromised diseases like HIV. 

Kudin et al. [89] reported that in the rat brain mitochondria, the 
thioredoxin (TRX) system contributed to ~ 60 ± 20% of H2O2 detoxi
fication, while the glutathione (GSH) system contributed ~ 20 ± 15%. 
Similarly, Drechsel et al. [90] found that the TRX system accounted for 
80% of H2O2 detoxification, whereas the GSH system contributed 
minimally (25%) in rat brain mitochondria. A study conducted by Aon 
et al. [19] demonstrated that inhibition of both TRX and GSH systems in 
mouse, rat, and guinea pig mitochondria resulted in 17-fold, 11-fold, 
and 6-fold increase, respectively, in the rate of H2O2 emission during the 
mitochondrial leak state. Additionally, Stanley et al. [91] observed a 
significant increase in the H2O2 emission rate after TRX inhibition in 
mouse and guinea pig heart mitochondria, independent from changes in 
ΔΨm and/or NAD(P)H. However, the question of the relative contribu
tions of the TRX and GSH systems to mitochondrial H2O2 detoxification 
remains unresolved. Furthermore, most of these studies have been 
conducted in the heart, brain or skeletal muscle mitochondria, and none 
considers the kidney cortex or OM mitochondria. To address these 
limitations, we measured the rate of H2O2 emission in the heart and 
kidney cortex and OM mitochondria in the presence of both 
NADH-linked and FADH2-linked substrates followed by AF additions 
which inhibit TRX scavenging system or DNCB additions which inhibit 
GSH scavenging system. 

We did not observe significant increase in the rate of H2O2 emission 
after inhibition of TRX system by AF addition in the heart and kidney 
OM mitochondria oxidizing PM. This lack of response could be attrib
uted to the negligible H2O2 produced in the presence of PM. However, a 
significant increase in the rate of H2O2 emission after inhibition of TRX 
system by AF was observed in the heart and kidney OM mitochondria 
respiring with SUC suggesting that TRX system has significant contri
bution to mitochondrial H2O2 detoxification in these tissues. In the 
kidney cortex mitochondria, no significant changes were observed in the 
H2O2 emission rate in the presence of either substrate indicating that the 
TRX system does not play a significant role in mitochondrial H2O2 
scavenging in this tissue. 

In contrast, a significant increase in the rate of H2O2 emission was 
observed in the heart, kidney cortex, and OM mitochondria respiring 
with either PM or SUC after inhibiting the GSH system by DNCB. This 
finding suggests a substantial contribution of the GSH system to mito
chondrial H2O2 scavenging in these tissues. The GSH system exhibited a 
2-fold higher contribution than the than TRX system to mitochondrial 
H2O2 scavenging. Importantly, these changes in the rate of H2O2 emis
sion were solely attributed to the inhibition of scavenging systems and 
were independent of ΔΨm, as no changes were observed in ΔΨm upon 
addition of AF or DNCB. 

4.7. Effect of OxPhos uncoupling by FCCP on tissue-specific and 
substrate-dependent mitochondrial H2O2 emission and ΔΨm relationship 

FCCP, a protonophore, is known to induce mitochondrial uncoupling 
of OxPhos by increasing the influx of protons to the mitochondrial 
matrix. Multiple studies have reported that the development and pro
gression of heart [92] and kidney [93] failure is associated with mito
chondrial uncoupling of OxPhos, which challenges the production of 
ATP, enhances oxidative stress, and facilitates organ failure. In a study 
by Chen et al. [49], a defensive mechanism was identified that can 
mitigate mitochondrial H2O2 emission. According to their findings, 
elevation in mitochondrial H2O2 emission, which is mostly generated 
from electron leakage from the ETC, can activate a defensive feedback 
mechanism to reduce mitochondrial H2O2 emission. This response is 
achieved by promoting proton leak and decreasing ΔΨm [49]. However, 
most of these studies have been conducted in the heart or skeletal muscle 
mitochondria, and none considers the kidney cortex or OM 
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mitochondria. To address these limitations, we measured the rate of 
H2O2 emission in the heart and kidney cortex and OM mitochondria in 
the presence of both NADH-linked and FADH2-linked substrates fol
lowed by FCCP additions and increasing proton leak which simulates 
diseased conditions. 

In this study, we employed FCCP to induce a protective response in 
isolated mitochondria by promoting proton leak and uncoupling of 
OxPhos. Upon addition of FCCP to the heart and kidney OM mito
chondria, a significant reduction in ΔΨm and H2O2 emission was 
observed. This response can be attributed to the increased proton leak 
which disrupts the coupling of OxPhos and causes a reduction in ΔΨm.

As a compensatory mechanism, the ETC operates at an elevated rate to 
counterbalance the decrease in ΔΨm, resulting in an augmented proton 
motive force. Consequently, the higher proton motive force reduces 
electron leakage and subsequently lowers H2O2 emission from the 
mitochondria. In the kidney cortex mitochondria, a significant reduction 
in ΔΨm was observed, although there was only a slight reduction in H2O2 
emission. This finding suggests that the ETC may not be a primary 
contributor to mitochondrial H2O2 production in this particular tissue. 

4.8. Effect of GSK inhibition of NOX2 on tissue-specific and substrate- 
dependent mitochondrial H2O2 emission and ΔΨm relationship 

The cell membrane NOX2 isoform oxidizes NADPH to NADP and 
reduces O2 to O•−

2 which is then promptly reduced to H2O2 by SOD1. 
H2O2 can freely diffuse across cytosolic compartments or be eliminated 
by scavenging systems present in the cytosolic compartments or mito
chondria. Recent studies have highlighted the existence of a feed- 
forward regulation between cell membrane NOX2 and mitochondria, 
demonstrating their interplay in H2O2 emission [3,39,40]. Hirano et al. 
[42] first discovered that GSK2795039 molecule inhibits NOX2 in a 
competitive manner (competing with NADPH for binding to NOX2) as 
the inhibitor specific to NOX2. Ohsaki et al. [41] found evidence of 
feed-forward signaling from the kidney medullary thick ascending limb 
mitochondria to membrane NOXs. Dikalov et al. [3] reported that the 
crosstalk between mitochondria- and NOX-mediated ROS production 
can be pharmacologically targeted under oxidative stress condition. 
However, there is currently a lack of comprehensive studies focusing on 
the stimulation of NOX2-mediated O•−

2 /H2O2 on mitochondrial H2O2 
emission and the following crosstalk effect in the heart, kidney cortex 
and OM mitochondria does not exist. To address this knowledge gap, we 
measured the rate of H2O2 emission in the heart and kidney cortex and 
OM mitochondria in the presence of both NADH-linked and FADH2-
linked substrates followed by NOX2 inhibition by GSK 

In our study, we observed a significant reduction in the rate of H2O2 
emission in the heart, kidney cortex and OM mitochondria after addition 
of GSK, regardless of the substrate used. Notably, we did not observe any 
changes in the ΔΨm suggesting that the effect of GSK is independent 
from ΔΨm. These findings are consistent with previous knowledge 
regarding the stimulatory role of NOX2 on mitochondrial ROS produc
tion through retrograde signaling (RIRR). It is plausible that NOX2 is 
present in the experimental buffer either due to contamination during 
isolation or as part of the mitochondrial membrane. The immediate 
emission of H2O2 after addition of kidney cortex mitochondria to the AR 
buffer indicates that the major sites of mtROS production in this tissue 
may differ from the ETC complexes and operate independently of 
mitochondrial substrate oxidation. The reduction in mitochondrial H2O2 
emission rate after GSK addition was more pronounced in the kidney 
cortex mitochondria compared to heart or kidney OM mitochondria. 
These results suggest that NOX2-mediated O•−

2 /H2O2 production plays a 
major role in mtROS production specifically in the kidney cortex mito
chondria. In the heart and kidney OM mitochondria, NOX2-mediated 
ROS contributes to mtROS production, albeit to a lesser extent than in 
the kidney cortex. 

4.9. Comparison of tissue-specific and substrate-dependent mitochondrial 
H2O2 emission and ΔΨm relationships – an integrated view 

Upon inhibition of IQ site of CI by ROT, in the heart and kidney OM 
mitochondria oxidizing PM, the changes in the mitochondrial H2O2 
emission rate were negatively correlated with ΔΨm, indicating that al
terations in the H2O2 emission rate are primarily due to site-specific 
effects rather than changes in ΔΨm. However, no correlation was 
observed between H2O2 emission rate and ΔΨm in the presence of SUC 
(Fig. 5). Upon inhibition of IIIQo site of CIII by AA in the heart, kidney 
cortex and OM mitochondria respiring under PM or SUC, the H2O2 
emission rate was negatively correlated with ΔΨm, indicating that any 
changes in the H2O2 emission rate are primarily due to site-specific ef
fects rather than ΔΨm changes. Upon inhibition of IIQ site of CII by 
TTFA, inhibition of CIV by KCN, and uncoupling OxPhos by FCCP, in the 
heart, kidney cortex and OM mitochondria respiring with PM or SUC, 
the changes in the H2O2 emission rate were positively correlated with 
ΔΨm (Figs. 6, 8 and 11 A-C and J-L). This suggests that the reduction in 
the rate of H2O2 emission could be partially or fully attributed to ΔΨm 
reduction rather than site alteration. 

In the heart and kidney OM mitochondria respiring with SUC, the 
rate of H2O2 emission after inhibition of IQ site of CI by ROT was 5 times 
less than the rate of H2O2 emission after the inhibition of IIQ site of CII by 
TTFA. The ΔΨm did not change in response to CI inhibition by ROT, 
despite significant depolarization in response to CII inhibition by TTFA. 
The 5-fold smaller reduction of the H2O2 emission rate in response to 
ROT addition compared to TTFA addition can possibly be elucidated by 
the participation of the IIF site, as well as the IIQ site, to the mtROS 
production or can possibly be elucidated because of no changes in ΔΨm. 
The smaller H2O2 emission rate after TTFA addition compared to ROT 
can possibly be a direct effect of TTFA’s inhibition of the IIQ site of CII as 
a plausible major contributor to mtROS production and/or indirect ef
fect of TTFA’s inhibition of the IIQ site of CII leading to the production 
and accumulation of OXA which inhibits the IIF site of CII as another 
potential major contributor to mtROS emission. 

In the heart mitochondria the final concentration of H2O2 as a result 
of RET (in the presence of SUC) is more than the final concentration of 
H2O2 after inhibition of IQ site of CI by ROT in the presence of PM and 
less than the final concentration of H2O2 after inhibition of IIIQo site of 
CIII by AA addition in the presence of PM. These findings suggest that 
the contribution of IIIQo site of CIII to mitochondrial H2O2 emission in 
the heart is considerably high. Similarly, Brand et al. [76] reported that 
the contribution of IIIQo of CIII to mitochondrial O•−

2 /H2O2 production is 
greater than IQ site of CI, and the contribution of IQ of CI is greater than 
IIF of CII in rat skeletal muscle mitochondria. Wong et al. [77] also found 
that the contribution of IIIQo site of CIII to mitochondrial O•−

2 /H2O2 
production is ~ 2-fold higher than the contribution of IQ site of CI. In the 
kidney OM mitochondria, the final concentration of H2O2 as a result of 
RET (in the presence of SUC) is significantly less than the final con
centration of H2O2 after inhibition of IQ site of CI by ROT in the presence 
of PM and after inhibition of IIIQo site of CIII by AA addition in the 
presence of PM. These results suggest that the contribution of the IIIQo 
site to mtROS production is negligible in kidney OM mitochondria. In 
the kidney cortex mitochondria, the final concentration of H2O2 as a 
result of RET (in the presence of SUC) is significantly less than the final 
concentration of H2O2 after inhibition of IQ site of CI by ROT in the 
presence of PM and after inhibition of IIIQo site of CIII by AA addition in 
the presence of PM. These results suggest that the contribution of IIIQo 
site to mtROS production is negligible in kidney cortex mitochondria. 

Upon inhibition of TRX scavenging system by AF, the GSH scav
enging system by DNCB, and NOX2 by GSK, in the heart, kidney cortex 
and OM mitochondria respiring with PM or SUC, no correlation was 
observed between the H2O2 emission rate and ΔΨm showing that 
changes in the mitochondrial H2O2 emission were independent from 
ΔΨm (Figs. 9, 10 and 12 A-C and J-L). In the heart and kidney OM 
mitochondria, the contribution of the GSH scavenging system to H2O2 

S. Sadri et al.                                                                                                                                                                                                                                    



Archives of Biochemistry and Biophysics 744 (2023) 109690

22

degradation is 1.5-fold higher than the TRX scavenging system. In the 
kidney cortex TRX system did not contribute to mitochondrial H2O2 
degradation, despite significant contribution of GSH scavenging system 
to H2O2 degradation. In the kidney cortex mitochondria contribution of 
NOX2-mediated H2O2 emission is significantly higher than in heart and 
kidney OM mitochondria. 

5. Limitations and future directions 

One of the major limitations of the current study is that we did not 
consider the potential contribution of the TCA cycle enzymes to the 
overall mitochondrial H2O2 emission. This assumption was made based 
on knowledge TCA cycle enzymes are not considered as major contrib
utors to mtROS production. However, to accurately quantify the 
contribution of these enzymes to mtROS production, future studies will 
involve inhibiting specific TCA cycle enzymes such as pyruvate dehy
drogenase (PDH) and alpha-ketoglutarate dehydrogenase (AKGDH), 
followed by measuring mitochondrial H2O2 emission under identical 
conditions. This will provide a more comprehensive understanding of 
the specific sites involved in mtROS production. 

Another limitation of the current study is that we did not investigate 
how changes in the redox pools such as NAD pool and FAD pool affect 
mtROS production and bioenergetics. The reason for this assumption is 
that the measured mitochondrial H2O2 emission in the respiration buffer 
is a result of changes in redox ratios. However, to precisely quantify the 
major components that contribute to mitochondrial H2O2 emission, we 
will measure redox ratios including NADH/NAD ratio in the future. This 
will allow us to distinguish whether the changes in mtROS production 
are due to O•−

2 /H2O2 production at different sites or alterations within 
redox pools in the mitochondrial matrix. By incorporating these mea
surements, we would aim to gain a better understanding of how alter
nations in mitochondrial respiration, bioenergetics, and ROS production 
and scavenging contribute to the development and progression of car
diac and renal diseases such as salt-sensitive hypertension. 

6. Summary and conclusion 

In this study, our focus was to investigate mitochondrial respiration, 
bioenergetics (ΔΨm), and ROS emission in isolated mitochondria 
derived from the heart and kidney cortex and OM. Previous research on 
mtROS emission has primarily concentrated on the heart and skeletal 
muscle mitochondria, with limited information available for kidney 
mitochondria. Additionally, the quantitative interplay between mtROS 
production and scavenging systems remains poorly understood in 
various tissue and organ systems. To address these gaps, we conducted a 
systematic and quantitative analysis to characterize the contributions of 
different components involved in ROS production and scavenging, 
thereby providing insights into overall mtROS emission. We employed 
experimental approaches utilizing isolated mitochondria from the car
diac muscle (heart) as well as the epithelial tissues of the kidney cortex 
and OM. By utilizing NADH-linked substrate pyruvate + malate (PM) 
and FADH2-linked substrate succinate (SUC), we assessed mitochondrial 
respiration, bioenergetics, and ROS emission. Additionally, we intro
duced various substances that selectively inhibit different components 
of the electron transport chain (ETC) and oxidative phosphorylation 
(OxPhos) and other ROS producing (e.g., NOX2 enzyme) and ROS 
scavenging systems. Furthermore, we examined ROS scavenging sys
tems to determine their influence on mtROS emission. 

Through this comprehensive analysis, we aimed to provide a thor
ough understanding of the quantitative contributions of different ROS 
production and scavenging components to the overall mtROS emission. 
Our study emphasizes the importance of investigating these processes in 
diverse tissue and organ systems, expanding our knowledge of mtROS 
dynamics and their implications in various physiological and patho
logical contexts. Our findings provide valuable insights into the sources 
of mitochondrial ROS emission in the heart, kidney OM, and kidney 

cortex mitochondria. In the heart and kidney OM mitochondria, we 
identified the IIQ site at CII as the primary source of mtROS production. 
Conversely, in the kidney cortex mitochondria, inhibition of NOX2 by 
GSK had the most significant impact on reducing mitochondrial H2O2 
emission compared to other sources such as CI, CII, and CIII of the ETC. 
Furthermore, we examined the contributions of ROS scavenging sys
tems, specifically the TRX and GSH scavenging systems. Our results 
demonstrate that the GSH scavenging system had a significantly higher 
contribution than the TRX scavenging system in all three tissues. We also 
investigated the effects of ΔΨm depolarization resulting from ADP 
addition on mitochondrial H2O2 emission in comparison to other factors 
such as CI inhibition during RET, mitochondria uncoupling, and NOX2 
inhibition. In the kidney cortex mitochondria, the effects of ΔΨm de
polarization as a result of ADP addition on mitochondrial H2O2 emission 
and CII inhibition on mtROS production were more substantial than 
those of CI inhibition and mitochondrial uncoupling. 

The findings enhance our understanding of the complex interplay 
between mitochondrial ETC, OxPhos, and ROS production and scav
enging systems. They provide crucial insights into tissue-specific and 
substrate-dependent mitochondrial respiratory and bioenergetic func
tions, as well as ROS emission. Moreover, these findings shed light on 
the role of excessive ROS emission, oxidative stress, and mitochondrial 
dysfunction in the pathogenesis of cardiovascular and renal diseases, 
including salt-sensitive hypertension. Overall, the study provides a 
foundation for the development of targeted therapeutic approaches that 
address mitochondrial dysfunctions and its implications in cardiovas
cular and renal diseases. By specifically targeting the identified sources 
of mtROS production and modulating ROS scavenging systems may 
enable restoration of mitochondrial homeostasis and alleviate the 
pathological consequences of mitochondrial dysfunction in the heart 
and kidney. 
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