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Mitochondrial dysfunction in kidney injury: potential therapeutic approaches
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Mitochondria are unique organelles that are essential for a variety of cellular functions, including
ATP synthesis, calcium homeostasis, cell survival, and cell death. Mitochondria are an important
source of energy production in eukaryotic cells and also play an important role in the production of
lipids, nucleic acids, and amino acids. Mitochondria are vulnerable to oxidative stress. The main
sources of ROS synthesis in cells are mitochondria and NADPH oxidase (NOX). In mitochondria,
ROS is produced during the respiratory chain, while in NOX it is produced along the membranes of
neutrophils and phagosomes. Under certain conditions, the production of free radicals such as OH*"
, and O2* will result in vulnerabilities. ROS which is produced by mitochondria has many targets,
including lipids, proteins, DNA, RNA, and mitochondrial DNA (mtDNA), which become a vulnerable
target for oxidative stress due to the lack of histones. Impaired mtDNA and disrupted mitochondrial
genome integrity have main roles in the development of severe early-onset and chronic aging-related
diseases. It is becoming increasingly clear that long-term, tiny mtDNA damage is not only related to
the aging process but may also be closely related to diabetes and nephropathies. Mitochondrial dys-
function has the main role in renal diseases. Epigenetic alterations and interactions between mtDNA,
ROS, and inflammatory factors affect nephrons. Alterations of mtDNA affect the development and
progression of chronic kidney disease. Alteration of mtDNA also has a significant role in nephrop-
athies monitoring. Evidence suggests that modification in several mtDNA copies in the circulation
and urine reflects mitochondrial dysfunction and kidney disease severity. This review will describe
mitochondrial antioxidants in nephropathies therapy. Targeted mitochondrial antioxidants will be-
come a new insight in nephropathies therapy. mtDNA can also be a therapeutic target.
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INTRODUCTION Lack of timely activation of renorestorative mecha-
nisms or insufficient strength of these mechanisms

The kidney is a dynamic structure and has var- leads to the accumulation of destructive factors and

ious physiological functions to maintain homeosta-
sis. This dynamic structure is always affected by
internal and external damage, which might impair
the innate function of the kidney. But the same in-
jury activates endogenous mechanisms to elimi-
nate the injury, repair, and restore normal function.
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further tissue damage and the formation of a defec-
tive cycle in kidney function.

As the vicious cycle continues and more dam-
age occurs over time, the normal function of the
kidneys gradually decreases, and eventually disap-
pears. To prevent and treat kidney damage, four
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points are important. The first is to know the mac-
roscopic and microscopic structure of the kidney,
the second is to understand the physiological and
pathological mechanisms at the cell, organelle, and
molecular levels, the third is to understand the re-
storative mechanisms and the fourth is the rapid
therapeutic response. Time is an important factor
in repairing, regeneration, and prevention of dis-
ease progression.

Mitochondrial structure

Mitochondria include an outer mitochondrial
membrane (OMM) and an inner mitochondrial
membrane (IMM), an intramembrane space (IMS),
and a matrix (space between cristae). The matrix
contains abundant proteins, mitochondrial DNA
(mtDNA), and three types of RNA. Human
mtDNA is a circular molecule with 16,569 pairs of
bases. This molecule encodes 13 respiratory chain
proteins, 2 rRNA molecules, and 22 tRNA mole-
cules used to translate mitochondrial mRNA. All
mtDNA transcripts and their translation products
remain in the mitochondria, and all proteins en-
coded by mtDNA are made on mitochondrial ribo-
somes, and most proteins are located in the mito-
chondria (such as mtRNA polymerase) are made
on cytoplasmic ribosomes (Kiihlbrandt, 2015).

In addition to mtDNA replication, RNA and
protein synthesis also occurs in mitochondria. This
process is carried out by enzymes and molecules
inside the organelle. The mtDNA locates in the mi-
tochondrial matrix and is sometimes attached to
IMM. The mitochondrial genome is about 510
times smaller than the nuclear genome. Mutations
in mtDNA accumulate throughout the life of an or-
ganism, and the accumulation of mutations in mi-
tochondrial genes over several decades might re-
sult in aging, degenerative disorders, and tu-
morogenesis (Falkenberg, 2018).

Respiratory chains are the major source of re-
active oxygen species (ROS) in cells, so the contents
of mitochondria (mainly the mitochondrial genome)
are most exposed to ROS and its damage. In addi-
tion, the mtDNA replication system is less effective
than the nuclear system in correcting errors resulting
from replication and repair of mtDNA damage. As
a result, these two factors create defects in mtDNA
over time. According to one theory, this gradual ac-
cumulation of defects with age is the main cause of
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many signs of aging (such as decreased GFR). With
an increasing percentage of defective mitochondria,
energy production capacity decreases, and as cellu-
lar respiration rate drops, not only does energy pro-
duction decrease but also the possibility of ROS pro-
duction increases (Guo et al., 2018). Mitochondria
fulfill a variety of functions in the cell, including the
well-known energy production via oxidative phos-
phorylation. For this reason, the failure of mitochon-
dria to operate correctly is associated with a wide
spectrum of genetic disorders.

Energy production and maintenance of mito-
chondrial membrane potential

ATP is formed by the mechanism of oxidative
phosphorylation in the respiratory chain of mito-
chondrial, which contains 5 protein complexes re-
siding in IMM. The electrons produced during the
oxidation of acetyl-CoA in the Krebs cycle are
transferred to the intermediate molecules and then
to the electron transfer chain in the IMM. As the
electron passes through the electron transfer chain
(ETC), the proton ions are pumped to the IMS and
the electrochemical gradient of the proton ions
from the IMS to the matrix is generated. Subse-
quently, ATP synthase phosphorylates ADP to
form ATP by energy from the transfer of proton
ions in the electrochemical gradient from IMS to
the matrix (Cant¢ et al., 2015).

Respiratory chain function and ATP produc-
tion depend on the integrity and stability of the
IMM. The cardiolipin phospholipid in IMM has a
crucial role in the formation of cristae, the proper
curvature of the IMM, and the organization and
placement of electron transfer chain complexes. Cy-
tochrome C (Cyt C) as an electron carrierinthe ETC
is closely related to cardiolipin. When ROS in-
creases, Cyt C acts as a peroxidase enzyme and ox-
idizes cardiolipin, which in turn leads to the disrup-
tion of SIMM integrity. Overproduction of ROS by
impairing the integrity and stability of IMM reduces
ATP production, opening the mitochondrial perme-
ability transition pore (mPTP), the release of Cyt C
(as an activator of mitochondrial apoptosis), and
loss of mitochondrial membrane potential (A%¥'m)
and (Ascenzi et al., 2015).

MPV17 protein as an IMM resident protein
has significant physiological effects on mitochon-
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drial homeostasis. This protein, as a selective cat-
ion channel, controls the mitochondrial membrane
potential (AWm) as well as the passage of small
molecules such as deoxynucleotides triphosphates
(dNTPs). dNTPs are the building blocks of
mtDNA. Genetic and structural abnormalities in
the MPV17 protein prevent mtDNA repair and
synthesis due to the reduction of dNTPs in mito-
chondria, which is directly related to mitochondrial
biogenesis (Antonenkov et al., 2015; Dalla Rosa et
al., 2016). MPV-like proteins are involved in ROS
metabolism and modulation of apoptosis through
functional and binding interaction with serine mi-
tochondrial proteinases (Krick et al., 2008).

Mitochondrial Permeability Transition Pore
(mPTPS) is a non-specific channel for the transmis-
sion of signals, materials, and ions. These channels
regulate the potential of the mitochondrial mem-
brane. CypD is an important regulator of mPTPS.
Disruption of these channels leads to impaired ATP
production and oxidative stress. mPTPS are physio-
logically open based on cellular requirements, but
under pathological conditions they remain open for
a long time, allowing the transfer of various sub-
stances (ions, proteins, and water). The mitochon-
drial membrane potential and ATP production ca-
pacity are lost through mPTPS due to unregulated
discharge of substances (enzymes, electron trans-
porters, ATP, and ADP), and also the mitochondria
burst due to material entry and water osmosis
(Kalani et al., 2018).

VDACsare the main carriers on OMM that
cause bilateral salts to move between the cyto-
plasm and mitochondria. VDACs improve renal
morphology and renal function by increasing mito-
chondrial respiratory capacity, reducing mitochon-
drial fission, improving mitochondrial function
and dynamics, and increasing cell survival after
acute renal injury (AKI) (Nowak et al., 2020). Mi-
tochondrial outer membrane permeability, release
of pro-apoptotic BCI-2 family proteins, loss of mi-
tochondrial inner membrane potential, mitochon-
drial swelling, and disruption of mitochondrial
structure leading to eventual lysis of mitochondria.

Role of mitochondria in oxidative stress
The oxygen molecule is the final electron re-

ceptor in the mitochondrial electron transfer chain.
In the ETC, 2 water molecules are made by giving

4 electrons to an oxygen molecule and adding 4
protons to it. Mitochondria are the source of energy
(ATP) production in the cell. In the process of ox-
idative phosphorylation, the oxygen molecule is re-
duced by receiving 4 electrons and producing wa-
ter. Meanwhile, about 0.4 to 4% of the oxygen mol-
ecule is not reduced. So the oxygen molecule is in-
completely reduced by taking an electron and be-
comes an oxygen radical called superoxide anion
(Oze-). Although superoxide anion has a short
half-life and is an unstable molecule, it is a strong
oxidizing agent and can oxidize all molecules (li-
pids, proteins, and nucleic acids) in the cell. The
superoxide anion (enzymatically and non-enzy-
matically) is converted to a peroxide anion (O2*%)
by taking another electron, which is slightly more
stable. The peroxide anion is converted to hydro-
gen peroxide (H202) by taking 2 protons. Under
physiological conditions, superoxide anions are
converted to peroxide anion or hydrogen peroxide
(H20,) by the enzyme superoxide dismutase
(SOD). Subsequently, H.0; is converted to water
by the enzyme catalase and glutathione peroxi-
dases (GPX) (Kirkham and Rahman, 2006).
Under pathological conditions, hydrogen per-
oxide produces one electron, one hydroxyl radical
(OHe-), and one hydroxyl anion (OH-). The hy-
droxyl radical is a strong oxidant and can oxidize
any organic matter in the cell, and the hydroxyl an-
ion in the liquid is converted to water by taking a
proton. The superoxide anion reacts with nitric ox-
ide (NO) to generate the peroxynitrite radical
(ONOO-), and the hydroxyl radical can react with
the chlorine anion (Cl-) to form hypochlorous acid
(HOCI), which is also a strong oxidizer. Molecules
formed by the placement of an unpaired electron in
an oxygen molecule are called oxygen-free radi-
cals. Superoxide anion, peroxide anion, hydrogen
peroxide, peroxynitrite, and hypochlorous acid are
oxygen free radicals and are highly reactive mole-
cules, hence they are called reactive oxygen spe-
cies (ROS) (McBride et al., 2006).
Physiologically, in various cellular processes,
free radicals or oxidants are produced, each of
which has a specific physiological function, and on
the other hand, their excess amounts are neutral-
ized by the endogenous antioxidant system. So in
the body, there is a real balance between the oxi-
dant system and the antioxidant. Under pathologi-
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cal conditions, the production of oxidants in-
creases, and there is not enough antioxidant power
to neutralize them. Because of this, oxidants cause
a lot of damage to various systems in the body and
cause various diseases such as kidney disease
(Turrens, 2003).

The most important part of the oxidative sys-
tem in the body is ROS. An imbalance between the
oxidant and antioxidant systems is called oxidative
stress, and it is the pressure that oxidants exert on
the body. Antioxidant systems or agents contain
compounds that can protect the body against the
harmful effects of oxidative stress (active oxygen
and nitrogen species). Antioxidants play an im-
portant role in inhibiting the active species of oxy-
gen and nitrogen and preventing their formation.
Endogenous antioxidants are divided into three
categories: 1) enzymatic systems such as superox-
ide dismutase, catalase, glutathione peroxidase,
and glutathione reductase, 2) small molecules such
as vitamin C, uric acid, glutathione, and vitamin E,
and 3) Proteins such as albumin, transferrin, ceru-
loplasmin, and metallothioneins (Valko et al.,
2007). Endogenous non-enzymatic antioxidants in-
clude: thioredoxin (Trx), glutathione (GSH), a-Li-
poic acid (1,2-dithiolane-3-pentanoic acid), mela-
tonin (N-acetyl-5-methoxytryptamine), and coen-
zyme Q10 and exogenous non-enzymatic antioxi-
dants include: vitamin C, curcumin, resveratrol,
guercetin, vitamin E, lycopene, polyphenols, carot-
enoids, epigallocatechin-3-gallate (EGCG), flavo-
noids, organic sulfur compounds and several min-
erals (selenium, copper, zinc, and manganese)
(Mailloux, 2018; Sharifi-Rad et al., 2020). Oxi-
dants are always produced in the body and must al-
ways be eliminated, so continuous use of antioxi-
dants is recommended.

In pathological conditions, with increasing
ROS and decreasing antioxidant factors, ROS ac-
cumulates in the mitochondria and directly dam-
ages its structure and components. Also, due to the
increased permeability of the mitochondrial mem-
brane caused by ROS, ROS leaks into the cyto-
plasm and in addition to direct damage to cellular
structures, activates inflammation, apoptosis, and
harmful signaling pathways. Inhibition of mito-
chondrial oxidants with antioxidant and renopro-
tective agents is a specific goal in preventing mito-
chondrial damage and subsequent prevention of in-
jury and progression of kidney disease (Irazabal
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and Torres, 2020).

Various experimental models showed that
with increasing oxidant factors, endogenous anti-
oxidant factors decrease. Therefore, by using exog-
enous antioxidants, the destructive effects of oxi-
dative stress can be neutralized. These studies
showed that the mitochondrial antioxidant defense
system is disrupted before the onset of kidney dam-
age. Therefore, by increasing the antioxidant
power and maintaining the proper mitochondrial
function, further tissue damage can be prevented
and the healing process of kidney disease can be
accelerated.

Mitochondrial antioxidants include Szeto-
Schiller peptide (SSP), MitoQ, and plastoguinone
analogs (SkQ1/SkQR1), which accumulate in the
mitochondrial matrix and interact with cardiolipin.
Cardiolipin is the main constituent of IMM and
plays a major role in maintaining the potential of
the mitochondrial membrane (Birk, Chao, et al.
2015). SSPs enhance ATP synthesis, decrease
electron leakage and ROS formation, prevent car-
diolipin peroxidation, and prevent the conse-
quences of mitochondrial impairment, including
inflammation apoptosis, (Szeto 2017). In particu-
lar, SSP, MitoQ, MitoTEMPO, and SKQR1 protect
against kidney damage in experimental models by
reducing oxidative damage and inflammation
(Xiao et al., 2017).

Mitochondrial biogenesis

The number and content of mitochondria are
determined by the metabolic needs of the cell. The
defective mitochondria are selectively removed
and new mitochondria are created by fusion and
fission mechanisms. The molecular mechanism of
mitochondrial biogenesis needs a close relation-
ship between mitochondria and the nucleus. The
regulatory factors of biogenesis are peroxisome
proliferator-activated receptor (PPAR), PPARY co-
activator la (PGC-1a), sirtuin-1 and 3 (SIRT1/3)
family deacetylase, AMP-activated protein kinase
(AMPK), and nuclear respiratory factors 1 and 2
(NRF1 and NRF2) (Quiros et al., 2016). The action
of PGC-1a (as an abiogenesis stimulant) is regu-
lated by AMPK-induced phosphorylation and
SIRT1-induced deacetylation (Tran et al., 2016).
PGC-1a activates the expression of genes and pro-
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teins involved in mtDNA replication and transcrip-
tion, electron transfer chain, and oxidative phos-
phorylation mechanism by modulating the expres-
sion of nuclear transcription factors NRF1 and
NRF2 (Zojaet al., 2014).

Lack of oxygen and metabolic disorders acti-
vate the transcription factor FOXO3 by inducing
stress in renal tubular epithelial cells. Activated
FOXO3 reduces cell damage and increases cell
survival by stimulating autophagy and neutralizing
ROS in renal tubular cells. FOXO3 induces au-
tophagy by enhancing the expression of Atg pro-
teins and neutralizing ROS by increasing the ex-
pression of antioxidant factors. Prolyl hydroxylase
(PrH) by hydroxylation degrades FOXO3 through
the proteasomal pathway of ubiquitin. Hypoxia and
metabolic disorders inhibit the action of PrH hy-
droxylation on FOXO3 (Lin, 2020; Quan et al.,
2020).

Under physiological conditions, mitochon-
drial biogenesis takes two forms: fission and fu-
sion. In infusion mode, two mitochondria join to-
gether to form larger mitochondria with larger con-
tent. But in the case of fission, one mitochondrion
turns into two smaller mitochondria with a smaller
volume and lower content. Over time and accord-
ing to metabolic needs, the internal content of mi-
tochondria increases.

In pathophysiological and abnormal condi-
tions, mitochondrial biogenesis occurs mainly in
the form of fission, and over time and with the dis-
order, the mitochondrial content does not increase.
Unfortunately, the new mitochondria cannot pro-
duce enough energy and will also act as a hub for
ROS production.

Two points are important in the production of
new mitochondria. First, the production of new mi-
tochondria should be accompanied by a surge in
enzyme content to increase metabolic activity, and
second, the production of new mitochondria should
be accompanied by an increase in protective con-
tent to counteract the activity of oxidants. There-
fore, mitochondria without sufficient content (met-
abolic enzymes and antioxidants) will not be able
to produce energy, and also the lack of antioxidants
along with the production of oxidants will cause
more oxidative damage.

Mitochondrial dynamics

The constant change in the number, size, loca-
tion, and protein content of mitochondria based on
the energy needs of the cell is called mitochondrial
dynamics. This dynamic is essential for size, mor-
phology, function, energy production, maintenance
of homeostasis, and cell survival (Liesa and Shiri-
hai, 2013). Mitochondrial dynamics control pro-
teins include fission proteins (the large GTPase,
dynamin-related protein 1 (DRP1), and mitochon-
drial fission protein (Fisl)), and fusion proteins
(mitofusins 1 and 2 (Mfn1, Mfn2) and optical atro-
phy 1 (OPAL)) (Zhan et al., 2013).

Sirtuin deacetylases (SIRT1/3) regulate mito-
chondrial dynamics and function. Matrix-dwelling
sirtuins activate the fusion process by deacetyla-
tion of fusion proteins and improve mitochondrial
function in acute kidney disease (AKI) (Morigi,
Perico, et al. 2015). Disruption of mitochondrial
dynamics causes tissue damage and renal disease
(Benigni et al., 2016).

In the physiological state, Dynamin-related
protein 1 (DRP1) controls mitochondrial function
by having GTPase as a fission agent. But DRP1 is
activated in response to a decrease in ATP or dam-
age to the epithelial cells of the renal tubule and
accumulates in the mitochondria, leading to mito-
chondrial fission and apoptosis. In experimental
models, the removal of Drpl and the use of DRP1
inhibitor (mdivi-1) protect the kidney against kid-
ney damage and improve its function (Perry et al.,
2018). And also the interaction between mitofusin
2 (Mfn-2) in the endoplasmic reticulum and Mfn-1
or Mfn-2 in OMM regulates the relationship be-
tween the two organelles (Xia et al., 2019).

Mitochondrial mitophagy

The destruction of organs and defective cellu-
lar material by lysosomes is called autophagy. In
this process, by forming an autophagosome, the
contents of the cytoplasm, damaged organs, and
dysfunctional proteins are broken down and used
as nutrients in the cell. Physiological autophagy in
starvation conditions is necessary for ATP produc-
tion, amino acid recycling, and protein synthesis,
and also in these situations, autophagy is a key
mechanism in the removal of toxic cellular sub-
stances, defective organelles, and the formation of
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damage-free cells. Mitophagy is a type of autoph-
agy in which disturbed mitochondria are removed
from the cell. Injured mitochondria are encapsu-
lated in autophagosomes and decompose in autoly-
sosomes by losing the potential of the inner mem-
brane (Higgins and Coughlan, 2014).

Mitophagy is a complex mechanism controlled
by several signaling pathways, kinase proteins, and
mitochondrial proteins that regulate dynamics and
transmission. Pathological mitophagy is dependent
on ROS and is activated under oxidative stress. Dis-
orders of mitophagy mechanisms lead to kidney dis-
ease (Duann et al., 2016).

Mitochondria and cell death

The two main mechanisms of cell death are
apoptosis and necrosis, which differ in the type of
operation. Apoptosis is a physiological and/or
pathological cell death that occurs during certain
stimuli. Necrosis, on the other hand, is merely
pathological cell death and occurs during severe
cell injury such as hypoxia and external toxins. Ne-
crosis is a passive process and occurs in the ab-
sence of ATP, while apoptosis is an active process
and is dependent on ATP energy.

The process of apoptosis occurs through two
internal and external cellular pathways. The exter-
nal pathway begins with the binding of important
ligands such as TNFa and Fas to death-inducing
membrane receptors. While the internal pathway
(mitochondrial pathway), the main pathway of
apoptosis, is associated with alteration in mPTP
and liberation of apoptotic agents.

Elevated permeability of the OMM in response
to cell death signals releases proapoptotic molecules
from the IMS into the cytoplasm, such as apoptosis-
inducing factor (AlF) and Smac/DIABLO. The lat-
ter has an antagonistic effect on the inhibitors of
caspase. AlF normally plays an antioxidant role in
mitochondria. AlF released from mitochondria dur-
ing the process of apoptosis causes damage to nu-
clear DNA in a caspase-independent pathway. Re-
lease of cytochrome ¢ is a common occurrence in
apoptosis due to the opening of the mitochondrial
permeability transition pore, the presence of a chan-
nel-specific for cytochrome c in the outer mitochon-
drial membrane, swelling, and rupture of the outer
mitochondrial membrane (Galluzzi et al., 2018).
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However, from the molecular point of view,
apoptosis is mainly determined by the balance be-
tween the specific regulatory proteins of pre-apop-
tosis and anti-apoptosis. These include Bax and
Bcl- 2 proteins, which are involved as major pro-
teins in the formation of mitochondrial apoptosis.
Bax protein releases apoptotic agents such as cyto-
chrome ¢ from the IMS into the cytosol by decreas-
ing the stability and increasing the permeability of
the outer mitochondrial membrane. In contrast,
Bcl-2 protein preserves the integrity of the mito-
chondrial membrane by counteracting the apop-
totic activity of Bax proteins. In the endogenous or
mitochondrial pathway, caspase-9 is an initiator of
caspase and also the common denominator of all
apoptotic pathways is ultimately the stimulation of
caspase-3 and the breakdown of vital cell proteins
(Havasi and Borkan, 2011).

Under physiological conditions, Cytochrome
C (Cyt C) is freely present in the matrix or binds to
them by attaching to cardiolipin and acting as an
electron carrier between respiratory complexes 11
and IV of the ETC. ETC With mitochondrial dam-
age, production, and accumulation of ROS lead to
the conversion of cytochrome c to peroxidase,
which oxidizes cardiolipin and releases Cyt C from
the matrix to the cytosol. Which eventually acti-
vates caspase and apoptosis (Wan et al., 2019).

Mitochondria and cell proliferation and differ-
entiation

Cellular proliferation and differentiation upon
damages are considered important repair mecha-
nisms. Dynamic changes in morphology as well as
in mitochondrial content play an essential role in
mediating cell cycle events. During the transition
from phase G1 to phase S of the cell cycle, mito-
chondria form an extensive network of interactions
with different cell components. By reducing the po-
tential of the mitochondrial membrane, the progres-
sion of phase G1 to phase S can be prevented. By
using an uncoupling agent (carbonyl cyanide-4-
phenylhydrazone) in rat renal epithelial cells, cell
cycle progression can be prevented by reducing the
mitochondrial membrane potential. DRP1 is the ma-
jor regulator of mitochondrial fission and by inhib-
iting it; the cell cycle in the S phase is stopped (Mitra
et al. 2009).
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Mitophagy and mitochondrial clearance ap-
pear to be crucial for cell differentiation and cell
proliferation along with changes in energy produc-
tion from oxidative phosphorylation to anaerobic
metabolism. In the repair of renal tubules after is-
chemia-reperfusion injury (IRI), the glycolytic ca-
pacity of the cell increases by decreasing the num-
ber of mitochondria (Pennock et al., 2015).

Energy production and mtROS formation
mainly control mitochondrial-related cell prolifer-
ation and differentiation. During the transition
from phase G1 to phase S due to DNA replication
and energy requirements, energy production by mi-
tochondria increases but in the transition from
phase G2 to phase M due to a compensatory in-
crease in Glycolysis or reduction of energy de-
mand, the number of mitochondria of the cell is re-
duced by degradation (Thomasova and Anders,
2014).

In the repair process, the amount of ROS in
the cell is inversely related to cell proliferation and
differentiation. Thus, ROS enhances cell prolifera-
tion and differentiation at physiological concentra-
tions and inhibits at pathological concentrations.
ROS in physiological concentrations modulates
cell proliferation and differentiation by regulating
many transcription factors such as nuclear factor-
kB, hypoxia-1 inducing factor, and different pro-
tein kinases. Also, ROS in pathological concentra-
tions causes apoptosis and cell death by activating

apoptotic pathways and stopping the cell cycle by
p53 (Hamanaka and Chandel, 2010; Antico
Arciuch et al., 2012).

The cyclin B1/Cdk1 protein complex plays a
fundamental role in regulating cell division and mi-
tochondrial activity. This complex is an excellent
target for controlling cellular energy production
that can promote progress in restorative therapies.
The cyclin B1/Cdk1 protein controls the G2 phase
of the cell cycle. As the cell cycle continues to mi-
tosis, the cyclin B1/Cdk1 complex migrates from
the nucleus to the mitochondria, increasing energy
production by phosphorylating mitochondrial pro-
teins (Wang, Fan, et al. 2014). Cdk1 is also acti-
vated by pro-apoptotic proteins (Bax and Bak). Ac-
tivated Cdk1 migrates to mitochondria and induces
apoptotic cell death in mitochondria by phosphor-
ylation of anti-apoptotic proteins (Bcl-2 and Bcl-
XL) (Darweesh et al., 2021).

Mitochondria and inflammatory response

Inflammation has evolved as a set of complex
mechanisms overtime to maintain homeostasis and
is a defensive process that protects the body against
internal and external pathogens. Excessive
strengthening of inflammatory mechanisms in
physiological and pathological conditions is harm-
ful and damages the body.

Table 1. Therapeutic targeting of the cyclic GMP—-AMP synthase (cGAS) and stimulator of interferon genes (STING) pathway

CcGAS inhibitor compounds

STING inhibitor compound

Catalytic site inhib-| PF-06928215, RU.365, RU.521,
itors G 150, Compound S3,

STING antago- | Tetrahydroisoquinolines (Screening hit Compound 1,
nists targeting the
CDN-binding site

Compound 18)
Astin C

Inhibitors that dis-
rupt DNA binding

Antimalarial drugs (Hy-
droxychloroquine, Quinacrine,

Targeting STING
palmitoylation

Nitrofurans (C-176 and C-178, C-170 and C-171)
Indole ureas (H-151)

X6)
Suramin Nitro fatty acids (NO2-cLA and NO2-A)
Suppressive oligodeoxynucleo- Acrylamides (BPK-21and BPK-25)
tides (A151)
Compounds with CU-76 Inhibitors of un- Compound 13

the undetermined
mechanism of ac-
tion

known mecha-
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Under normal circumstances, the inflamma-
tory process is critical for tissue repair after injury.
Nevertheless, persistent and prolonged inflamma-
tion exists in a range of chronic disorders including
diabetes and CKD. Mitochondria is tightly con-
nected with the regulation of inflammation during
kidney injury and act as a proinflammatory signal-
ing center. mtROS is an activator of inflammation
and increases the expression of proinflammatory
genes. Various molecular forms associated with
mitochondrial damage, such as formyl peptides
and mtDNA, can bind to Toll-like receptors or
NOD-like receptors and lead to inflammation
(West et al., 2011).

Mitochondrial damage in renal tubular cells
by mtDNA leakage through BAX-activated pores
in OMM to the cytosol by activating the cGAS-
STING pathway (As a sensor sensitive to cytosolic
DNA) causes inflammation of the kidney and AKI
progress. Inherently, this pathway can detect viral
and bacterial DNA and induce immune and inflam-
matory responses in infected cells, so the prohibi-
tion of the cGAS-STING pathway could be an ef-
fective therapeutic target in mitochondrial injury
and inflammatory Kidney disease (Table 1)
(Maekawa et al., 2019; Decout et al., 2021). How-
ever, activation of this pathway is especially im-
portant in resistance and elimination of external
pathogens by activating inflammation.

Mitochondria and kidney damage and/or repair

The kidney plays a crucial role in maintaining
the homeostasis of the internal environment. Phys-
iological function of the kidney involves three
mechanisms: glomerular filtration, reabsorption,
and tubular secretion. Through these three mecha-
nisms, the kidneys excrete metabolic wastes and
retain nutrients, water, and electrolytes, and regu-
late osmolality, pH, and arterial blood pressure
(Suliman and Piantadosi, 2016).

Active reabsorption of nutrients for the body
leads to high energy demand for the kidneys, which
is provided only by mitochondrial oxidative metabo-
lism. Active reabsorption occurs mostly in the proxi-
mal tubules. These tubules have limited capacity for
glycolysis and the main mechanism of ATP produc-
tion in them is oxidative-phospho-rylation (aerobic
respiration) (Lan et al., 2016).
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Proximal tubules have many mitochondria,
and maintenance of mitochondrial function and ho-
meostasis is essential for physiological renal func-
tion. AKI is characterized by a sudden decline in
kidney function, often caused by stress, ischemia-
reperfusion (IR), sepsis, or nephrotoxins.

AKI is related to high mortality and signifi-
cantly promotes the development of CKD (5). The
results of empirical and clinical studies showed that
improper repair after AKI leads to interstitial tubular
fibrosis and eventually to CKD. On the other hand,
one of the causes of the pathogenesis of kidney dam-
age in AKI and CKD is mitochondrial damage or
dysfunction (See et al., 2019).

After the injury, the surviving tubular cells
proliferate and migrate to the affected area. The
cells in the affected area differentiate and become
fully mature tubular cells, and then the process of
repairing the damaged renal tubules begins. Mild
damage in kidney disease heals quickly by activat-
ing nonrestorative processes. While severe and
progressive damage in kidney disease with a defec-
tive repair process leads to the destruction of neph-
rons and the development of kidney diseases such
as interstitial tubular fibrosis and advanced CKD
(Nath et al., 1998).

Transient receptor potential ankyrin 1 (TRPAL)
is expressed in renal tubular epithelial cells. In exper-
imental models, TRPAL increases mitochondrial ho-
meostasis and reduces renal damage by inhibiting fis-
sion, inducing fusion, and reducing oxidative stress,
and inflammation (Zhu et al., 2018). TRPAL1 is ele-
vated in the renal tubules of patients with acute tubu-
lar necrosis (ATN) and its tubular expression is di-
rectly related to the severity of tubular and renal dam-
age. Tubular TRPAL is therefore a risk factor for im-
proving renal function in acute tubular necrosis
(Dembla et al., 2016; Wu et al., 2019). These effects
probably suggest that TRPA1 does not play an inde-
pendent role in the development of kidney disease but
is an intermediary of major mechanisms involved in
renal injuries such as increased oxidative stress and
inflammation.

The mechanisms involved in kidney damage
and repair are complex and consist of several dif-
ferent factors including vascular, tubular, and in-
flammatory factors as well as different signaling
pathways. Understanding how these factors inter-
act is a turning point in repairing and rehabilitating
a damaged kidney.
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Table 2. Targeting mitochondrial mechanisms for the tre

atment of kidney disease

Therapeutics |

Chemicals |

Action mechanisms

Antioxidants

MitoQ, MitoTEMPO, MitoE,
Mito-CP, plastoquinone analogs
(SkQ1/SkQR1), Szeto—Schiller
(SS) peptides

Mitoquinone

Accumulation of anti-oxidants at matrix in a A¥Ym-dependent
manner; ROS scavenger

Biogenesis inducers

Resveratrol (SRT501)
AICAR
Formoterol

Small peptides

AMPK/SIRT-1/PGC-1a axis activator

SIRT3 activator, an AMPK agonist

B2-adrenoceptor agonist, enhancing PGC-1a synthesis

ROS metabolism and bioenergetics

Mitochonic acid (MA-5) [Synthetic compound

|OXPHOS-independent increase of ATP synthesis, reduce ROS

Cardiolipin protection

Bendavia (SS-31) Szeto-Schiller tetrapeptide

Protect cardiolipin from peroxidation; increase ATP and reduce
ROS

Prevent cyt C transformation into the peroxidase

mPTP

inhibitor

cyclosporin A (CsA) Small molecule

TDZD-8

Interact with cyclophilin D (an mPTP structural protein)

mPTP inhibitors, GSK3p inhibitor

Fission

inhibitor

Mdivil Small molecule

Inhibitor of mitochondrial division; induce mitochondria fusion

Block DRP1 assembly and translocation

KaTtp cha

nnel opener

Simdax (Levosimendan) [Small molecule

|Calcium sensitizer, Katp channel opener

cyt C assembly

KLF6 DNA-binding zinc finger

enhance cyt C assembly

transcriptional regulator

Abbreviation: Mitochondrial inner membrane potential (A¥m), oxidative phosphorylation (OXPHOS), AMP-activated protein
kinase (AMPK), mitochondrial permeability transition pore (mPTP), Glycogen synthase kinase 3B (GSK3p), Dynamin related

protein 1 (DRP1)

Kidney damage may alter mitochondrial
structure and function in a variety of ways, includ-
ing changes in calcium homeostasis, membrane in-
tegrity, ROS formation, mitochondrial transport,
biogenesis, dynamics (fusion/fission), and mitoph-
agy. disruption of mitochondrial homeostasis
might in turn cause further kidney damage and
cause a detrimental feedback loop (Brooks, Wei, et
al. 2009).

Henle ascending thick tubular cells and prox-
imal medullary cells have high mitochondrial due
to high energy demand for reabsorption of salts and
substances necessary for the body (Weidemann
and Krebs, 1969). The main source of energy in
tubular cells is ATP production from fatty acid -
oxidation (FAQ) in the mitochondria, which is me-
diated by carnitine palmitoyl-transferase 1 (CPT1)
as a restriction enzyme. Therefore, tubular cells are
very sensitive to kidney damage due to a lack of
energy (ischemic injury and oxidative stress)
(Wang and Youle 2009).

Mitochondria is an important factor in various
cellular processes such as regulating catabolism
and anabolism, maintaining calcium homeostasis
and redox potential, and regulating signaling path-
ways for cell survival and death. Therefore, main-
taining the integrity and physiological functions of
mitochondria is vital for cellular homeostasis. Mi-
tochondria and their mechanisms have evolved to
make the cell and its organs resistant to injury and
stress. These mechanisms operate at three different
cellular, organelle, and molecular levels and in-
clude antioxidant resistance, control of metabolites
and messenger molecules, transcription and repair
of mtDNA, mitochondrial dynamics (fusion and
fission), and mitochondrial biogenesis, and mi-
tophagy (Bhargava and Schnellmann, 2017). In-
jury and dysfunction of mitochondria lead to cell
death, tissue damage, and failure.

Mitochondria play a key role in the mecha-
nisms involved in kidney damage and repair. Mi-
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tochondrial pathological changes are evident be-
fore and after renal dysfunction. Protecting and im-
proving mitochondrial function before the onset of
kidney injury and dysfunction is an important goal
in preventing further injury and treating primary
injuries. Protecting and restoring mitochondrial
function under stress and disease by using genetic
or pharmacological renoprotective agents prevents
damage and disease progression (Perry et al.,
2018).

Mitochondrial damage is typically caused by
AKI by sepsis, IRI, and renal toxicity in experi-
mental models mitochondrial damage in AKI is in
connection with mitochondrial fragmentation, de-
creased mitochondrial mass, mitochondrial swell-
ing, and cristae dysfunction, apoptosis, and gener-
ally mitochondrial dysfunction (Heidari et al.,
2018).

Mitochondria and subsequent renal injury can
be treated by increasing mitochondrial function by
improving ETC function, biogenesis, and increas-
ing FAO, or by reducing the cellular effects of mi-
tochondrial dysfunction by reducing ROS for-
mation, inflammation, apoptosis, pyroptosis, and
autophagy (Tabara et al., 2014).

Renal cancer

Cell culture and in vivo experiments demon-
strated that mitochondrial dysfunction is responsi-
ble for increased survival of renal cancer cells and
cancer metastasis. Bisulfite sequencing analysis re-
vealed that the downregulation may occur by DNA
hypermethylation of CpG islands in the promoter
regions in renal cancer cells. Taken together, these
findings suggested that renal cancer cells acquire
additional anti-apoptotic ability through the DNA
methylation during the interactions with renal mi-
croenvironment, which may in turn lead to the can-
cer progression and metastasis.

CONCLUSION

Kidney diseases are one of the health prob-
lems of the world community and many people are
affected by them. The kidney is an active and dy-
namic organ and is very prone to damage. AKI is
caused by infection, toxic substances, and dehydra-
tion. If these acute injuries are not repaired and
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treated, it can lead to deteriorating kidney function
and health. As kidney disease progresses, the acute
condition may become chronic and lead to CKD.
Chronic diseases reduce kidney function over time
by creating a vicious-positive cycle. Severe acute
injuries and prolonged chronic injuries cause com-
plete loss of kidney function and the final stage of
kidney disease, which has no treatment other than
dialysis and new kidney transplantation.

For the treatment of kidney injuries, different
parts and mechanisms of the kidney at the cellular,
organelle, and molecular level can be selected as
targets. One of the selected targets is mitochondria,
which is the most important center of energy pro-
duction in the cell. Because cells need enough en-
ergy to maintain homeostasis, survive, and prevent
injury, targeting the components and mitochon-
drial signaling pathways can be an appropriate
treatment for kidney disease. Interestingly, before
the symptoms of kidney disease appear, mitochon-
drial lesions and disorders appear on an electron
microscopic level.

Although it is important to discover the pro-
cesses and mechanisms that cause kidney disease,
it seems that the best treatment in experimental
studies is the use of combination therapies. Be-
cause tissue damage is widespread in the disease
and affects different parts of the cell. Focusing on
one cell part and one mechanism may not be very
helpful in discovering new therapies.

MITOCHONDRIAL DYNAMICS PROLIFERATION AND DIFFERENTIATION

INFLAMMATORY RESPONSE MITOCHONDRIA AND CELL DEATH

MITOCHONDRIAL BIOGENESIS
OXIDATIVE STRESS MITOCHONDRIAL MITOPHAGY
MITOCHONDRIAL STRUCTURE MITOCHONDRIAL MEMBRANE POTENTIAL

Mitochondria

Fig. various factors can be used to inhibit destructive
processes.

For example, in the treatment of acute kidney
disease, in addition to reducing voluntary activities
to reduce kidney function and reduce the need for
energy production in the mitochondria, various
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factors can be used to inhibit destructive processes
(such as oxidative stress, signaling pathways of in-
flammation and cell death) and stimulate repair
processes (e.g. Biogenesis, survival, and repair sig-
naling pathways) (see: Figure). So far, many reno-
protective and renorestorative agents have been
discovered, but it will take a long time to introduce
an effective treatment.
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Boyrak zadalanmasinda mitoxondrial disfunksiya: potensial terapevtik yanasmalar

12 9hmadian Elham 9sgor oglu, 23* Xalilov Révson ibrahimxalil oglu,
25 Eftexari 9ziz Mahommad oglu

! Boyrak Tadgigat Markazi, Tabriz Tibb Elmlari Universiteti, Tabriz, fran
“Nanobiotexnologiya va Funksional Nanosistemlor iizra Ukrayna-Azarbaycan Birga Beynolxalq Tadgigat
va Tadris Markazi, Drohobig, Ukrayna va Azarbaycan
3 Biofizika vo biokimya kafedrasi, Baki Doviat Universiteti, Baki, Azarbaycan
*Radiasiya Problemlori Institutu, Azarbaycan Milli Elmlar Akademiyasi, Baki, Azarbaycan
® Farmakologiya Vo toksikologiya kafedrast, Tabriz Tibb Elmlari Universiteti, Tobriz, [ran

Mitoxondriyalar ATF sintezi, kalsium homeostazi, hiiceyroanin sag qalmasi va hiiceyrs 6liimii daxil olmagla
miixtalif hiiceyra funksiyalar1 tigiin vacib olan unikal organellalardir. Mitoxondriya eukariotik hiiceyralorda
miihiim enerji istehsali monbayi olmagla, hamginin lipidlor, nuklein tursular: vo amin tursularinin sintezin-
do doa shamiyyatli rol oynayir. Mitoxondriya oksidlosdirici stresa hassasdir. Hiiceyralarda oksigenin reaktiv
formalarinin (ORF) sintezinin asas monbalori mitoxondriya vo NADPH oksidazadir (NOX). Mitoxondri-
yada ORF tonoffiis zoncirinds, NOX vasitasilo iso neytrofillarin vo fagosomlarin membranlar: boyunca
istehsal olunur. Miioyyan sortlor altinda OHe- vo O,e- kimi sorbost radikallarin istehsali zaifliklorlo nati-
calonir. Mitoxondriya torafindon istehsal olunan ORF, histonlarin olmamasi sababindon oksidlasdirici
stress ticiin hassas bir hadafa ¢evrilon lipidlor, zilallar, DNT, RNT vo mitoxondrial DNT (mtDNT) daxil
olmagla bir ¢ox molekullara tosir edir. Zodoalonmis mtDNT va pozulmus mitoxondrial genom biitovliiyii
gocalma ila alagali xroniki va agir erkon xastaliklarin inkisafinda asas rola malikdir. Getdikca daha aydin
olur ki, mtDNT-nin uzunmiiddatli Ki¢ik zadalonmasi tokca qocalma prosesi ilo deyil, hom da diabet vo
nefropatiyalarla six slageli ola bilor. Boyrok xastaliklorindo mitoxondrial disfunksiya asas rol oynayir.
mtDNT, ORF vs iltihab faktorlar1 arasinda epigenetik doyisikliklor vo garsiligh tasirlor nefronlara tosir
gostorir. mtDNT-doki doyisikliklor xroniki boyrok xastsliyinin yaranmasina vo inkisafina tosir gostorir.
mtDNT-nin dayisikliyi hamg¢inin nefropatiyalarin monitoringinds do shamiyyatli rola malikdir. Stibut olu-
nub ki, gan dévraninda va sidikdo mtDNT-nin bir nega niisxasinin modifikasiyasinin agkarlanmasi mito-
xondrial disfunksiyani va boyrak xastaliyinin siddstini oks etdirir. Bu mogalads nefropatiyalarin miialice-
sinda mitoxondrial antioksidantlar hagqinda molumat verilir. Magsodli mitoxondrial antioksidantlardan is-
tifado nefropatiyalarin miialicasinds yeni bir fikir olacaq. mtDNT do terapevtik hadof ola bilor.

Keywords: mitoxondrial; boyrak xastaliyi; mtDNT; oksidlasdirici stres
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MuToxoHApHATbHAS TUCHYHKIUSA MPH MOBPEKIEHUH MOYeK: MOTEHIHATbHbIE
TepaneBTHYECKHE MOAXO0IbI

12 Axmaanan Dabxam Ackep oriy, 2°4 Xaauiaos Popman Uoparumxauau oray,
253 ¢prexapu A3uz Maromesn oriy

YUToueunwiii uccnedosamensciuii yenmp TeGpusckozo ynueepcumema meduyunckux nayk, Tebpus, HUpan
2Coemecmubiii Ykpauncko-Azep6aiioncancruii MejcoyHapoOHblil HAyUHO-06pa3068amenbHblll YeHmp
HaHoOUOmMexHoI02Ul U QYHKYUOHATIbHBIX HaHOCUcmeM, [pozobuy, Yxkpauna u Azepbaiiodrcan
*Kagheopa 6uogusuxu u 6uoxumuu baxurnckozo cocyoapcmeennozo ynusepcumema, baxy, Asepbaiiocan
*Uncmumym paouayuonnvix npobrem HAH Azepbaiioncana, baxy, Azepbaiioncan
*Kagheopa (papmaronozuu u moxcuxonozuu Tebpuszckozo yHusepcumema MeOUYUHCKUX HAYK,
Tebpus, Upan

MMUTOXOHIPUN SBISIFOTCSI YHHKAJIBHBIMA OPTaHEIaMH, KOTOPBIE BBINOJIHSAIOT PA3JIMYHBIE KJIETOYHBIE
¢dbysakin, BKIodas cuaTe3 AT®, roMmeocTas Kanblus, BEDKUBaHUE KIETOK U UX Tubens. MUTOXOHApUN
SIBIISIIOTCSA BaYKHBIM MCTOYHHMKOM IPOM3BOJACTBA SHEPIHU B SYKapUOTHYECKUX KIIETKaX, a TaKKe UIParoT
CYLIECTBEHHYIO POJIb B CHHTE3€ JINITUOB, HYKJIEHHOBBIX KUCIOT 1 aMUHOKHCIOT. MUTOXOHAPUHN YyBCTBH-
TEIbHBI K OKUCIUTENEHOMY CTpeccy. OCHOBHBIMU MCTOYHMKaMU cHHTe3a ADK B KieTkax SBISIOTCS MH-
toxouapun 1 HAJI®H-okcnaaza (NOX). B mutoxonapusax ADK npoaynupyrorcest B IbIXaTeIbHOHN e,
a mocpeactBoM NOX — Bonb MeMOpaH HeiTpodmiios u ¢arocom. [Ipu onpeneneHHBIX YCIOBUAX TPOU3-
BOJICTBO CBOOOHBIX pajnKaiioB, Takux kak OHe- u Oze-, npuBoaut k ys3Bumoctu. ADK, npoxymupye-
MbI€ MUTOXOHIPUSMH, BCJIEJCTBHE OTCYTCTBHSI THCTOHOB UMEIOT MHOXECTBO YSA3BUMBIX JUISI OKUCIUTEb-
HOTO CTpecca MuIIeHer, Bkitovas jaunuabl, oenku, JJHK, PHK u mutoxonnpuansayro JHK (MmtIHK).
Hapymenns MTIHK 1 nenocTHOCTH MUTOXOHAPHAIEHOTO T€HOMA UTPAIOT TJIaBHYIO POJIb B Pa3BUTHH TH-
KeJIbIX PaHHUX U XPOHUYECKUX 3a00JIeBaHUM, CBA3aHHBIX cO cTapeHreM. CTaHOBUTCS Bce 0ojiee OueBUA-
HBIM, YTO JIOJITOCPOUHbIEe KpoledHble moBpexaeHus MT/JHK cBs3aHbl HE TOJIBKO C MPOILIECCOM CTApeHHUs,
HO TaK)K€ MOTYT OBITh TECHO CBS3aHBI C [uabeToM W HedponarusiMu. MUTOXOHApPHATIbHAS AUCHYHKLUS
UIpaeT OCHOBHYIO POJIb B pa3BUTHHU ITOYEUHBIX 3a00J1€BaHUi. DNUTreHeTHUECKIEe U3MEHEHUS U B3aUMOIeHi-
crBus Mexxy MT/JHK, ADK u BocnanurenbHbIMU (hakTOpaMu BIHSIOT Ha HePpoHbl. 3menenuns mtJHK
BIIMSIOT Ha Pa3BUTHE U MPOTPECCHPOBAHKE XPOHUUECKOH Oosie3Hu mouek. M3menenne mt/IHK Takxke ur-
paeT BaXXHYIO POJIb B MOHUTOPUHTE HedponaTuid. iMeromuecs: JaHHbIE CBUAETENBCTBYIOT O TOM, YTO MO-
mdukanus Heckonbkux Koruit MTJTHK B kpoBOTOKE U MOUE OTpakaeT AUCHYHKINIO MUTOXOHAPHUH U TH-
XKecThb 3a0011eBaHus TIOUeK. B 3ToM 0030pe onrcanbl MUTOXOH IPHATbHBIE aHTHOKCHIAHTHI, HCIIOJIb3yeMbIe
B Tepanuu HedponaTuid. LleneBble MUTOXOHAPHATIbHBIE aHTUOKCHIAHTHI CTAHYT HOBOM TOYKOW 3peHHS B
tepanuu Hepponatuit. MTIHK Takke MOXeT BBICTYNaTh B KaUECTBE TEPANIeBTUUECKOH MHUILICHH.

Knioueevie cnosa:. Mumoxonopuanvhulil, noveunas 6onesnv, mm/H, okuciumenvusiii cmpecc
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