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ABSTRACT ARTICLE HISTORY
The anti-aging strategy is one of the main challenges of the modern biomedical science. The term Received 31 December 2017
“aging” covers organisms, cells, cellular organelles and their constituents. In general term, aging Accepted 23 May 2018
system admits the existence of nonfunctional structures which by some reasons have not been KEYWORDS
removed by a clearing system, e.g. through autophagy/mitophagy marking and destroying Mitochondria; aging;
unwanted cells or mitochondria. This directly relates to the old kidney which normal functioning senescence

is critical for the viability of the organism. One of the main problems in biomedical studies is that

in their majority, young organisms serve as a standard with further extrapolation on the aged

system. However, some protective systems, which demonstrate their efficiency in young systems,

lose their beneficial effect in aged organisms. It is true for ischemic preconditioning of the kidney,

which is almost useless for an old kidney. The pharmacological intervention could correct the

defects of the senile system provided that the complete understanding of all elements involved in

aging will be achieved. We discuss critical elements which determine the difference between

young and old phenotypes and give directions to prevent or cure lesions occurring in aged

organs including kidney.

Abbreviations: AKI: acute kidney injury; I/R: ischemia/reperfusion; CR: caloric restriction; ROS:
reactive oxygen species; RC: respiratory chain

Introduction workforce. Therefore, for medicine, the challen-
ging problem is to maintain the health and long-
evity of older people so that they may continue to
contribute to the economy. In turn, this poses a
medical problem of offering effective treatment to
cure old patients with age-related diseases.

One of the greatest problems in medicine is the
treatment of acute kidney injury (AKI), which,
according to the latest epidemiological data, occurs
in every fifth hospitalized patient [2]. As for many
other diseases, the majority of patients with AKI are
elderly. For example, an epidemiological study per-
formed in a Calgary hospital demonstrated that the
incidence of AKI in patients aged 18-49 years was 5
times lower than for the group aged 75+ years [3]. In
another large study examining 127,000 patients with
AKI, the average age of ill people was 75.9 years, and
only 10.7% of the patients were younger than
64 years [4]. In contrast, more than 99% of

Inevitable aging of the population, which is one of
the natural consequences of increasing life expec-
tancy in the 20th century, has become an impor-
tant challenge for medicine in the 21st century.
From 2000 to 2015, the number of people on our
planet of age 60+ years increased by 48% from 607
to 901 million. By 2050, the total number of
elderly is projected to double and reach approxi-
mately 2.1 billion people, which will account for
over 20% of the population of the globe. The aging
population is not the exclusive problem of the
countries with developed economies. In general,
the fractional increase of elderly in the general
population can also be seen in countries with
developing economies, albeit with lesser speed
[1]. Such a large fraction of older adults does not
allow them to be categorically excluded from the
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experimental works on AKI have been utilizing ani-
mals of age just past puberty (6260 vs. 39 articles in
Pubmed). This disparity between the age of real
patients and the age of experimental animals may
explain the fact that while numerous recent studies
have demonstrated the effectiveness of particular
drugs in rodent models of AKI, in a clinics, a renal
replacement therapy introduced into wide practice
in the 1950s remains the only practical and relatively
effective treatment for AKI.

Interestingly, although studies examining the
effect of aging on the kidney include more than
3000 articles, only 39 of these papers involved
studies of AKI, and only 6 papers of these
addressed the effectiveness (or ineffectiveness) of
particular therapeutic approaches. Such a huge
difference is likely related to the high cost and
complexity of experiments in old animals. With
great certainty, we can assume that research
demonstrating an inability of therapeutic interven-
tions to protect the kidneys of older animals has
been underreported in the literature.

It is necessary to understand that the hetero-
geneous nature of AKI with regard to its effects
on cells, subcellular structures and organisms,
response to stress and the course of the disease
complicates efforts to find an universal treat-
ment, particularly for both young and old
patients, and thus necessitates a personalized
strategy to combat AKI pathologies. However,
we assume that there is an universal propagation
of the incidence of pathologies including aging.
Sufficient data have been accumulated to prove
that aging, and various pathologies are accom-
panied by accumulation of damaged and thereby
detrimental biological structures (e.g., proteins,
nucleic acids, lipids, organelles or cells) which
begin to “coexist” with normal structures,
thereby increasing the degree of heterogeneity
of these structures. When the ratio of “bad” to
“good” structures exceeds a certain threshold, a
pathological phenotype characterizing a disease
or aging appears. This aspect of heterogeneity is
very important, and it will be addressed in some
examples below. In general, we will focus our
attention on the mechanism affording removal
of damaged structures. Considering that preser-
vation of mitochondrial structures and functions
is essential to maintain a “young” phenotype and

is fundamental for the protection of the entire
organism, we will explore possible approaches to
implement such protection. Firstly, we will dis-
cuss the importance of autophagy as the body’s
primary mechanism for removing damaged
macrostructures.

Autophagy
Autophagy is affected by AKI

Autophagy is an important adaptive mechanism to
repair damage in various organs and tissues [5]
including the kidney. To date, the only available
marker of autophagosomes in mammalian tissues
is a microtubule-associated protein 1A/1B light
chain 3B (commonly referred to as LC3). Its lipi-
dated form, LC3 II, is bound to autophagosomal
membrane [6]. Increase of LC3 II level in renal
tissue as well as the increased abundance of LC3 in
tubular cell of LC3-GFP mice was shown in dif-
ferent models of AKI: cisplatin toxicity [7,8], kid-
ney ischemia/reperfusion (I/R) [9-12], radio-
contrast media-induced AKI [13] and in septic
AKI, caused either by the injection of LPS
[14,15] or cecal ligation and perforation [16].

However, augmented LC3 II level could reflect
two distinct processes: enhanced autophagosome
biogenesis on the one hand and retarded lysoso-
mal digestion of autophagosome cargo on another
hand. Two methods could be useful to address this
question. First one is using tandem RFP-GFP-LC3
sensor capitalizing on pH difference between the
acidic lysosome and the neutral autophagosome
and the pH sensitivity differences exhibited by
GFP (fluorescence is quenched in low pH envir-
onment) and RFP (stable in an acidic environ-
ment). The second monitors SQSTM1/p62 level.
p62 serves as an adaptor between ubiquitin and
LC3 II, therefore, playing a crucial role in deliver-
ing poly-ubiquitinated proteins to autophago-
somes. However, its transcriptional regulation is
independent of LC3, but its degradation occurs
together with poly-ubiquitinated proteins as a
result of autophagosomes fusion with lysosomes.
As a result of lysosome dysfunction, both LC3 II
and p62 destruction will be retarded yielding
simultaneous increase in p62 and LC3 I
levels [17].



Several studies suggested that autophagosomal
biogenesis rather than lysosomal insufficiency
takes place during AKI. Indeed, after I/R of the
kidney, the increase in LC3 II was not accompa-
nied by an increase in p62 [11]. An increase in
lysosome abundance after kidney I/R was reported
in another study [18]. Ultimately, a comprehensive
study utilizing RFP-GFP-LC3 mice and different
lysosomal markers detected no signs of lysosomal
dysfunction in renal I/R [10].

Autophagy is a protective factor in AKI

Numerous data indicate that activation of autop-
hagy is a protective mechanism. Most convincing
is the data obtained from a variety of animal
models, including post-ischemic, septic and cispla-
tin-induced AKI and hyperuremic AKI in knock-
out mice lacking autophagy-associated proteins,
Atg5 or Atg7 in proximal tubules. Specifically,
knockout of these proteins stops autophagosome
formation [19]. In these knockout animals, the
severity of AKI was higher than in wild-type con-
trols [8,9,15,20-22]. Similar data were obtained
after inhibition of autophagy. For example, chlor-
oquine, an inhibitor of lysosomes, raised the sever-
ity of AKI [15,21,23]. However, in doses of orders
of magnitude smaller than used in other studies
chloroquine was able to reduce the severity of AKI
after kidney I/R [24]. Physiological experiments
with inhibition of autophagy by 3-methyladenine,
which affects another step of the autophagy pro-
cess by preventing the formation of autophago-
somes via inhibition of phosphatidylinositol-3-
kinase, also demonstrated the detrimental role of
autophagy inhibition [11,13,23,25].

Although the impact of autophagy activation on
acute consequences of AKI seems to be clear, the
role of autophagy in AKI late-onset outcomes still
to be determined. There are two conflicting arti-
cles studying the severity of fibrotic changes after
kidney damage in Atg5-deficient mice. While one
of them demonstrated augmented renal fibrosis
after unilateral ureteral obstruction in KO mice
[26], in another study knockout of Atg5 in the S3
segment of the nephron resulted in reduced sever-
ity of fibrosis 30 days after I/R [27].
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Kidney inflammation and autophagy

Inflammation is a pivotal process in most of acute
kidney insults like ischemia, nephrotoxicity of drugs
and septic AKI [28]. Chronic inflammation believed
to be a common attribute of aged kidneys [29],
suggesting that cross-interference of autophagy and
inflammation must be considered in analysis of age-
associated kidney pathologies. By its nature, autho-
phagy is closely associated with innate and adaptive
immune responses as it is a key executive mechanism
of elimination of a host cell invader [30]. Also, in
aseptic inflammation caused by kidney tissue injury,
autophagy plays a protective role [31], for instance
by decreasing release of DAMPs and cytokines [32],
such as IL1b [33]. Mitochondrial quality control (see
below) through autophagy also provides immuno-
modulatory effects since as was recently suggested, it
provides the linkage between mitochondrial meta-
bolism and immune system, which was coined as
immunometabolism [34].

Although acute inflammation is a conventional
response to AKI [28], in senescent kidney, chronic
inflammation accompanying by fibrosis is well-docu-
mented and it serves as an important element of
chronic kidney disease progression [35], which is
highly prevalent in elderly population. Autophagy
protects from aging-related kidney inflammation,
and malfunctions in autophagic machinery leads to
development of age-dependent kidney injury [9,36].
To note, inflammation-associated glomerular disor-
ders are less dependent on autophagy [37] than tubu-
lar injury. In most of the studies autophagic regulation
of inflammation was shown to play a protective role
for kidney damage, however in specific conditions,
autophagy could induce inflammatory response via
inflammasome activation [38,39] which may be
deleterious.

Aging affects autophagy

Data on autophagy changes in the kidney during
aging is scarce, nevertheless indicating age-asso-
ciated insufficiency of the organ. Inverse correlation
between cell senescence and autophagy activity was
demonstrated in vitro. Potentially anti-aging drug
rapamycin (see its effects below) downregulated
expression of p16™~*, p21, and a-SMA in primary
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proximal tubule cells while an inhibitor of lyso-
somes chloroquine increased their expression [40].
p16™"* and p21 were recognized as conventional
markers of cell senescence, and accumulation of
senescent cells is well documented in aged kidney
[41]. However, whether decreased autophagy
directly drives renal senescence in vivo is not clear
and requires further studies.

Robust accumulation of p62, ubiquitinated pro-
teins [42] and mitochondrial lessons [36,43] in aged
rodent kidney were extensively reported, thus point-
ing to the autophagy insufficiency in aging.
However, attempts intended to demonstrate a
decrease of LC3 II levels, as well as downregulation
of autophagy-associated gene expression, failed
[42,43]. Taken together this data suggests that lyso-
somal dysfunction rather than a decrease in autop-
hagosome biogenesis occurs within advanced age.
Indeed, lysosomes occupy up to 60% more volume
of proximal tubule cells cytoplasm in 25-month old
rats vs. 2-month old rats [44]. Apparently, the accu-
mulation of enlarged lysosomes is the main morpho-
logical manifestation of lysosomal storage diseases
[45]. Note that in contrast to the situation with AKI
where autophagy was activated mostly due to aug-
mentation of the autophagosomal part, thus display-
ing the protective reaction of the organism to I/R,
under aging instead, the autophagy insufficiency
takes plays possibly due to some problems with
lysosomal mechanism thus showing an inability to
react to the aging-related challenge. Unfortunately,
data on renal lysosome alterations in aging are even
rarer than on autophagy. It is known that aging of
the liver is accompanied by pronounced changes in
lysosomes: a redistribution between isoforms of lyso-
somal protein LAMP2 occurs when LAMP2-A is
playing a key role in chaperone-mediated autophagy,
is substituted by the LAMP2-B and LAMP2-C iso-
forms. These changes are accompanied by an
increase in the levels of p62 and oxidized proteins
and, apparently, by a compensatory increase in the
expression of TFEB, the main transcription factor
regulating the biogenesis of lysosomes [46].

Recently, another support of age-associated
lysomal dysfunction was reported. In 24-month
old mice, 1-day starvation did not increase autop-
hagy flux, although such response takes place in 2-
month old animals [36]. Similarly, no increase in
lysosome abundance was detected 24 hours after

renal I/R in premature-aged OXYS rats, although
it was typical for young wild-type rats [18].

Would activation of autophagy protect the
elderly?

Activation of autophagy could be achieved in
different ways [47]. The non-pharmacological
way can be accomplished by caloric restriction
(CR) which results in robust upregulation of
autophagy genes and accumulation of autopha-
gosomes [43,48]. Moreover, the effect of CR was
abolished under Becline-1 or Atg7 inhibition
[49]. Life-long CR increases lifespan in animals
[50] and, specifically, long-term (comparable
with lifespan) CR can reduce the severity of
age-related changes in the kidney associated
with mitochondrial lessons [43]. Shorter proto-
cols, mainly involving the reduction of food
consumption by 30-40% for several weeks,
increase the tolerance of the organism to differ-
ent damaging factors. In some studies, it has
been shown that CR can reduce the severity of
I/R-induced AKI [51,52] and in one work, using
a long protocol (8 weeks), CR caused the
increase of kidney resistance to cisplatin nephro-
toxicity [53]. This data indicates a promising
clinical future for CR. However, in real clinical
practice, there is no opportunity for such
lengthy manipulations, except in the case of pre-
vention of the planned operations associated
with an increased risk of AKI. No doubt, CR is
important as a recommendation of a lifestyle.
However, it seems reasonable to use pharmaco-
logical drug mimicking CR effects.

Rapamycin mimics the anti-aging effects of CR
including the autophagy activation. A key compo-
nent regulating the activity of autophagy is a pro-
teinaceous complex called mammalian target of
rapamycin complex 1 (mTORCI1). Rapamycin
releases inhibitory block of biogenesis of autopha-
gosomes from mTORCI1 [54]. Rapamycin admi-
nistered late in life also extended the lifespan as
CR did [55,56]. It is currently used as an immu-
nosuppressant and seems to be very successful in
its use for clinical treatment of AKI since it is the
most down-stream effector in autophagy signaling
pathway. Although AKI leads to the activation of
autophagy in young animals, the use of rapamycin



further increases the formation of autophago-
somes, accompanied by more rapid clearance of
damaged structures, and this additional stimula-
tion of autophagy reduces the severity of AKI
[11,21,25].

Although the protective effect of rapamycin has
been shown in several studies using young ani-
mals, data on the protection of old animals are
not available yet. There is some reason for careful
optimism arousing from in vitro studies showing
that rapamycin reduces the expression of cell
senescence markers in renal cells [40] and restores
the protective effect of hypoxic postconditioning
in artificially aged cardiac myocytes [57].

The obvious problem related to the use of rapa-
mycin in the elderly is that in addition to autop-
hagy, mTOR controls several other processes
(described in detail in [54]). Indeed, knockout of
mTORCI1 in proximal tubules lead to impaired
renal function and lower tolerance to I/R-induced
damage [58]. Administration of rapamycin did not
cause serious consequences as did the knockout,
however, rapamycin slowed down the proliferation
of kidney cells after damage. Everolimus (a rapa-
mycin analog) increased the severity of AKI after
I/R or cisplatin exposure and in parallel with the
activation of autophagy, a decrease in proliferation
in the kidney during the recovery period takes
place [59]. On the other hand, rapamycin did not
increase the severity of AKI but delayed the time
of full recovery after I/R [60-62]. Such unwanted
results can greatly weaken the positive effect of
rapamycin, increasing the risk of AKI-associated
complications due to increased duration of the
disease. It is important to note that in studies
where rapamycin was able to protect kidneys
from AKI, the animals received a single dose of
rapamycin before ischemia while in studies show-
ing a retarded recovery from AKI, the drug was
repeatedly administered, both before and after
ischemia. It seems attractive to develop a protocol
that reduces its negative impact on proliferation.
We cannot exclude that this side effect may be
much stronger in the elderly, where proliferative
and regenerative processes are retarded [63]. For
example, it has been shown that in telomerase-
knockout mice, the time necessary to recover
renal function after I/R was longer than in age-
matched wild-type controls [64]. Amplification of
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this effect by rapamycin could be disastrous. It is
also remarkable that the effect of rapamycin was
deleterious when it was administered to people
[65] and animals [66] with preexisting glomerular
pathologies which are quite common in elderly
subjects [67].

There are other ways to activate autophagy,
such as administering drugs that act on different
up-stream components of the mTORCI signaling
pathway. Among drugs already used in the clinic,
such targeted action has been ascribed to metfor-
min and 5-aminoimidazole-4-carboxamide ribo-
nucleotide (AICAR), both of which activate AMP
kinase (AMPK). Pretreatment of animals with
these compounds increased autophagy flux in the
kidney [68]. However, the efficiency of these drugs
in old animals requires evaluation.

Mitochondria and kidney aging
What is the role of mitochondria in AKI?

AKI includes damage to the entire mitochondrial
apparatus as it has been proven in animal studies.
Among the morphological changes observed in the
tubular epithelium after I/R, the mitochondrial
swelling has been detected, and this was one of
the earliest ultrastructural changes in renal cells
caused by AKI [69,70]. Structural changes were
accompanied by functional changes. The main
functional feature of this organelle is its trans-
membrane potential. It is generated across the
inner mitochondrial membrane due to the activity
of the respiratory chain (RC) and coupling of
oxygen reduction with proton transport from the
mitochondrial matrix to intermembrane space.
This proton gradient is used by the ATP synthase
complex to produce ATP from ADP and inorganic
phosphate. The transmembrane potential is the
main marker for the mitochondrial quality control
system, configured to utilize low potential mito-
chondria [71].

A drop of the transmembrane potential in renal
cortex cells is observed already 10 min after reper-
fusion following kidney ischemia [72]. One hour
after the start of reperfusion, ATP levels in the
kidney tissue do not reach 50% of initial values
[73], and one day after induction of ischemic AKI,
respiratory control, an index of mitochondrial
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functional state, is significantly lower than in
intact animals [74]. Decreased activity of respira-
tory chain complex I and a decline in respiratory
control was also detected in mitochondria isolated
from kidneys of rats receiving injections of genta-
micin, a drug known for its nephrotoxicity [75].
Mitochondrial changes were observed already
three days after antibiotic administration, while
renal failure developed only on the 6th day of the
course, which suggests that mitochondrial dys-
function is the cause of kidney failure rather than
its consequence. Changes in RC activity and a
drop of the ATP concentration in the kidney
were also observed in two different models of
septic shock-induced AKI [76,77].

Mitochondrial dysfunction is deleterious for
renal cells. A drop in the mitochondrial membrane
potential and consequent fall in ATP levels may
cause the cells of the proximal tubules to be unable
to maintain their functionality and the structure of
their cytoskeleton [78]. This, in turn, leads to the
disruption of tight junctions between cells in the
tubules and causes a reverse leak of ultrafiltrate,
ultimately resulting in uremia. Moreover, loss of
tight junctions leads to a loss of polarity in tubular
cells, specifically to Na/K-ATPase translocation
from the basal to the apical membrane. The sub-
sequent decrease in the sodium reabsorption
causes polymerization of Tamm-Horsfall protein
and activation of the tubular-glomerular feedback
system [79]. The latter effect leads to vasoconstric-
tion of afferent arterioles thus reducing oxygen
supply to the nephron, possibly leading to
hypoxia/ischemia. In addition, when it becomes
impossible to generate a proton gradient by the
RC, the mitochondria build the membrane poten-
tial through the reverse activity of ATP-synthase,
which begins to pump protons into the intramem-
brane space, using the energy of ATP hydrolysis
[80]. Thus, dysfunctional mitochondria not only
cease their ATP production but also become an
additional consumer of ATP, exacerbating the
energy deficit of the cell.

Oxidative stress is another important conse-
quence of mitochondrial dysfunction. An inability
to accomplish electron transport along the RC
causes some its components to mediate one-elec-
tron reduction of oxygen to form superoxide
anion radical, ultimately leading to the

accumulation of various highly reactive oxygen
and nitrogen species (ROS and RNS; the mechan-
ism and consequences of their formation by mito-
chondria have been reviewed in detail [81]).
Concomitantly, RC components are easily
damaged by ROS and RNS. Thus, oxidative stress
of a non-mitochondrial origin (for example, that
caused by inflammatory cells through activation of
NADPH oxidase) could disrupt RC function and
evoke additional mitochondrial ROS production.
A set of data indicates that mitochondrial ROS can
activate extramitochondrial ROS-producing sys-
tems; a positive feedback relation between the
different ROS-generating systems of the cell is
discussed in detail elsewhere [81,82]. Each ROS-
producing component (mitochondrial and non-
mitochondrial), as well as cross-talks between
these ROS sources, can cause the amplification of
ROS levels and convert signaling function of ROS
into pathological.

Oxidative stress is an essential feature of AKI. In
experiments in vivo, it has been shown that 40-
min ischemia caused a manifold increase in ROS
production in the kidney [72]. Similarly, an
increase in ROS levels in the cortex of kidneys
was observed 3 hours after a single injection of
gentamicin [83]. After 5-6 days of the introduc-
tion of the antibiotic, profound oxidative stress
was indicated by increased protein carbonylation
and oxidation of lipid membranes [75,83,84].
Likewise, after induction of rhabdomyolysis, an
increase in renal tissue of malondialdehyde, a pro-
duct of lipid peroxidation, was recorded [85].
Similar signs of oxidative stress were observed in
the kidney after administration of the nephrotoxic
drug cisplatin [86] or radiocontrast media [87] and
also during endotoxemic shock [77].

Detailed study of mitochondrial involvement
in ROS generation showed that mitochondria
isolated from the kidneys of rats treated with
gentamicin had elevated ROS levels [75]. When
mitochondria isolated from a healthy animal
were incubated with gentamicin, an increase in
hydrogen peroxide production was observed
[88]. Combined staining of kidney slices exposed
to 40-min ischemia with probes for energized
mitochondria and ROS revealed that mitochon-
dria were the major source of ROS [72]. Another
fluorescent dye sensitive to superoxide anion



revealed the incidence of mitochondrial oxida-
tive stress in the kidneys 36 hours after induc-
tion of sepsis [76].

ROS generation in mitochondria or their vici-
nity carries great risk for the cell because ROS
act as a special trigger, activating a pore complex
in the inner membrane of mitochondria called
mPTP, the mitochondrial permeability transition
pore [89]. Opening the pore makes the inner
mitochondrial membrane permeable to mole-
cules up to 1.5 kDa, which results in equilibra-
tion of the ions between the matrix and
extramitochondrial space following by swelling
of the mitochondrial matrix (which is a charac-
teristic feature of ultrastructural changes induced
by ischemic AKI in cells of the nephron) and
dissipation of transmembrane potential. In addi-
tion to adverse effects on bioenergetics, the
opening of the mPTP leads to the release from
mitochondria of cytochrome C, Apaf-1, apopto-
sis-inducing factor (AIF) and endopeptidase G
what promotes the final steps of apoptosis [90].
When the opening of the mPTP occurs in most
of the mitochondria in the cell, acute depletion
of the ATP pool will lead to necrotic cell
death [91].

Finally, mitochondrial dysfunction and specifi-
cally mitochondrial ROS can have a negative
impact on renal hemodynamics [92]. Endothelial
dysfunction and impaired hemodynamics play an
important role in the pathogenesis of AKI.
Superoxide radical interacts with NO with a high
affinity, thus lowering its stimulatory effect on
guanylate cyclase, which regulates the tonus of
the blood vessels. It has been shown that the
decrease in expression of mitochondrial superox-
ide dismutase leads to more severe angiotensin II-
induced hypertension [93]. Another mechanism of
vasoconstriction can be associated with the mPTP,
which causes the release of mitochondrial calcium
ions to the cytosol [81]. Partially, due to this,
mitochondria of smooth muscle cells of blood
vessels in the kidneys are highly susceptible to
reperfusion damage [94]. Nephrotoxins that pri-
marily target the proximal tubules, increase hydro-
gen peroxide production, which can leave the cell
and to reach neighboring cells, spreading the
damage from tubules to endothelium [95].
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Can we afford protection of the kidney by
treating its mitochondria?

Mitochondrial antioxidants
Oxidative stress can damage various cellular struc-
tures, however, as mentioned above, the greatest
danger is posed by excessive ROS formed in or
reaching the mitochondria. Perhaps, a low concen-
tration of conventional antioxidants in the mito-
chondria can explain their low efficacy in the clinic
[96]. Recently, mitochondria-targeted antioxi-
dants, which carry both antioxidative properties
and the ability to be accumulated in the mitochon-
dria of cells, have become available. A comprehen-
sive investigation of the effect of mitochondrial
antioxidants from the SkQ family on renal pathol-
ogies demonstrated that SkQ1 introduced one day
before I/R prevented the animals™ death [97], and
the administration of SkQ1 3 hour before and 1
hour after ischemia and every 12 hours during the
post-ischemic period for 2 days improved kidney
function [98]. An even more pronounced nephro-
protective potential was reported for SkQRI1. This
drug protected the kidney from damage in experi-
mental rhabdomyolysis, I/R and gentamicin toxi-
city [99,100]. It prevented the animals’ death,
diminished morphological lesions of the kidney,
decreased the blood levels of creatinine and urea
and maintained the normal production of erythro-
poietin impaired by AKI. It deserves the special
attention that due to targeted delivery of antiox-
idants to the mitochondria, the protective effect of
the drug was observed at very low doses - as little
as 20-100 nmol/kg in the intraperitoneal injection.
SkQRI increased the recovery rate of renal
blood flow after I/R and reduced the resistivity of
the renal vessels. The protective effect of the drug
on both renal hemodynamics and renal function
vanished after inhibition of NO synthesis indicat-
ing a possible key role of mitochondrial oxidative
stress in renal vasculature damage [92]. In addi-
tion, SkQR1 prevented the inflammatory changes
observed in the kidney in experimental acute pye-
lonephritis [101]. The antioxidant MitoQ, having a
similar structure, also afforded nephroprotection.
The drug was shown to slow down the biochem-
ical processes associated with damage to the graft
caused by prolonged cold ischemia [102] as well as
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mitigate AKI after cisplatin treatment [103] and
endotoxemic shock [77,104].

In a septic model of AKI the nephroprotective
potential of another mitochondria-targeted antiox-
idant, mitoTEMPO, has been revealed [76].
Finally, the efficiency of the mitochondria-targeted
antioxidant SS-31 (Bendavia) was shown in an
ischemic model of AKI [105,106] (through reduc-
tion of severity of pathological changes and
improvement of renal hemodynamics) and after
ureteral obstruction (causing reduction of oxida-
tive stress, infiltration of macrophages and apop-
tosis) [107].

Mild uncoupling of oxidative phosphorylation

One more nephroprotective approach, which
affords the protection of renal mitochondria from
excessive ROS production, is a mild uncoupling of
respiration and oxidative phosphorylation. This
approach is based on the fact that mitochondrial
ROS production is directly dependent on trans-
membrane potential [108]. The higher the poten-
tial, the more hydrogen peroxide will be formed by
mitochondria and vice versa. Uncoupling may be
caused by a proton leak bypassing ATP synthase,
so the transport of protons into the matrix
becomes not associated with ATP synthesis. In
this process, the transmembrane potential
decreases, and generation of ROS decreases as
well. The main problem in the use of uncouplers
for this purpose is the selection of a dose that
would result in a decrease in potential sufficient
to drop ROS production, but not so great as to
inhibit ATP synthesis to the levels insufficient to
provide normal cell functioning. Among the exist-
ing drugs, this balance was found for 2,4-dinitro-
phenol, which showed the ability to prevent AKI
caused by renal I/R [98]. To increase the safety of
this class of substances, mitochondria-targeted
uncouplers were recently developed, which con-
centration in mitochondria depends on the trans-
membrane  potential.  Thus,  drug-induced
uncoupling will decrease the drug accumulation,
thereby forming a negative reverse link preventing
energy collapse of mitochondria. Currently, the
nephroprotective potential of two such new com-
pounds, dodecylrhodamine (C12R1) [98] and
mitoFluo [109], has been proven. In the nearest

future, we can expect the emergence of new
uncouplers with an increasingly wide therapeutic
window. The uncouplers were shown to prevent
proinflammatory changes in endothelial cells in
vitro and animal death induced inflammation,
indicating an important role for mitochondria in
the regulation of inflammatory response [110,111].
Translation these results from the bench to the bed
implies the possibility of treatment with uncou-
plers of a late diagnosed AKI through inhibition
of inflammatory processes in the organism.

Ischemic preconditioning

Another mitochondria-targeted strategy for
nephroprotection originates from the phenom-
enon of ischemic preconditioning (IPC) when
short episodes of ischemia precede a prolonged
ischemic stroke, resulting in higher resistance to
damage [112]. To prevent I/R-induced renal fail-
ure, various protocols of IPC are used generally
containing 1-6 episodes of I/R, each lasting
4-11 min [113,114]. The efficiency of the much
shorter protocol (4 cycles at 15 s of ischemia and
15 hours reperfusion) [18], and much longer pro-
tocol (30 min ischemia) [115] have also been
demonstrated. Several studies opened an incred-
ible prospect for the use of IPC in the clinic. First,
it was found that the protective effect was afforded
not only after ischemic “training” before long-term
ischemia but also immediately after an ischemic
insult to the kidney [116]. This allows the use of
IPC not only for the prevention of AKI in situa-
tions associated with high risk of disease but also
to treat an already existing AKI. Secondly, the
phenomenon of remote preconditioning was dis-
covered, in which ischemic “training” of one organ
increased the tolerance of another organ to pro-
longed ischemic insult [117,118]. Short-term
ischemia of the limbs was observed to be no less
protective than IPC of the targeted organ [119],
which opened the possibility of using in clinical
practice of highly simple and safe protocols based
on minutes-long ischemia of a shoulder or hip
induced by an inflatable cuff. Thirdly, it became
practical to reproduce the protective effect of IPC
with pharmacological agents (pharmacological
preconditioning). In the heart, IPC desensitizes
the mPTP, making its opening less likely [120].



Further, it has been shown that the status of the
mPTP plays a key role in determining whether
cells will die or survive [121,122]. Conventional
mPTP inhibitor, cyclosporine A prevented an 1/
R-induced drop of the transmembrane potential in
isolated renal mitochondria [72], and it also pre-
vented the development of AKI in some in vivo
models, demonstrating that kidney dysfunction is
closely associated with mitochondrial dysfunction
[123,124]. Further evidence for the important role
of the mPTP in the pathogenesis of AKI came
from the studies done on cyclophilin D (CyD)-
knockout mice. CyD is one of the most important
modulators of the mPTP complex. It binds to the
mitochondrial component organized by a dimer of
ATP synthase and makes it insensitive to mPTP
triggers. Knockout of the CyD gene prevented
mitochondrial dysfunction and energy deficiency
under oxidative stress and protected from the con-
sequences of I/R [121].

In kidney mitochondria, CyD colocalizes with
the B isoform of glycogen synthase kinase 3 (GSK-
3B). Inhibition of GSK-3f activity through phos-
phorylation of serine-9 reduced phosphorylation
of mitochondrial CyD, mitochondrial swelling
and nephrotoxic effects of NSAID, 2-[(2,6-dichlor-
ophenyl)amino]phenyl-acetate [125]. Since GSK3
is phosphorylated by a large set of kinases (Akt/
PkB, PkA, PkC, p70S6, etc.), it became possible to
arrange a search for substances preventing the
opening of the mPTP while targeting named
kinases. Now, the protective effects of various
GSK-3p inhibitors, operating at different levels of
the signaling pathway, have been shown in various
models of AKI, including I/R [72,126-128], kidney
transplantation [129], gentamicin toxicity [83,130],
cisplatin toxicity [126], NSAID toxicity [125], sep-
tic AKI [131] and rhabdomyolysis [132].

One proven endogenous mediator of IPC sig-
naling pathways is erythropoietin (EPO). EPO
receptor activation leads to phosphorylation of
GSK-3p, presumably through the PI3K-Akt path-
way. Increased production of EPO by the kidney is
one of the ways to implement protective mechan-
isms in remote preconditioning [117,118].
Currently, substantial evidence has been accumu-
lated proving the nephroprotective effect of
human recombinant EPO in various models of
AKI, including those caused by nephrotoxic
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drugs [133-135], I/R [136,137], rhabdomyolysis
[138] and experimental sepsis [139,140].

How do mitochondria change during aging?

One of the leading theories of aging postulates that
the accumulation of oxidative damage in mito-
chondria due to uncompensated ROS production
by the respiratory chain is the cause of aging
[141,142]. In the kidney of 24-month old mice,
the levels of 8-OHdG in mtDNA was greater,
and the number of point mutations and deletions
in mtDNA was much greater than in 3-month old
animals. Life-long CR resulted in simultaneous
normalization of the mitochondrial parameters
and vanishing of physiological hallmarks of aging
in the kidney [43]. In addition, mice with a point
mutation in the gene of mtDNA polymerase,
which leads to a 3-5 fold increase in the number
of point mutations and deletions in mtDNA vs.
wild-type, demonstrate not only shorter lifespan
but also a senescent specific phenotype [143].
Additional powerful support for the mitochondrial
theory of aging comes from a study in which two
lines of mice with identical nuclear but different
mitochondrial genomes compared. It
occurred that only differences in the mitochon-
drial genome could significantly affect the lifespan
of animals and the severity of the signs of
aging [144].

In mitochondria isolated from kidneys of 23 to
27-month old mice, protein synthesis was two
times slower than in mitochondria of young mice
[145]. This data correlates with the results of
another study, where lower expression of TFAM,
a mtDNA transcriptional factor, was detected in
the kidneys of 21-month old and young Fischer
344 rats [146]. That study demonstrated a decrease
in cytoplasmic and nuclear levels of transcriptional
factor Nrf2, which plays an important role in the
expression of several antioxidant genes.

Aging has been found to be accompanied not
only by the accumulation of damaged mtDNA
copies but also by functional changes in the
mitochondria of the kidneys. Particularly, a
decline in the activity of mitochondrial enzymes,
including those of the Krebs cycle [147] and of
the respiratory chain has been demonstrated
[148]. Aging was associated with lower

were
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respiration rates [146,149], a greater fraction of
mitochondria with low potential [18] and a
lower rate of ATP production [146].

Opponents of the mitochondrial theory of aging
emphasize that, despite the successful reproduc-
tion of the aging phenotype in mtDNA mutator
mice, a remarkable number of studies have failed
to detect significant functional changes in mito-
chondria with age, and even when these have been
detected, such changes did not exceed 10-20%. In
response to this criticism, it has been suggested
that perhaps the aging process is not characterized
by a gross change in all cells, but rather by changes
occurring in local cell communities bearing multi-
ple copies of defective mtDNA [150]. This argu-
ment emphasizes the importance of the
heterogeneity of healthy vs. unhealthy biological
structures including cells, mitochondria, and
macromolecules. The key role of cellular hetero-
geneity in aging is consistent with the fact that
accumulation of a quite small number of senescent
cells in an organ can significantly affect healthy
cells not touched by the aging process [41]. An
important discovery became the fact that mainte-
nance of stemness is associated with the ability of
the cell to separate old from new mitochondria
through asymmetric mitochondrial fission with
further placing of newly formed healthy mitochon-
dria in a resting stem cell [151,152]. Thus, accu-
mulation of mtDNA mutations may determine the
aging which is mediated by senescence of stem
cells.

A very challenging question remains: why dys-
functional mitochondria are accumulated in
aging despite the presence of a system of autop-
hagy, which detects and destroys “bad” mito-
chondria [71] and thus prevents unnecessary
heterogeneity in the mitochondrial population.
It seems that increasing mitochondrial heteroge-
neity not only in stem but also in all cells is a sign
of pathological phenotype including aging phe-
notype [153]. We can propose that such hetero-
geneity is a result of either impaired asymmetric
mitochondrial division (in other words, fragmen-
tation or fission) or an impaired utilization of
damaged mitochondrial fragments through
autophagy (mitophagy) [71].

Will mitochondria-targeted approaches be
protective in the elderly?

As aging evidently affects mitochondria, a reason-
able question arises as to whether mitochondria-
targeted approaches can protect the aging kidney.
Two works attempting to extend the protective
effects of IPC and ischemic postconditioning to
older animals yielded a disappointing result:
these interventions were not protective in the kid-
ney of old rats [18,154]. In one of these studies,
aging was accompanied by an increase in the level
of acetylation of the nuclei in the epithelial cells of
the proximal tubules and a lack of growth in the
number of lysosomes one day after I/R. Under
basal conditions, there was a smaller amount of
LC3 II in the kidney homogenates and a greater
abundance of PINK1 and ubiquitinated proteins in
the mitochondria of old versus young rats. The
accumulation of mitophagic markers with age
was accompanied by a growing number of low-
potential mitochondria, suggesting that in older
animals, the system of mitophagy retains the abil-
ity to detect dysfunctional mitochondria and mark
them for further utilization, but loses the ability to
destroy mitochondria [18].

In the same study, IPC did not affect the mem-
brane potential of mitochondria from kidneys of
young rats. However, it led to an increase in the
number of low potential mitochondria in old ani-
mals [18]. This data emphasizes the importance of
studying not only the average of each parameter
over the population of mitochondria but also the
distribution of parameter values within that popu-
lation [153]. The need for such analysis may be
augmented by the existence of the phenomenon of
ROS-induced ROS-release, in which oxidative
stress in an individual mitochondrion induces
mPTP opening in adjacent mitochondria, resulting
in an even greater increase in ROS production and
mPTP induction in mitochondria far away from
the source of the original production of ROS [155].
It can be assumed that this phenomenon makes
the accumulation of even a small percentage of
dysfunctional mitochondria highly sensitive to
oxidative stress extremely dangerous for the cell.
A small increase in ROS production that in young



animals triggers a cascade of protective signaling,
in older animals may provoke long-lasting and
permanent opening of the mPTP in the population
of “bad” mitochondria. This, in turn, will lead to
increased oxidative stress in remote mitochondria,
so that a low level of oxidative stress, such as that
associated with IPC, can be amplified to a dama-
ging level.

Figure 1 summarizes the concept of mitochon-
drial changes occurring on aging. The main point
is the increasing heterogeneity with age when
“bad” mitochondria progressively persist in the
entire mitochondrial population as a result of inef-
ficient mitophagy. Heterogeneity of the membrane
potential in aging mitochondria can abolish the
protective  effect of  mitochondria-targeted
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antioxidants. Most of these antioxidants use mito-
chondrial potential as the driving force for accu-
mulation in the mitochondria. As a result, in the
low potential mitochondria, their concentrations
will be less, although these are precisely the mito-
chondria most in need of antioxidants to amelio-
rate oxidative stress. The opening of the mPTP
only in this population of mitochondria may be
sufficient to initiate cell death. Therefore, the effi-
cacy of mitochondria-targeted antioxidants should
definitely be tested in old animals.

Undoubtedly, a more detailed study of hetero-
geneity in the mitochondrial population of differ-
ent kidney cells and the effects of aging on this
heterogeneity are required. Such study might lead
to the development of mitochondrial antioxidants
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Figure 1. Appearance and progressive increase of mitochondrial heterogeneity in the aged kidney. In the old kidney, the level of
active GSK-3 is increased, which leads to higher percentage of the mitochondria with open pores and higher ROS generation. This
results in higher number of dysfunctional mitochondria that are poorly eliminated because of ineffective autophagy. Mechanisms for
effective mitochondria clearance induced by IPC or by CR are weak in the old kidney, i.g., because of active Akt. As a result, aged
kidney contains more “bad” mitochondria, but they cannot be removed as it occurs in young tissue, leading to enrichment of a
population with dysfunctional organelles and the formation of the senile phenotype.
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whose accumulation does not depend on mito-
chondrial membrane potential, or conversely, of
ways to induce mitophagy of “bad”, low-potential
mitochondria, for example, by increasing the
expression of Parkin. The exacerbation of mito-
chondrial dysfunction by aging may cause nephro-
protective approaches proven to be effective in
young animals to be ineffective in older subjects.
Thus, the growth of production of mitochondrial
ROS may determine the essential for the aged
kidney increase in resistance of renal vasculature
[156] and diminished vasodilatation response
[157]. The most widely used vasodilators mediate
their activity through NO, thus necessitating the
testing of their effectiveness in old animals. It is
possible that the efficacy of NO-dependent dilata-
tors could be resurrected by concomitant admin-
istration with mitochondrial antioxidants or
uncouplers.

The role of Akt signaling in aging

The loss of the protective effect of IPC in old
animals may be associated with changes in signal-
ing pathways. Thus, it has been shown that in the
aged kidney, the PI3K-Akt pathway is activated
[158]. One target of Akt is GSK-3P. Aging in the
heart is accompanied by an increase in the content
of both pAkt and pGSK-3; however, for the kid-
ney, there is no available data on this issue [159].
Similarly, it has been shown that in the old heart,
drugs that protect young animals from I/R by
inhibiting GSK-3p were not able to increase the
levels of the phosphorylated (inactive) form of the
enzyme and were thus unable to reduce damage to
the old heart. In one proposed mechanism for the
protective effect of IPC, the mPTP opens for short
periods of time, leading to a small regulatory
increase of ROS production that triggers signaling
that prevents the transition of the pore complex to
the permanent open state [160,161]. In this con-
text, excessive activation of the PI3K-Akt pathway
and inhibition of GSK-3P activity in aging may
play a negative role, preventing IPC from exerting
its conventional protective effects. In addition, the
increase in pGSK-3p during aging of the heart is
associated with a proportional increase in CyD
[159], which after phosphorylation, inhibits
mPTP. It is assumed that normally, the ratio of

CyD to phosphoserine-9 on GSK-3p remains
unchanged and inhibition of the pores does not
occur.

Another target of the Akt signaling pathway is
the mTORCI complex [54]. Via inhibition of
TSC1/2 and/or the dissociation of PRAS40 from
mTORCI, Akt increases the activity of mTORCI.
It is important that the impact of AMPK, which
inhibits mTORCI in response to CR, is also imple-
mented through the TSC1/2, however through
activating phosphorylation. Thus, the inhibitory
effect of Akt can compete with the activating effect
of AMPK to reduce the activation of autophagy in
response to starvation. Finally, it has been shown
that Akt inhibits chaperone-mediated autophagy
[162]. In this process, unlike macroautophagy,
special protein complexes on the surface of lyso-
somes recognize incorrectly folded proteins with
attached chaperones with further their binding,
unfolding and translocation into the lysosomal
lumen for degradation [163]. Inhibition of this
pathway will increase the formation of protein
aggregates, which will increase the burden on the
autophagy system, increasing the probability that
ubiquitin-labeled “bad” mitochondria will avoid
destruction.

Concluding remarks

Currently, there is a huge gap between the two
pools of publications. The first relates to the pro-
tection of young animals from AKI. The second,
more limited, focuses on what happens to the
kidney with aging. The evaluation of strategies
for nephroprotection in old animals is virtually
absent, although this is one of the most important
issue limiting translation to the clinical situation.
This is largely a logistical problem because even
the design of conventional animal facilities does
not support the maintenance of animals that have
reached old age. Thus, old animals remain a
unique object, and the diversity of pathologies
that occur spontaneously in old animals of differ-
ent strains makes their study extremely difficult. A
radical revision of this approach is needed, parti-
cularly in the organization of animal facility
design, to maintain different populations of old
animals in sufficient quantities.



Another approach to solve this problem is to
study animals that show signs of premature aging,
such as OXYS rats or mtDNA mutator mice.
However, such animal models will be unlikely to
reproduce aging in its entirety. Some authors
believe that the diabetic kidney exhibits a number
of signs of aging, and therefore a strain of diabetic
rodents can also offer some approximation to an
aging model.

A third possible approach is to modify the pro-
tocols used to analyze clinical trial data. Within
these trials, there is often a group of old patients,
and by comparing the effect of any drug in young
and old patients, it may become possible to under-
stand what mechanisms are “turned off” in the
elderly. Probably, this will be the most effective
approach, as it will shift the focus of research
from the simulation of aging in animals (which
may be flawed, due to the fact that aging may be
totally different in different species with different
strategies of reproduction, as, for example, in pri-
mates or rodents) to the identification of the
mechanisms that are disabled or attenuated in
the elderly, followed by detailed examination of
these specific signaling pathways in rodents.

A fourth approach is to pay more attention to
the distribution of acquired data instead of aver-
aging the effects (both positive and negative) of an
intervention (physiological or pharmacologic) over
the entire biological system including people, ani-
mals, their cells, organelles or macromolecules.
The standard deviation of any measured value
may reflect not only the skill of the investigator
but also the diversity of biological responses in
different biological systems. Presentation of the
entire set of obtained data may help to specifically
group the data thus revealing specific activation or
inhibition of signaling pathways involved in many
deleterious states such as aging of different organs
including kidney.
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