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Abstract

Diabetic nephropathy (DN) is the leading cause of kidney failure, with an increasing in-
cidence worldwide. Mitochondrial dysfunction is known to occur in DN and has been
implicated in the underlying pathogenesis of disease. These complex organelles have an
array of important cellular functions and involvement in signaling pathways, and under-
standing the intricacies of these responses in health, as well as how they are damaged
in disease, is likely to highlight novel therapeutic avenues. A key cell type damaged
early in DN is the podocyte, and increasing studies have focused on investigating the
role of mitochondria in podocyte injury.This review will summarize what is known about
podocyte mitochondrial dynamics in DN, with a particular focus on bioenergetic path-
ways, highlighting key studies in this field and potential opportunities to target, enhance
or protect podocyte mitochondrial function in the treatment of DN.
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Diabetes mellitus is a common chronic metabolic disease of individuals with diabetes. Not only does DN often re-
and major global healthcare burden. According to the quire dialysis or transplantation in its advanced stages, but
World Health Organization, in 2019 diabetes accounted  also the increased risk of all-cause and cardiovascular mor-
for over 1.5 million deaths and its incidence continues to tality in diabetes is predominantly seen in individuals with
increase (1). Diabetic nephropathy (DN) is 1 of the most kidney disease (2, 3). Despite extensive research into the
frequent complications of diabetes, affecting around 30% pathogenesis of DN, current treatment options are limited.
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As such, there is still a desperate need to identify novel
therapeutic targets, which requires further understanding
of the molecular mechanisms underlying DN development
and progression.

An increase in urinary albumin excretion is often the
first clinical sign of renal injury in diabetes (4). A key driver
of albuminuria is podocyte loss, occurring as a consequence
of their detachment and apoptosis or injury (which can also
manifest as hypertrophy, cell flattening, and foot process
effacement) (5-8). Podocytes are highly specialized, termin-
ally differentiated cells, with a limited capacity for renewal
and thus rely on their ability to maintain their complex
structure via regulation and organization of the actin cyto-
skeleton and extracellular matrix. This imposes a signifi-
cant energy demand on podocytes, which in turn requires
maintaining an adequate mitochondrial number and their
proper function. The interest in understanding the mech-
anisms behind podocyte damage in DN has highlighted
the crucial role of mitochondria (9-11). Mitochondria
are key intracellular organelles, which control energy me-
tabolism and are essential for the production and gener-
ation of cellular adenosine triphosphate (ATP), through
oxidative phosphorylation. An efficient mitochondrial
turnover—biogenesis, fusion, fission, and mitophagy—is
essential for proper energy supply and targeted distribu-
tion of the mitochondrial metabolites throughout the cell.
Apart from energy supply, mitochondria modulate various
intracellular processes such as cell proliferation, apoptosis,
calcium homeostasis, oxidative stress, and lipid metabolism
(12, 13). Their dysfunction is linked to the pathogenesis
of various chronic and metabolic conditions, including DN
(14, 15). However, the complex changes in podocyte mito-
chondrial metabolism in DN, and whether mitochondrial
dysfunction is a direct cause rather than a consequence of
podocyte injury, are not fully understood.

Here, we will focus on the role of mitochondria in
podocyte bioenergetics in diabetes, review the recent ad-
vances in our understanding of mitochondrial dysfunction
in podocytes, and give perspectives on the direct relation-
ship between changes of the mitochondrial metabolism
and the development of DN. The critical mitochondrial
processes known to be regulated in conditions of podocyte

stress are summarized in Fig. 1.

Podocyte Bioenergetics: Role of Mitochondrial
Metabolism

Cells generate energy from glucose by 2 pathways: gly-
colysis in the cytoplasm and oxidative phosphorylation
(OXPHOS) in mitochondria. In general, OXPHOS is by far
the most efficient energy-producing pathway, generating up
to 36 ATPs per glucose molecule (vs the 2 ATP molecules

generated during glycolysis) and has the capacity to utilize
all nutrients available to cells. In podocytes, there is yet no
consensus on the prevalence of aerobic vs anaerobic me-
tabolism and a crucial role of mitochondria in podocyte
bioenergetics is currently debated. There are some contra-
dictory studies, showing that podocyte energy status is not
altered due to mitochondrial imbalance, whereas others
demonstrate opposing results (16-19). These discrepancies
may arise for various reasons, including the use of different
cellular and animal models, as well as employing distinct
experimental conditions. Below, we discuss the views on
the role of mitochondria in podocyte bioenergetics, refer-
ring to the contentious issues in this area.

Due to their unique morphology, mitochondria are not
evenly distributed throughout the cell. Like most organ-
elles, mitochondria are located in the cytosol around the
nucleus and not found in the foot processes, where energy
metabolism is probably powered by glycolysis (16). In sup-
port of this predominant role of glycolysis in podocyte foot
processes, blocking glycolysis with 2-deoxy-D-glucose has
been shown to prevent the formation of lamellipodia and
reduce podocyte migration (16). Others have also dem-
onstrated that podocyte-specific knockout of genes re-
sponsible for mitochondrial biogenesis and dynamics (ie,
PGC-1a, Tfam, DRP1) does not result in glomerular or
renal injury in mice under physiological conditions (17).
Although this may suggest glycolysis has the capacity to
compensate for a loss of mitochondrial respiration, or a
predominant role for glycolysis in podocytes, these studies
do not address whether these changes can be deleterious in
conditions of podocyte stress, for example in DN. Others
have also demonstrated that mitochondrial respiration
accounts for around 77% of podocyte respiration (15, 18).
Moreover, podocytes have limited ability to increase ATP
levels by enhancing glycolysis or OXPHOS after partial
suppression of mitochondrial function or glycolytic flux
(18), providing evidence that both pathways are involved
in the maintenance of cell energy balance. Overall, whether
glycolysis or mitochondria play a predominant role in
podocyte bioenergetics likely depends on context (eg, stage
of differentiation, extracellular environment, subcellular
localization). The question remains as to which pathway
plays a predominant role in podocytes exposed to stressful
environments, such as in DN.

It is clear, however, that both glycolysis and OXPHOS
are dysregulated in podocytes in DN and recently, the role
of increased interactions between Smad4 and the rate-
limiting glycolytic enzyme pyruvate kinase M2 (PKM2)
and ATPase inhibitory factor 1 (20) in this process has been
demonstrated. This suggests the depletion of Smad4 could
be a potential therapeutic target to maintain podocyte bio-
energetics in DN. Podocyte bioenergetic status also seems
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Figure 1. An overview of critical mitochondrial processes during podocyte stress. (A) Lipid metabolism. An upregulated CD36 in DN promotes free
fatty acids (FFA) uptake, whereas downregulated ABCA1 hampers extracellular transport of phospholipids and cholesterol. Dysregulated lipid me-
tabolism in podocytes in DN is also associated with the decreased fatty acids (3-oxidation (FAO), which results from the reduced expression of per-
oxisome proliferator-activated receptor (PPAR), peroxisomal acyl-CoA oxidase (ACOX1/2) and mitochondrial acyl-CoA dehydrogenase (ACADM), as
well as the increased ACC2 activity. All this results in accumulation of lipids and ceramides in cytoplasm. (B) Genetics. Mutations in mitochondrial
genes COQ2, COQ6, COS8B, PDSS1, PDSS2, and APOL1 have all been associated with DN and noncoding RNAs (eg, miRNA-21 and long-noncoding
RNAs Tug1 and Meg3) have been shown to regulate podocyte bioenergetics and fusion/fission in DN. (C) Energy metabolism. A reduction in oxida-
tive phosphorylation (OXPHOS) and ATP production has been demonstrated in DN in addition to podocyte “glycolytic switch!” (D) Mitochondrial dy-
namics. A reduction in podocyte mitochondrial biogenesis pathways are observed in DN alongside a reduction in mitochondrial fusion, an increase
in podocyte mitochondrial fission (22, 70) and a reduction in podocyte mitophagy (81). (E) Altered podocyte redox signaling in DN is evidenced by
an increase in NADPH oxidases (32), an increase in reactive oxygen species (34), a reduction in sirtuins which can lead to a reduction in FOXO1 (62).
(F) Increased immune signaling (eg, increased MCP-1, tumor necrosis factor-a and TGF-3) in DN can damage podocyte mitochondria and cause an
increase in ROS production and release of mtDNA which along with oxidized cardiolipin accumulated in mitochondrial outer membrane, can trigger
NLRP3-inflammasome assembly leading to inflammation and apoptosis.

to be dependent on the stage of differentiation. Glycolysis
has been shown as the main source of ATP production be-
fore differentiation, while OXPHOS seems to predominate
during and after differentiation. A stepwise activation of
oxidative metabolism during podocyte differentiation de-
pends on the peroxisome proliferator activated receptor
(PPAR) gamma coactivator-1 (PGC-1)a-dependent stimu-
lation of mitochondrial biogenesis and function, with sim-
ultaneous reduction of the glycolytic enzyme content (19).
Thus, mature podocytes could be more sensitive to an alter-
ation of oxidative metabolism (16).

Interestingly, a novel mechanism of podocyte “bioener-
getic de-differentiation” has been observed in diabetic con-
ditions, showing that a high glucose (HG) environment
induces an aerobic “glycolytic switch” in podocytes (ie,
preferential glycolysis and increased lactate production

despite oxygen abundance), by inhibiting MEF2C and
MYFS5 (19). The downregulation of these transcription fac-
tors reduces the expression of respiratory chain complex IV,
decreases mitochondrial biogenesis, along with enhancing
the expression of pyruvate dehydrogenase kinase 1, the
OXPHOS inhibitor (19). This mechanism, resembling the
Warburg effect which is mainly attributed to cancer cell
bioenergetics, could be essential in maintaining efficient en-
ergy supply especially in podocyte foot processes. Changes
in podocyte bioenergetic homeostasis toward glycolysis
have also been observed in patients with DN, characterized
by an increased expression of PKM2 and reduced expres-
sion of MEF2C, MYFS5, and PGC-1a in renal biopsy sam-
ples, compared with tissue from healthy individuals (19).
In summary, though some studies have suggested that
glycolysis can partially compensate impaired OXPHOS
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function and the loss of some mitochondrial proteins may
not be detrimental for podocytes, there is strong evidence
that molecular components of mitochondrial metabolism
play an essential role in podocyte bioenergetics and physi-
ology, particularly in DN.

Mitochondrial Injury Underlies the
Development of Diabetic Nephropathy

Mitochondria are highly dynamic organelles and constantly
change their shape and intracellular localization. Alteration
of their morphology is associated with many pathological
conditions, including diabetes (21) and there is a wealth
of literature highlighting mitochondrial dysfunction in DN.
Although many studies emphasize the key role of mito-
chondrial metabolism in podocyte biology, the mechanisms
by which primary mitochondrial impairment contributes to
renal damage in DN remain unknown. Fully understanding
the involvement of mitochondria in podocyte injury and
the unique bioenergetics of these cells, particularly in dia-
betes, is essential for determining whether directly targeting
podocyte mitochondria could be a therapeutic option
for DN.

Impairment of podocyte mitochondrial homeostasis has
been observed both in vitro, for example after exposure
to high glucose, and in vivo, in patients with DN (19, 22).
An increased amount of small, fragmented mitochondria
with abnormal cristae characterizes glomerular endothe-
lial cell, podocytes, and proximal tubular epithelial cells
from diabetic animal models and patients with DN (23,
24). Urinary metabolomic studies have shown decreased
and abnormal mitochondria in DN (25) and evidence also
suggests restoring mitochondrial activity can improve renal
function in diabetes (26).

Crucial findings have come from studying individuals
who have had diabetes for a duration of over 50 years
and yet have no evidence of kidney damage. Compared
with those with DN, “DN-protected” individuals had ele-
vated enzymes in the glycolytic, sorbitol, methylglyoxal,
and mitochondrial pathways. These seminal results (from
both type 1 and type 2 diabetes) suggest that the ability to
enhance or preserve these enzymes and pathways may re-
duce the toxic effects of glucose and preserve kidney func-
tion (27, 28). Conversely, we can infer that a disruption
to glycolytic and mitochondrial pathways in the kidney is
a major driving factor underlying DN. A particular em-
phasis has been placed on PKM expression and activity,
which was highly upregulated the glomeruli of individ-
uals with long-standing diabetes but without nephropathy.
Mechanistically, a podocyte-specific reduction in PKM2
promoted mitochondrial dysfunction and glomerular
damage and, interestingly, the pharmacological activation

of PKM2 reversed mitochondrial dysfunction and kidney
pathology in experimental models and increased glycolytic
flux in podocytes in vitro (28).

The diabetic environment is associated with a
dysregulation of many metabolites causing disruptions
to podocyte homeostasis, including glucose, insulin, and
lipids. Many studies have focused on the role of hypergly-
cemia in promoting podocyte damage, which may result
from an elevated concentration of intracellular glucose.
Podocytes uptake glucose via a number of glucose trans-
porters (GLUTs) (29), including insulin-sensitive GLUT1
and GLUT4 (30). Notably, the podocyte-specific depletion
of GLUT4 has been found to protect from DN (31), sug-
gesting that limiting intracellular glucose in diabetes could
be beneficial.

A major mechanism by which hyperglycemia promotes
podocyte damage is via the increased production of reactive
oxygen species (ROS) (32, 33), from the 2 main sources:
mitochondrial (complex I and complex III of respiratory
chain), and nonmitochondrial (membrane bound NADPH
oxidases, mainly NOX4) (32, 34). Although ROS are inev-
itable by-products of mitochondrial respiration, which (in
health) are neutralized by efficient intracellular antioxidant
mechanisms, an increase in ROS generation and/or defects
of the antioxidant defense causes oxidative modification of
intracellular molecules (eg, DNA, proteins, lipids) leading to
an impairment of cell function via a cascade of downstream
mechanisms. Since podocytes are very metabolically active
cells, they are particularly susceptible to oxidative stress.
Increases in ROS can promote proinflammatory responses,
via oxidized cardiolipin, a mitochondria-specific phospho-
lipid, in the mitochondrial outer membrane, which serves
as a docking molecule for NLRP3-inflammasome assembly
(35). Interestingly, treatment with a selective cardiolipin
peroxidase inhibitor, elamipretide (SS-31), can reverse
high-fat diet-induced pathological changes in podocytes
and renal tissue in mice (36). HG also induces NOX4-
dependent generation of H,O,, which inhibits a mitochon-
drial enzyme, fumarate hydratase, leading to an increased
level of fumarate (37). Fumarate is a potent inhibitor of
prolyl hydroxylase, and its downregulation results in
hypoxia-inducible factor (HIF)-1o accumulation and acti-
vation of HIF-1 signaling pathways, such as upregulation
of profibrotic (transforming growth factor [TGF]-B) or
proinflammatory cytokines (monocyte chemoattractant
protein 1 [MCP-1], tumor necrosis factor-1a) in podocytes
(37, 38). There is also evidence that NOX4 partially local-
izes to mitochondria in podocytes and its downregulation
ameliorates HG-induced injury of podocytes and prevents
glomerular damage in diabetic mice (39).

The early stages of DN are typically associated with
hyperglycemia and hyperinsulinemia,along with progressive
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podocyte insulin resistance (40). Insulin signaling is essen-
tial for normal podocyte and kidney function (41). We have
previously shown that insulin stimulates NOX4-dependent
generation of ROS and induces reorganization of the actin
cytoskeleton in podocytes, which leads to the increased
glomerular filtration barrier permeability to albumin. This
suggests excessive cellular insulin signaling (eg, in condi-
tions of hyperinsulinemia as observed in type 2 diabetes)
may also have negative effects on podocyte function via
promoting ROS, potentially prior to the development of
insulin resistance (42). There is also evidence of direct
crosstalk between insulin resistance and mitochondrial dys-
function in podocytes (43).

Mitochondrial bioenergetics is tightly linked with lipid
metabolism, and dyslipidemia is another hallmark of
DN. Lipids are also an important energy source for the
kidney and a major component of mitochondrial mem-
branes. However, a systemic dysregulation of lipid metab-
olism occurs in diabetes, and may lead to an excessive and
damaging accumulation of lipids in tissues, including in the
kidney. Importantly, excessive lipid accumulation and dys-
functional lipid metabolism can also damage mitochondria
in DN and protecting mitochondrial function in such situ-
ations can overcome lipotoxicity in the kidney in experi-
mental models (36, 44).

Intracellular lipid homeostasis is maintained by
balanced synthesis, degradation and/or storage, which
can also be disrupted in diabetes. In podocytes, high glu-
cose downregulates B-oxidation of fatty acids via several
mechanisms including: decreased expression of peroxi-
some proliferator-activated receptor (PPAR)-a, Acyl-CoA
dehydrogenase medium chain (ACADM), or acyl-CoA
oxidase 1/2 (ACOX1/2) (45); upregulated acetyl-CoA
carboxylase 2 (ACC2) activity in the mitochondrial sur-
face (46); overexpression of cluster differentiation 36
(CD36); and accumulation of ceramides (47, 48). There is
also evidence that therapeutic modulation of these path-
ways may be beneficial in DN, providing further potential
targets for clinical intervention. The pharmacological ac-
tivation of PPAR signaling (eg, by thiazolidinediones) is a
common treatment strategy in type 2 diabetes, improving
insulin sensitivity (49). PPARYy can also activate the enzyme
Klotho, which can attenuate HG-induced oxidative stress
and decrease podocyte apoptosis iz vitro and in vivo (50).
The antioxidant effects of Klotho may in part be via acti-
vation of nuclear respiratory factor (NRF)-2 signaling (51).
HG-induced Klotho deficiency can also lead to reduced
DNA repair capacity in podocytes, which is, importantly,
accompanied with mitochondrial dysfunction and cell in-
jury (52).

CD36 is an example of a fatty acid translocase which
is overexpressed in diabetic kidney tissue with a potential

role in DN pathogenesis. In podocytes, a CD36-dependent
increase in free fatty acids (FFA) uptake promotes intra-
cellular accumulation of triglyceride-enriched lipid drop-
lets, which activates NLRP3 inflammasome assembly at the
mitochondrial surface via cardiolipin interaction, leading
to apoptosis (45, 53).

Ceramides are a class of lipids, elevated in the plasma of
patients with type 2 diabetes, which have also been shown
to play a significant role in podocyte biology (54). The ac-
cumulation of ceramides in podocyte mitochondria is asso-
ciated with increased cell death (47). Furthermore, the key
role of acid ceramidase activation in mitigating ATP release
through the membrane channel pannexin-1 has been dem-
onstrated in podocytes, preventing NLRP3-induced apop-
tosis and inflammation (53).

A dysregulation of cholesterol metabolism is also ob-
served in podocytes in diabetic milieu (56). A key recent
study has demonstrated the mechanism by which sup-
pression of a transmembrane protein regulating choles-
terol and phospholipid efflux, ATP-binding cassette Al
(ABCA1), may drive mitochondrial dysfunction and in-
crease podocyte susceptibility to injury in diabetes (45).
The deletion of ABCAT1 specifically in podocytes increased
cardiolipin accumulation, disrupted mitochondrial respira-
tory chain function and contributed to the progression of
DN in mice (45). Interestingly, the pharmacological in-
duction of ABCA1 ameliorated podocyte injury and re-
duced albuminuria (45), highlighting another promising
therapeutic approach related to protecting mitochondrial
function.

Mitochondrial Biogenesis in Diabetes

Another mechanism of mitochondrial damage in DN is the
alteration of mitochondrial turnover, related to biogenesis—
fusion—fission—mitophagy cycle. Mitochondrial biogenesis
is a process of forming new organelles, which requires a
coordinated synthesis of proteins encoded by both nu-
clear DNA (nDNA) and mitochondrial DNA (mtDNA),
membrane biosynthesis and the proper targeting and
folding of OXPHOS complexes (57). This is important for
maintaining cellular energy production as it enables the re-
placement of mitochondria severely injured under hyper-
glycemia with new functional organelles.

Mitochondria encompass over 1000 different proteins,
but only 13 (subunits of complexes I, III, IV, and V) are
encoded by the mitochondrial genome (58). Furthermore,
nDNA transcription factors (regulated by hormones and
growth factors) also control the transcription and transla-
tion of mtDNA, suggesting that most biogenesis processes
are mtDNA independent. The peroxisome proliferator-
activated receptor (PPAR) gamma coactivator-1 (PGC-1)
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family has a key role in mitochondrial biogenesis, with
PGC-1a and PGC-1p being the most important players
(57). PGC-1a is a cotranscriptional regulation factor that
induces mitochondrial biogenesis by activating different
transcription factors, such as NRF-1 and NRF-2, which in
turn promote the expression of transcription factor A mito-
chondrial (TFAM) (59). PGC-1a. is capable of driving al-
most all processes of mitochondrial formation, including
transcription of OXPHOS subunits and fatty acid oxida-
tion genes. One of the main downstream effects of PGC-1a
is the activation of NRF-1 and NRF-2, which in turn direct
transcription of the nuclear encoded mitochondrial pro-
teins, the mitochondrial protein import machinery and co-
factors required for assembly of the OXPHOS complexes,
as well as the regulatory factors required for mtDNA tran-
scription and translation, among which TFAM is the most
important (12).

Several studies support the hypothesis that a close rela-
tionship exists between PGC-1a function, insulin sensitivity
and type 2 diabetes. Impaired mitochondrial biogenesis and
elevated mtDNA damage have been observed in diabetic
kidneys (60). There are various mechanisms of PGC-1a
regulation at the transcriptional and post-translational
levels (61). Among others, PGC-1a is activated through
phosphorylation by the major cellular energy sensor,
AMPK, and through deacetylation by SIRT1 in low nu-
trients or high NAD* conditions (61). A decreased level of
PGC-1a and reduced phosphorylation of AMPK correlate
with DN, and furthermore, pharmacological activation of
AMPK not only stimulates PGC-10a.,, ameliorates mitochon-
drial respiratory chain function and increases mitochon-
drial density in kidneys, but also reverses diabetes-induced
renal changes, involving increased fibronectin and TGF-f3
production (60). In podocytes, HG decreases the levels of
mitochondrial proteins, including subunits of OXPHOS
complexes and some markers of mitochondrial biogenesis
(PGC-1a, NRF1, TFAM) (19). The restoration of PGC-1a
in HG-treated podocytes alleviates lipotoxicity, improves
insulin sensitivity and decreases cell injury (46). A secreted
glycoprotein, progranulin, can activate SIRT1/PGC-1o/
FOXOT1 signaling in podocytes exposed to HG, which pro-
tected against podocyte injury in mice with DN (62). Recent
finding emphasized the importance of mitochondrial gly-
cerol 3-phosphate dehydrogenase in inducing mitochondrial
biogenesis in podocytes, which protected the cells against
hyperglycemia-induced impairment of mitochondrial bio-
energetics and increased ROS production (63).

Overall, thereis a consensus thatenhancing mitochondrial
biogenesis in podocytes in the diabetic milieu is beneficial for
renal function (64, 65). Interestingly, thiazolidinediones are
PGC-1a activators (59). Moreover, pharmacological activa-
tion of the master regulators of mitochondrial biogenesis

(ie, AMPK, SIRT1, PGC-1a, NRF-1), by a selective agonist
of G protein coupled bile acid receptor TGRS (INT-777),
increases fatty acid B-oxidation and reduces lipid accumu-
lation in podocytes (64). Treatment of diabetic mice with
INT-777 not only improves podocyte injury, but also al-
leviates proteinuria, renal fibrosis and CD68 macrophage
infiltration (64). Even more promising therapeutic effects
have been observed after the treatment of diabetic mice
and mice with diet-induced obesity with dual farnesoid X
receptor/TGRS agonist INT-767 (66). The renoprotective
impact of INT-767 was partially due to increased mitochon-
drial biogenesis and activation of mitochondrial fatty acid
B-oxidation (66).

Mitochondrial Fusion and Fission in Diabetes

Mitochondrial fusion is the process of physical merging of
2 mitochondria together, while fission is separating 1 into
2. Mitochondrial fusion generally promotes OXPHOS, res-
cues mitochondria from degradation through mitophagy
and allows biodistribution of fatty acids under nutrient-
limited conditions (67). The fusion process is crucial for
an equal distribution of the mitochondrial molecular ma-
chinery across the entire mitochondrial network and plays
an important role in the efficiency improvement of most
of reactions, which occur inside the organelles (68). On
the contrary, mitochondrial fission is often associated with
metabolic stress and leads to a degradation of the defective
mitochondria or apoptosis in cases of severe damage (67).
Perturbation of the proper regulation of mitochondrial fu-
sion—fission processes affects cellular bioenergetics and in-
evitably leads to an impairment of cell function. There is
also a link between an alteration in mitochondrial dynamics
and diabetes (24, 69). The reduced levels of mitofusins-1/2,
responsible for mitochondrial fusion, and upregulation of
the fission protein, dynamin-related protein 1 (DRP1), are
observed in podocytes in diabetic mice, along with mito-
chondrial fragmentation (22, 70). It has been shown that
pharmacological restoration of the mitofusin-2 and DRP1
receptor FIS1 can reverse pathological changes in kidneys,
such as podocyte loss, foot processes fusion and effacement
in diabetic rats (71). Importantly, defects in mitochondrial
fusion machinery in podocytes leads to a hyperactivation of
the insulin/IGF-1 signaling pathway and progressive pro-
teinuria in mice, resulting in kidney failure and death of the
animals (72).

Several pharmacological agents directly targeting mito-
chondria and regulating the fusion-fission process have been
studied in podocytes and in animal models of diabetes. For
example, the Drp-1 inhibitor, Mdivi-1, has renoprotective
effects in db/db mice and podocytes by inhibiting mitochon-
drial fragmentation and lowering ROS levels (73). Similar
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beneficial effects on mitochondrial dynamics, alongside the
suppression of renal injury, have been observed in STZ-
induced mice treated with other agents, such as dipeptidyl
peptidase-4 inhibitors, antioxidant mitochondrial-targeted
protein (SS-31), or SGLT?2 inhibitors (74).

The exact role of either mitochondrial fusion or fission
in the podocyte in DN and conditions of insulin resistance
is still unclear.

Mitophagy in Diabetes

Closely related to mitochondrial fission is the process of
mitophagy. Mitophagy is a specific type of autophagy
involving a range of intracellular pathways destined to
selectively recognize, neutralize, and destroy defective
mitochondria. Similar to autophagy, the mitophagy pro-
cess is based on a series of the following steps: initiation
with the recruitment of autophagy machinery, seques-
tration of mitochondria into autophagosomes, fusion of
autophagosomes with lysosomes, and release of digested
products into the cytoplasm. The major pathway for the
injury-induced mitophagy involves PTEN-induced kinase 1
(PINK1) and Parkin proteins. In depolarized mitochondria,
PINK1 accumulates in the mitochondrial outer membrane
and recruits and phosphorylates the E3 ubiquitin-protein
ligase Parkin, which in turn ubiquitinates numerous mito-
chondrial outer membrane proteins (eg, FIS1, Mfn1/2,
VDAC1, TOM) (75), ultimately leading to the formation
of the isolation membrane around damaged mitochondria
(76). Autophagosome formation and closure are regulated
by different upstream factors, including ULK1 kinase (unc-
51-like kinase), which regulates mitochondrial shape and
have a role in mitophagy by direct phosphorylation of
mitophagy receptor FUNDC1 (FUN14 domain-containing
protein 1) (77).

It is becoming increasingly clear that both autophagy
and mitophagy are inhibited in diabetic kidneys (78-81).
Dysregulation of mitophagy has been shown to contribute
to the development of cellular insulin resistance (82-84).
The downregulation of PINK1 was found to correlate
with palmitate-induced insulin resistance in hepatocytes
and in livers from mice maintained on a high-fat diet
(82). Upregulation of podocyte autophagy ameliorates
HG-induced cell injury and prevents insulin resistance
(85, 86). Moreover, activation of PINK1/Parkin1 signaling
in HG-exposed podocytes and in renal cortex in diabetic
animal models improves cellular and glomerular injury
(87). Further studies characterizing the molecular crosstalk
between mitophagy and insulin signaling in podocytes in
DN are warranted.

The balance of mitochondrial degradation and biogen-
esis determines cellular adaptation to physiological and

pathological stressors and is essential for maintaining mito-
chondrial homeostasis and normal cellular function and
survival. Both mitophagy and mitochondrial biogenesis are
coordinated by several common pathways, which promote
biogenesis by activating PGC-1a and inhibit mitophagy
by phosphorylation of LC3 and DRP1 proteins. Both
PINK1 and Parkin not only play a key role in mitophagy,
but also positively regulate mitochondrial biogenesis (57).
Likewise, AMPK, is involved in the initiation of mitophagy
(eg, through phosphorylation of ULK1), and also stimu-
lates biogenesis through PGC-1a activation in kidney (88).
However, we still do not know whether such molecular
crosstalk exists in podocyte and how it is regulated in dia-
betes. Mitophagy seems to be 1 of the defense mechanisms
in podocytes aiming to reduce oxidative stress and spare
cells from apoptosis. It may therefore be particularly im-
portant during the early stages of DN and metabolic stress,
and strategies to therapeutically target these pathways may
be important for maintaining proper mitochondrial dy-
namics and effective for treating or slowing the progression
of DN.

Genetics of Mitochondrial Dysfunction in DN

Though genome-wide association studies have failed to re-
veal robust DN-associated loci, there is evidence for a gen-
etic basis of mitochondrial dysfunction in DN, involving
both mtDNA and nDNA mutations. MtDNA encodes 13
subunits of OXPHOS complexes I, III, IV, and V, 2 rRNAs,
and 22 tRNAs, whereas the remaining genes, encoding
other structural subunits of respiratory chain complexes,
proteins and enzymes involved in mtDNA replication and
maintenance, cytochrome ¢ and enzymes for coenzyme
Q (CoQ) biosynthesis are products of nDNA (89). The
A3243G mutation in the tRNA™" gene is 1 of the most
frequent point mutation in mtDNA associated with dia-
betes and glomerular defects (90). A correlation between
the existence of the A3243 in mtDNA and podocyte foot
processes effacement has been described in individuals with
diabetic and nondiabetic kidney disease (91). Noteworthy,
a significant alteration in the urinary proteome pattern
has been discovered in patients carrying A3243G muta-
tion, characterized by a reduced level of lysosomal pro-
teins, calcium-binding proteins, and antioxidative enzymes
in urine samples (92). Aside from A3243G mutation, the
mitochondrial dysfunction associated with glomerular dis-
eases can result from the genetic alterations of the CoQ10
biosynthesis pathway genes such as COQ2, COQS6,
COQS8B, PDSS1, PDSS2 (89). Although CoQ10 has its
primary role in the electron transport chain, the mech-
anism of podocyte injury due to CoQ10 deficiency involves
disturbed polyunsaturated fatty acid metabolism and is
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independent of ATP production (93). The early diagnosis of
patients with CoQ10 defects is particularly important since
oral supplementation with CoQ10 can prevent irrevers-
ible neurological lesions and renal damage (89). Targeting
CoQ10 pathway may have broad therapeutic potential to

2kdkd e

treat renal diseases (94). For example, in Pdss
with global CoQ10 depletion treatment with Braf/Mapk-
targeting compound, GDC-0879, restored podocyte lipid
peroxidation, and ameliorated albuminuria (93).

Recently, incisive research has been published showing
that Apoliprotein L1 gene (APOL1) variants, G1 (5342G
and 1384M) and G2 (del388N389Y), are associated with
mitochondrial dysfunction and cytotoxicity in podocytes,
and contribute to lipotoxicity-induced renal injury in
mice with focal segmental glomerulosclerosis (95). High-
glucose—cultured podocytes have lower expression of
APOLI1 protein (96); however, the effect of the presence of
APOLI1 risk variants in podocytes in diabetic kidney has
not yet been investigated.

Epigenetic modifications drive changes in gene ex-
pression independent of changes to the underlying DNA
sequence and can encompass modifications to DNA (eg,
methylation), histones (eg, acetylation), and noncoding
RNAs (eg, microRNAs, long noncoding [Inc]RNAs). The
interest in epigenetic modifications in DN has in part
been driven by their potential role in the phenomenon of

3]

“metabolic memory,” whereby individuals with diabetes
and long-term normoglycemia (>25 years) still have an in-
creased risk of DN due to poor glucose control in the past
(97). There is increasing evidence that epigenetic changes
are associated with DN (98). Although the majority of
epigenetic studies concern nuclear DNA modifications,
mitoepigenetics also has an important role in a variety
of diseases, including cardiovascular disease, obesity, and
diabetes (99). For example, an increased methylation of
D-loop region of mtDNA and subsequent reduction in
the mtDNA copy number in leukocytes has been associ-
ated with insulin resistance in obesity (100), and decreased
methylation of mtDNA has been linked with the reduced
expression of PGC-1a and p-AMPK, and the accumulation
of fumarate in diabetic kidney (101).

Noncoding RNAs are involved in the regulation of
various mitochondrial pathways in DN (102). For example,
miRNA-21 is downregulated in animal models of DN and
CKD patients and can suppress the expression of PPAR-a,
thereby regulating fatty acid B-oxidation (103). miRNA-
34a is increased in plasma and urine of DN patients and
can suppress SIRT1, which in turn regulates autophagy,
apoptosis, and mitochondrial biogenesis (104). SIRT1 ac-
tivity is also regulated by miRNA-150-5p, and silencing
miRNA-150-5p prevents HG-induced podocyte injury
and STZ-induced DN in mice (105). The IncRNA “taurine

upregulated gene 17 (Tugl) appears to modulate PGC-1a
transcription and mitochondrial bioenergetics in DN (106).
Tug1 expression is significantly decreased in the podocytes
of diabetic mice and its overexpression leads to alleviated
albuminuria, improved podocyte morphology and reduced
mesangial matrix expansion (106). Along with regulation
of mitochondrial metabolism, IncRNAs have been identi-
fied which can regulate mitochondrial dynamics. For ex-
ample, the IncRNA “Meg3” is increased in podocytes in
diabetic conditions and correlates with an excessive mito-
chondrial fission and podocyte injury in DN (102).

Future studies of mitochondrial genetics and epigenetics
will highlight further mechanisms underlying mitochon-
drial dysfunction in DN.

Therapeutic Potential and Future Perspectives

As described throughout this review, there is increasing
evidence that mitochondrial damage is a driving factor to-
ward podocyte dysfunction and DN, and there is evidence
that therapeutic strategies in experimental models of DN
have beneficial effects on mitochondria. Such examples in-
clude stimulation of AMPK-PGC-1a signaling via AMPK
activators (metformin, AICAR) or inhibition of mTOR
(sirolimus). Furthermore, mechanistic studies of SGLT2
and dipeptidyl peptidase-4 inhibitors have demonstrated
they can have beneficial effects on mitochondrial function
in DN (107-109). Though indeed, such agents have a pri-
mary role in maintaining glucose homeostasis, so any ef-
fects on mitochondrial protection may arise from lowering
glycaemia opposed to directly targeting podocytes, it
does not discount that mitochondrial disturbance could
be the driving intermediate between hyperglycemia and
podocyte dysfunction. Interestingly, glycemia-independent
renoprotective effects of the SGLT2 inhibitor dapagliflozin
have been demonstrated in a model of albumin overload,
alongside protection against podocyte dysfunction and
loss (110), and protective effects of the SGLT2 inhibitor
Ertugliflozin on cardiac mitochondrial function have re-
cently been described in the absence of diabetes (111), sug-
gesting additional (albeit debated) mechanisms of action
for such SGLT2 inhibitors should be explored.

There are also several reports demonstrating that agents
specifically targeting mitochondria could be therapeutically
beneficial, such as mitochondrial division inhibitor (Mdivi-
1), elamipretide (SS-31), or triphenylphosphonium-CoQ
conjugate (MitoQ) (112). Importantly, SS-31 is an example
of a synthetic peptide that improves mitochondrial func-
tion which is currently undergoing clinical trials for treat-
ment of heart failure as well as primary mitochondrial
diseases. Preclinical studies have shown beneficial effects of
this compound in models of DN, protecting mitochondrial
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structure in all kidney cell types (36, 113). This suggests
that therapeutic strategies directly targeting mitochondria
have vast potential in prevention of the renal injury in dia-
betes and in DN treatment.

It is also important to note that upregulation of both
glycolytic (PKM1, PKM2) and mitochondrial (MTCO2)
enzymes have positive effects on retaining renal function
and preventing glomerular pathology in diabetes (27).
Pharmacological activation of PKM2 ameliorates mito-
chondrial dynamics in podocytes and improves renal func-
tion in diabetic animal models (28) providing a promising
clinical target in the future.

Conclusions

The pathogenesis of DN is complex, involving a variety of
molecular and biochemical pathways. Podocytes are espe-
cially vulnerable to the alterations in the extracellular envir-
onment and hemodynamic disturbance caused by diabetes
and numerous studies using disease models and samples
from individuals with DN have indicated that unbalanced
mitochondrial homeostasis underlies pathological changes
in podocytes in DN. Though not covered in detail in present
manuscript, there is also evidence that mitochondrial injury
is a major driving factor behind the damage of other renal
cells in DN, especially proximal tubule cells, which are par-
ticularly rich in mitochondria and almost exclusively oxygen
dependent (79, 114, 115). Importantly, proximal tubule
cells are considered the primary cellular target for SGLT2
inhibitors (116). However, whether mitochondrial dysfunc-
tion is always a cause (rather than consequence) of podocyte
damage in DN is not understood and the mechanisms by
which primary mitochondrial injury affects podocyte func-
tion are still not fully elucidated. Although, studies directly
targeting mitochondrial proteins have shown renoprotective
effects, which is encouraging to further research in this area.
Additional studies are needed to identify the pivotal mech-
anisms which are truly driving the bioenergetic changes in
podocytes in diabetes, providing potential therapeutic tar-
gets, which could be pharmacologically or genetically modu-
lated in order to prevent the development of the DN and to
establish more effective treatments of diabetes.
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