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Abstract: Diabetic nephropathy (DN) is the most serious complication of diabetes and a leading
cause of kidney failure and mortality in patients with diabetes. However, the exact pathogenic
mechanisms involved are poorly understood. Impaired mitochondrial function and accumulation
of damaged mitochondria due to increased imbalance in mitochondrial dynamics are known to be
involved in the development and progression of DN. Accumulating evidence suggests that aberrant
mitochondrial fission is involved in the progression of DN. Conversely, studies linking excessively
enlarged mitochondria to DN pathogenesis are emerging. In this review, we summarize the current
concepts of imbalanced mitochondrial dynamics and their molecular aspects in various experimental
models of DN. We discuss the recent evidence of enlarged mitochondria in the kidneys of DN and
examine the possibility of a therapeutic application targeting mitochondrial dynamics in DN.
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1. Introduction

Diabetic nephropathy (DN) is the most common cause of end-stage kidney disease
associated with diabetes mellitus (DM) and is one of the most serious complications of
diabetes [1,2]. DN develops in approximately 30% of patients with type 1 DM and 40%
of those with type 2 DM [1]. Podocyte loss, albuminuria, and a reduction in glomerular
filtration rate are the major clinical features of DN [3,4]. DN also has significant long-term
effects on the mortality of patients with diabetes [2]. Although several studies have been
performed over a long period, the molecular mechanisms of DN pathogenesis have not
been elucidated and there are no effective therapeutics for DN. Therefore, novel studies
are needed to better understand the pathogenesis of DN and the exact molecular mecha-
nisms involved to improve the pathological and clinical changes in the kidney. Recently,
increasing evidence has shown that mitochondrial dysfunction, including imbalanced
mitochondrial dynamics and excessive reactive oxygen species (ROS) production, plays an
important role in the development and progression of DN.

Mitochondria play an essential role in the survival of all cells responsible for cellular
respiration, ROS generation, and adenosine triphosphate (ATP) production by oxidative
phosphorylation. The kidneys are highly energy-demanding tissues in the body and
are rich in mitochondria. Thus, mitochondrial and kidney functions are highly linked.
Proximal tubular cells in renal tissue are rich in mitochondria and rely on oxidative phos-
phorylation for ATP generation [5]. Moreover, the importance of mitochondrial function
in the kidneys is evident in inherited mitochondrial diseases with renal impairment [6].
Previously, it has been reported that the mitochondrial membrane potential in endothelial
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cells and podocytes of the kidneys is reduced by treating high-glucose in DN [7]. Highly
increased ROS production by mitochondria plays a role in metabolic and cellular signal-
ing pathways, including inflammation and apoptosis, in response to hyperglycemia and
hyperlipidemia [8–10]. In addition, accumulating evidence suggests that mitochondrial
morphological changes, including fragmentation and enlargement induced by diabetic
conditions such as hyperglycemia, play essential pathological roles in DN pathogenesis.
In various DN experimental models, increased mitochondrial fission has been shown to be
a key mediator of increased ROS production and apoptosis under hyperglycemic condi-
tions [11]. However, recent research has found that excessive mitochondrial fusion can also
be involved in DN pathogenesis [12,13]. Therefore, it is unclear how various mitochondrial
morphologies are associated with mitochondrial function and which morphology is critical
for inducing mitochondrial dysfunction, such as ROS production in DN. This means that
dysfunctional mitochondria, such as fragmented or enlarged mitochondria, are increasingly
postulated to be crucial to the development and progression of DN.

In this review, we provide an update on the recent advances in the relationship
between mitochondrial dynamics and the progression of DN and an overview of the
pathophysiological role of mitochondrial dynamics in the kidneys. We focus on evidence
of aberrant mitochondrial morphological changes in DN and summarize the experimental
studies supporting fragmented or enlarged mitochondria as the cause of DN both in vitro
and in vivo. Moreover, we discuss in detail the role of mitochondrial enlargement in the
development and progression of DN. In addition, we highlight potential therapeutic drugs
and strategies that regulate mitochondrial dynamics and could potentially be beneficial in
the treatment of DN.

2. Mitochondrial Dynamics and Oxidative Stress
2.1. Regulation of Mitochondrial Dynamics

Mitochondria are highly dynamic cellular organelles that constantly alter their shape
and size through fission and fusion events [14]. This dynamic process allows the mainte-
nance of the proper mitochondrial network in cells under various environments. Fission
results in mitochondrial fragmentation, whereas fusion results in elongated and enlarged
mitochondria. A balance between fission and fusion processes is required for the mainte-
nance of optimal mitochondrial conditions because aberrant and imbalanced mitochondrial
dynamics could finally result in mitochondrial dysfunction that induces intracellular stress
or damage, including ROS production and apoptosis [15,16].

The regulation machinery of mitochondrial dynamics has been identified in yeast and
Drosophila models, and homolog proteins have also been found in mammalian
models [17,18]. These include the fusion regulation factors, mitofusin 1 and 2 (Mfn1/2)
and optic atrophy 1 (Opa1), and the fission regulation factors, dynamin-related protein 1
(Drp1) and mitochondrial fission protein 1 (Fis1) [18].

Drp1, a large dynamin-related GTPase, translocalizes from the cytosol to the mito-
chondrial outer membrane (MOM) and forms a ring-like oligomeric structure around
the membrane to be fragmented. After mitochondrial fission, Drp1 returns to the cy-
tosol from the MOM. The binding of Drp1 to MOM is regulated by various receptors,
including Fis1, mitochondrial fission factor (Mff), and mitochondrial dynamics proteins
of 49 and 51 kDa (MiD49 and MiD51, respectively) [19]. The activation and transloca-
tion of Drp1 to mitochondria is regulated by posttranslational modifications, such as
phosphorylation, ubiquitination, sumoylation, and nitrosylation [20]. Several kinases can
influence Drp1 localization between the cytosol and mitochondria by phosphorylating
two serine residues of Drp1 [20]. Downregulation of Drp1 expression leads to enhanced
mitochondrial fusion, forming enlarged mitochondria, and overexpression of Drp1 induces
mitochondrial fragmentation.

Fis1 is also a key factor in the regulation of mitochondrial dynamics and the receptor
for Drp1 [21]. Fis1, a small membrane protein, is localized in the MOM through a single
transmembrane domain at the C-terminus. Fis1 plays a major role in Drp1 localization
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from the cytosol to mitochondrial fission sites by physically binding to Drp1 [22]. Fis1
overexpression induces mitochondrial fission, resulting in fragmentation and apoptosis
through the recruitment of Drp1. In addition, Fis1 knockdown by microRNA leads to
mitochondrial fusion and elongation [21].

Mfn1 and Mfn2 are large mitochondrial transmembrane GTPases that belong to the
dynamin superfamily, which can interact with both the homodimer (Mfn1-Mfn1 or Mfn2-
Mfn2) and heterodimers (Mfn1-Mfn2) to mediate mitochondrial fusion [23]. Mfn1 and
Mfn2 play a central role in the tethering and fusion of MOMs. These mitofusin complexes
on adjacent mitochondrial membranes act as membrane tethers and form dimeric structures
between each mitochondrial membrane [24]. When mitofusins are tethered, GTP hydroly-
sis enables mitochondrial fusion [25]. Mfn1- or Mfn2-deficient mutant cells are defective in
mitochondrial function by inducing mitochondrial fragmentation, and they also exhibit
several mitochondrial and cellular defects, including aberrant mitochondrial membrane
potential, decreased respiration, excessive ROS production, and apoptosis [24,26]. More-
over, Mfn2 is involved in tethering mitochondria to the endoplasmic reticulum (ER) [27,28].
Therefore, Mfn1 and Mfn2 may have different functions in mitochondrial dynamics and
interactions with other organelles.

Opa1 is also a mitochondrial dynamin-related GTPase anchored to the mitochondrial
inner membrane (MIM) and plays an important role in mitochondrial fusion [29]. The Opa1
gene is alternatively spliced and yields eight mRNAs. These variants are proteolytically
processed into the inner membrane-anchored long-form of Opa1 (L-Opa1) and soluble
short form of Opa1 (S-Opa1) [30]. L-Opa1 is only required for MIM fusion, but S-Opa1 is
not [31]. In addition, Opa1 controls cristae morphogenesis in mitochondria [32,33]. Opa1
is also linked to mitochondrial oxidative phosphorylation in the respiratory chain and
membrane potential through sequestering soluble cytochrome c within the cristae [32].
Opa1 mutation in mice and Drosophila showed embryonic lethality, which indicates a critical
function of mitochondrial fusion during development [34,35]. In both human and mouse
models, Opa1 mutation leads to abnormal mitochondrial morphology and mitochondrial
dysfunction, including mitochondrial oxidative phosphorylation defects and mitochondrial
DNA instability [36].

The pathogenic mechanism of imbalanced mitochondrial dynamics during the de-
velopment and progression of several metabolic diseases, including diabetes mellitus,
renal diseases, heart disease, and cancers, is currently being investigated. Aberrant mito-
chondrial dynamics may be complicated by mitochondrial fission and fusion processes.
However, the molecular mechanisms leading to imbalanced mitochondrial dynamics and
novel regulators of the modulation of mitochondrial morphology are largely unknown.
Furthermore, it is unclear how increased mitochondrial fission or fusion status modulates
cellular toxicity in diseases and whether the involvement of their imbalanced status is
direct or indirect in the development of diseases. Therefore, further research is required to
provide evidence on the relationships between mitochondrial dynamics, mitochondrial
dysfunction, excessive ROS generation, and apoptosis.

2.2. Generation of Reactive Oxygen Species Due to Aberrant Mitochondrial Dynamics

ROS are reactive molecules and free radicals derived from molecular oxygen. ROS
have an intracellular function at low levels and play the role of signaling molecules
when strictly regulated [37]. Mitochondria are the main source of ROS in cellular sys-
tems. High levels of mitochondrial ROS can induce cellular stress and damage. Mi-
tochondrial ROS are scavenged by various enzymes, including manganese superoxide
dismutase (MnSOD) [38,39]. Enhanced mitochondrial ROS production has been impli-
cated in the pathogenesis of various diseases, such as cancer, neurodegenerative diseases,
and metabolic diseases, even with aging. Recently, it has been reported that overproduc-
tion of mitochondrial ROS is significantly associated with cellular damage in the kidneys
and the progression of kidney disease. Hyperglycemia and hyperlipidemia are well-known
factors that contribute to the development of DN [40,41]. It is also important to note that



Antioxidants 2021, 10, 741 4 of 17

oxidative stress is linked to mitochondrial function, not just because mitochondria generate
ROS, but also because ROS can cause deterioration of mitochondrial function.

Mitochondria can change various morphologies from small, short shapes to enlarged,
elongated shapes. Recent studies have reported a relationship between mitochondrial
fission and ROS production in various models. Increased mitochondrial fragmentation in
Drp1 overexpression or Mfn1 knockdown in cultured human hepatocellular carcinoma
cells is associated with excessive ROS production and apoptosis [42,43]. Mff overexpression
in cultured human breast cancer cells has been reported to induce mitochondrial fission,
mitochondrial membrane potential loss, and excessive ROS generation [44]. Moreover,
Mfn1- and Mfn2-deficient cultured cells and macrophages of Mfn2 knockout mice showed
mitochondrial fragmentation and increased ROS production [45–47]. These results sug-
gest that increased mitochondrial fragmentation through modulation of mitochondrial
dynamics machinery may lead to excessive ROS generation from mitochondria and can be
associated with diseases.

However, excessive mitochondrial fusion, which results in elongated and enlarged
mitochondria, also induces ROS production and cytotoxicity. Aged human hepatocytes,
which display elongated mitochondria, have decreased mitochondrial bioenergetic ca-
pacity [48,49]. Increased mitochondrial elongation in Fis1 knockdown cultured cells has
shown senescence-associated phenotypes, including increased DNA damage, ROS pro-
duction, and loss of mitochondrial membrane potential [50]. Moreover, mitochondrial E3
ubiquitin ligase, membrane-associated RING-CH5 (MARCH5) knockdown in cultured
cells promotes highly connected and elongated mitochondria, increased ROS levels, and
reduced mitochondrial membrane potential by increasing Mfn1 expression and blocking
Drp1 activity [51]. These results indicate that increased mitochondrial fusion may lead to
stress-induced cellular senescence.

The presence of fragmented mitochondria owing to increased fission or decreased
fusion can lead to mitochondrial dysfunction, including excessive ROS generation and de-
creased mitochondrial biogenesis [52,53]. Conversely, the increased formation of enlarged
mitochondria owing to fusion activation or fission inhibition can diminish mitochondrial
turnover by impairing mitophagy, leading to the accumulation of damaged mitochondria
in cells [54,55]. The balance between mitochondrial fission and fusion to maintain mito-
chondrial function is an intricate cellular process that is still under investigation. Therefore,
a critical question in the regulation of mitochondrial dynamics that leads to ROS production
or cellular toxicity is how the expression of mitochondrial fission and/or fusion proteins
is controlled and which morphological process is important in the development of the
disease under various physiological or pathophysiological conditions.

3. Recent Advances on Mitochondrial Fission in Diabetic Nephropathy
3.1. In Vivo Studies Using Animal Models

Various in vitro studies have also implicated mitochondrial fission as a key mediator
of increased ROS production and apoptosis under hyperglycemic conditions [11,56]. Hy-
perglycemia leads to renal injury in kidney tissues and induces DN. Therefore, the precise
role of mitochondrial dynamics and novel regulators in DN pathogenesis needs to be
investigated. In particular, the novel regulatory mechanisms of mitochondrial dysfunction,
including aberrant morphological changes associated with mitochondrial ROS production
under hyperglycemia in vivo DN models, need to be explored.

Many experiments have been conducted to investigate mitochondrial morphological
changes in experimental models of DN (Table 1). Excessive mitochondrial fragmentation
has been observed and identified as a pathogenic mechanism of diabetic nephropathy
in various in vivo models. In 2012, researchers attempted to examine the role of mito-
chondrial dynamics in the progression of diabetic nephropathy using an in vivo mouse
model [57]. They showed that albuminuria in diabetic models is reduced in ROCK1
knockout mice and that ROCK1 triggers mitochondrial fragmentation by phosphorylating
Drp1 at Serine 600 [57]. Drp1 is translocalized to the outer membrane of mitochondria
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when it is activated by phosphorylation of serine residue, leading to a reduction in ATP
levels in renal tubular cells [58]. In the podocytes of diabetic mice, mitochondrial fis-
sion is apparently active; deleting podocyte-specific Drp1 using conditional knockout
strategy results in significantly decreased mitochondrial division, decreased proteinuria,
and improved podocyte morphology [59]. Therefore, these studies demonstrate that
hyperglycemia-induced mitochondrial fission is mediated by ROCK1 activation and Drp1
phosphorylation in mouse podocytes [57]. Furthermore, in another study, Galvan et al.
generated a knock-in mouse in which S600 of Drp1 was mutated to alanine (Drp1S600A)
and showed that Drp S600A transgenic mice with db/db background exhibited decreased
progression of diabetic nephropathy, decreased mitochondrial ROS production, and mito-
chondrial fragmentation in kidney tissues [60]. Collectively, these findings suggest that
Drp1 phosphorylation and translocalization to mitochondria by metabolic stress, including
hyperglycemia, contribute to aberrant mitochondrial dynamics and renal dysfunction in
the kidneys of diabetic nephropathy.

In addition, there is emerging in vivo evidence that mitochondrial damage in kidney
tissues with diabetes is important for the pathogenesis of diabetic nephropathy. Several
novel regulators have been found to participate in mitochondrial dysfunction, including
ROS production and impaired mitochondrial dynamics induced by metabolic stress condi-
tions, such as obesity, insulin resistance, and diabetes mellitus. Hyperglycemia induces the
downregulation of peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α),
a regulator of oxidative metabolism in mitochondria, in the kidneys of diabetic rats [61].
Researchers have shown that decreased PGC-1α expression induces mitochondrial ROS
production and mitochondrial fragmentation in the kidneys of high-dose glucose diet-fed
rats. A type 2 diabetic animal model, db/db mice, also showed renal injury and increased
Drp1 expression in the kidneys [62]. Moreover, apoptosis-inducing factor (AIF) is a mi-
tochondrial flavoprotein with dual roles in redox signaling and programmed cell death.
AIF expression is significantly decreased in the renal tubules of patients with CKD [63].
AIF knockdown mice with diabetes have shown severe kidney injury, including glomerular
damage, mitochondrial dysfunction, and fragmentation. This phenotype is also shown
to be regulated by the increased localization of Drp1 to the renal mitochondria in AIF
knockout mice with diabetes.

Myo-inositol oxygenase (MIOX), which catabolizes myo-inositol to D-glucuronate,
regulates apoptosis in tubular cells of diabetes [64]. A previous report found that MIOX
expression and activity were increased in kidney cells of db/db mice [65]. Activated MIOX
during hyperglycemia induces mitochondrial fission and dysfunction in streptozotocin
(STZ)-induced diabetic mice [66]. Interestingly, dietary treatment with MIOX inhibitor in
diabetic mice decreased apoptosis, increased mitophagy, and improved renal function.

Dual-specificity protein phosphatase-1 (DUSP1) is a threonine/tyrosine phosphatase
that dephosphorylates p38 and c-Jun N-terminal kinase (JUN) [67]. DUSP1 is downregu-
lated in the renal tissue of hyperglycemia-induced diabetic mice. Overexpression of DUSP1
in diabetic mice attenuates renal dysfunction and diabetic kidney damage [68]. DUSP1
overexpression suppresses hyperglycemia-induced mitochondrial fission by regulating
Mff-related mitochondrial dynamics. In addition, downregulated DUSP1 expression in-
duced by hyperglycemia activates JNK pathway, leading to phosphorylated Mff-mediated
mitochondrial fission [68].

p66Shc is a member of the Src homologous-collagen homolog (ShcA) adaptor protein
family [69]. It has been regarded as a key regulator of mitochondrial ROS production and
apoptosis, and is involved in several diseases, including metabolic diseases. The expression
of p66Shc and phosphorylated p66Shc was highly increased in the kidney tissues of both
STZ-induced diabetic mice and db/db mice [70]. p66Shc knockdown alleviated increased
mitochondrial fragmentation, downregulated Fis1, reduced p66Shc-Fis1 binding, and
increased Mfn1 expression under high-glucose conditions [71].

Nuclear receptor subfamily 4 group A member 1 (NR4A1) is activated in response to
hyperglycemia and contributes to the pathogenesis of diabetic nephropathy. Genetic de-
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pletion of NR4A1 suppresses glomerular apoptosis, renal dysfunction, and mitochondrial
damage induced by a high-glucose diet. Furthermore, NR4A1 modulates Mff and parkin
expression via the p53 signaling pathway. NR4A1 knockdown suppresses high-glucose-
induced mitochondrial fragmentation by modulating Miff and parkin transcription and
improves diabetic nephropathy [72].

Metabolic disorders caused by oxidative stress are believed to be prominent in renal
injury during the progression of diabetic nephropathy, resulting in hypoxia. It is well
known that hypoxia-inducible factor-1 (HIF-1) is a key regulator of hypoxic stress and dam-
age. HIF-1 is a heterodimeric protein consisting of two subunits, HIF-1α and HIF-1β [73].
HIF-1α is degraded by the proteasome under normoxic conditions and is stabilized under
hypoxic conditions [74]. The expression of HIF-1α is increased in diabetic mice. Conditional
deletion of HIF-1α in proximal tubular cells of STZ-induced diabetic mice enhances kidney
injury and mitochondrial fission by increasing Drp1, phosphorylated Drp-1, and Fis1 [75].
Moreover, HIF-1α regulates heme oxygenase-1 (HO-1) expression directly [75]. This result
suggests that HIF-1α improved mitochondrial dysfunction and apoptosis in tubular cells
of DN via the HO-1 pathway. Collectively, there is sufficient in vivo evidence to support
the role of regulators of mitochondrial dynamics in the development and progression of
diabetic nephropathy.

Renal diseases, including acute kidney injury (AKI) and chronic kidney disease (CKD),
are characterized by renal tissue damage. AKI is a major kidney disease that contributes to
the development of CKD. Previous studies have shown that mitochondrial pathology has
been implicated in AKI [76]. Funk et al. found that renal injury, apoptosis, and mitochon-
drial dysfunction in glycerol-injected acute kidney injury models were associated with
mitochondrial fragmentation [77]. Both Drp1 and Mfn2 protein expression were markedly
elevated after glycerol injection. This result suggests that persistent mitochondrial dys-
function occurs in the proximal tubular cells of the kidney tissues after acute kidney stress.
Sepsis is the most common risk factor for AKI. Liu et al. generated a septic AKI mouse
model by inducing cecal ligation and puncture (GLP) [78]. The expression of Opa1 was
decreased, while that of Drp1 was increased in the kidneys after CLP, indicating that
mitochondrial fusion was inhibited and fission was enhanced. These findings demonstrate
that aberrant mitochondrial dynamics contribute to renal injury in AKI and provide further
support for the pathophysiological relationship between AKI, CKD, and DN, which are
associated with mitochondrial dynamics.

Accumulating evidence suggests that further research on aberrant mitochondrial
dynamics balance between fission and fusion induced by diabetic conditions could facilitate
the development of a potential therapeutic strategy for DN.

3.2. In Vitro Studies Using Cell Models

Consistent with animal studies, in vitro studies using various kidney cells also provide
evidence that hyperglycemia activates various pathways and regulators that lead to mito-
chondrial dynamic imbalance. Wang et al. found that Rho-associated coiled coil-containing
protein kinase 1 (ROCK1) mediates mitochondrial fragmentation induced by high glucose
treatment in cultured mouse podocytes [57]. PGC-1α inhibits hyperglycemia-induced
excessive ROS production and mitochondrial fragmentation in rat glomerular mesangial
cells [61]. High glucose treatment leads to increased mitochondrial fission, mitochondrial
ROS production, and apoptosis in renal proximal tubular cells [66]. Inhibition of MIOX
using shRNA in HK-2 cells suppresses mitochondrial fragmentation, ROS production, and
Drp1 expression under high glucose treatment. p66Shc modulates mitochondrial dynamics,
ROS production, and apoptosis in renal tubular cells under high-glucose conditions [71].
This in vitro study demonstrates a regulatory role of p66Shc in hyperglycemia-induced
mitochondrial fragmentation through modulation of the mitochondrial proteins Fis1 and
Mfn1 [71]. Hypoxia induces the expression of HIF-1α and mitochondrial fission and en-
hances mitochondrial membrane potential loss, ROS production, and apoptosis in HK-2



Antioxidants 2021, 10, 741 7 of 17

cells. HIF-1α-mediated mitochondrial morphological changes under hypoxic conditions
are regulated by HO-1 in HK-2 cells [75].

Table 1. Regulators that affect mitochondrial dynamics in various experimental models of diabetic nephropathy.

Experimental Models:
In Vivo and In Vitro Phenotypes on Mitochondria Regulator for Mitochondrial Dynamics

in Diabetic Nephropathy Progression References

db/db mice
STZ-treated mice
Podocyte
Glomerular endothelial cell

Increased mitochondrial fission
Increased Drp1 expression
Increased p-Drp1 at Ser600

Rho-associated coiled coil-containing
protein kinase 1 (ROCK1)

ROCK1 deletion: Suppression of renal
injury

[57]

STZ-treated rat
Rat glomerular mesangial cell
Human proximal tubular cell

Increased mitochondrial fission
Increased ROS production
Increased Drp1 expression
Decreased Mfn1 expression

Peroxisome proliferator-activated
receptor-γ coactivator-1α (PGC-1α)

PGC-1α knockdown: Suppression of
renal injury

[61,79]

STZ-treated mice
Human proximal tubular cell

Increased mitochondrial fission
Decreased mitochondrial membrane
potential
Increased ROS production
Increased apoptosis
Increased Drp1, Fis1 expression
Decreased Mfn2 expression

Myo-inositol oxygenase (MIOX)
MIOX overexpression: Suppression of

renal injury
[66]

STZ-treated mice
Human renal mesangial cell

Increased mitochondrial fission
Decreased mitochondrial membrane
potential
Increased ROS production
Increased cytochrome c release
Increased apoptosis
Increased Drp1, Mff expression
Decreased Mfn1, Opa1 expression

Dual-specificity protein phosphatase-1
(DUSP1)

DUSP1 overexpression: Suppression of
renal injury

[68]

Human DN Patient
Human proximal tubular cell

Increased mitochondrial fission
Decreased mitochondrial membrane
potential
Increased ROS production
Increased cytochrome c release
Increased apoptosis
Increased Drp1, Fis1 expression
Decreased Mfn1 expression

p66 Src homologous-collagen homologue
(p66Shc)

p66Shc knockdown: Suppression of renal
injury

[71]

STZ-treated mice
Human renal mesangial cell

Increased mitochondrial fission
Decreased mitochondrial membrane
potential
Increased ROS production
Increased cytochrome c release
Increased apoptosis
Increased Drp1, Mff expression
Decreased Mfn1 expression

Nuclear receptor subfamily 4 group A
member 1 (NR4A1)

NR4A1 deletion: Suppression of renal
injury

[72]

STZ-treated mice
Human proximal tubular cell

Increased mitochondrial fission
Decreased mitochondrial membrane
potential
Increased ROS production
Increased cytochrome c release
Increased apoptosis
Increased Drp1, Fis1 expression
Increased p-Drp1 level
Decreased Mfn1, Mfn2 expression

Hypoxia-inducible factor-1α (HIF-1α)
HIF-1α deletion: Enhancement of renal

injury
[75]
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Table 1. Cont.

Experimental Models:
In Vivo and In Vitro Phenotypes on Mitochondria Regulator for Mitochondrial Dynamics

in Diabetic Nephropathy Progression References

Human proximal tubular cell

Increased mitochondrial fusion
Decreased mitochondrial respiration
Decreased ROS-induced apoptosis
Decreased ATP
interaction with Mfn1, Mfn2

Induced in high glucose-1 (IHG-1)
IHG-1 overexpression: Protection from

apoptosis in kidney cells
[80]

Human DN Patient
Harlequin mice
Human proximal tubular cell

Increased mitochondrial fusion
Increased Mfn1, Mfn2 expression
Increased Opa1 expression

Apoptosis-inducing factor (AIF)
AIF knockdown: Display renal injury [63]

3.3. Clinical Evidence from Human Studies

Mitochondrial fission has been detected in the kidneys of patients with diabetes.
Highly increased mitochondrial fragmentation and loss of mitochondrial networks have
been observed in isolated endothelial cells from patients. Furthermore, increased expression
of Drp1 and Fis1 has been observed in freshly isolated endothelial cells from patients
with diabetes mellitus [81]. In addition, Zhan et al. observed changes in mitochondrial
morphology and the expression of mitochondrial dynamic-associated proteins in renal
proximal tubular cells from patients with diabetic nephropathy [71]. They showed that
aberrant mitochondrial dynamics modulated by p66Shc led to increased ROS production
and apoptosis [71]. Thus, this result suggests that mitochondrial fragmentation is a critical
feature of renal injury that is associated with oxidative stress and p66Shc phosphorylation.
Moreover, fragmented mitochondria were dominant in podocytes and proximal tubular
cells of patients with DN [82]. Drp1 localization in the mitochondrial outer membrane was
increased in the glomeruli of patients with DN. Consistent with previous studies, these
findings suggest that the mitochondrial dynamics-associated protein Drp1 is involved in
podocyte injury in DN, and increased mitochondrial fission may contribute to podocyte
dysfunction in diabetic conditions.

4. Recent Studies for Enlarged and Highly Fused Mitochondria in Diabetic
Nephropathy

Excessive mitochondrial fusion, like excessive mitochondrial fission, can be involved
in disease pathogenesis, as seen in various neurodegenerative diseases, including Parkin-
son’s disease [83]. Previous studies have described enlarged mitochondrial formation
in several human diseases, including diabetes, acute glomerulonephritis, and alcoholic
cardiomyopathy [84–86]. In addition, giant mitochondria may contribute to cellular senes-
cence in animal and plant cells [49,87]. Sustained elongation of mitochondria is associated
with cellular senescence, decreased mitochondrial membrane potential, increased reactive
oxygen species production, and DNA damage [50]. Although evidence for the effects of
enlarged mitochondria in DN pathogenesis is insufficient, recent advanced studies have
been carried out to investigate whether mitochondrial morphological defects or changes
can lead to the development and progression of DN.

Induced in high glucose-1 (IHG-1), which is known as tRNA-histidine guanylyl trans-
ferase 1-like, was identified as a glucose-regulated transcript associated with DN [88,89].
A previous study showed that IHG-1 expression is increased in human DN [90]. Hickey et al.
showed that IHG-1 overexpression increases mitochondrial fusion by physically interacting
with the mitochondrial fusion proteins Mfn1 and Mfn2 in HeLa cells and HEK293T cells [80].
Moreover, the physical interaction between IHG-1 and Mfn is necessary for increased IHG-
1-mediated mitochondrial fusion. Increased HIG-1 levels protect cells from ROS-induced
apoptosis [80]. Thus, they proposed that increased IHG-1 expression in DN protects cell
viability in renal tissues.
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AIF is a caspase-independent cell death effector [91]. Previous studies have shown
that AIF regulates the stability, assembly, and activity of complex I in mitochondria [92].
Coughlan et al. showed that the expression of AIF is significantly decreased in the renal
tubules of human DN and investigated the role of AIF in kidney function in mice [63]. AIF
knockdown led to renal hypertrophy and increased urinary albumin excretion. Interest-
ingly, mitochondria in proximal tubular cells of AIF knockdown mice were more elongated
and enlarged due to increased expression of Mfn1 and Mfn2, which are mitochondrial
fusion proteins, in renal tissues [63]. However, when AIF was knocked down with dia-
betes, mitochondrial morphology was more fragmented [63]. These studies suggest that
a deficiency in AIF results in changes in mitochondrial function, networking, and ROS
production, which could contribute to renal disease. Under diabetic conditions, a switch
from mitochondrial fusion to fission, impaired electron transport chain, and ATP depletion
leads to more advanced renal injury. Thus, this result supports a critical role for AIF in
the maintenance of renal function through the modulation of mitochondrial homeostasis.
Aberrant mitochondrial dynamics and morphological changes, including switching fusion
to fission in the progression of DN, should be investigated in further studies.

In addition, Woo et al. unexpectedly observed enlarged mitochondria in the podocytes
of Otsuka Long-Evans Tokushima Fatty (OLETF) rat models [12]. The OLETF rat is a well-
known animal model of obesity and type 2 diabetes. OLETF rats showed increased urinary
albumin excretion and elongated mitochondria in the kidney podocytes. Moreover, to inves-
tigate the changes in mitochondrial morphology, they also used STZ-induced diabetic rats
and db/db mice. Consistent with other studies, albuminuria was increased in STZ-induced
rats and db/db mice. Interestingly, enlarged and elongated mitochondria were prominent
features in both STZ-induced diabetic rats and db/db mouse models [12]. Furthermore,
glucose, fatty acids, and angiotensin II (GFA)-combined treatment of cultured podocytes,
which are used as DN cellular models, revealed that apoptosis, mitochondrial elongation,
and excessive ROS production were increased, and autophagy was decreased [12]. These
results suggest that damaged mitochondria from various metabolic stresses, such as high
levels of glucose and fatty acids, are not removed by mitochondrial autophagy and mi-
tophagy, leading to the formation of excessively enlarged mitochondria in kidney tissues.

Recently, we also found enlarged mitochondria in other experimental models of
DN. Abnormality and dysfunction of Drosophila nephrocytes, which are podocyte-like
cells, were found to be associated with a chronic high-sucrose diet. Moreover, we found
chronic high-sucrose diet-induced excessive mitochondrial fusion in podocyte-like cells of
Drosophila by upregulating the expression of mitochondrial fusion proteins Opa1 and Marf
(homologous to human Mfn2) [13]. Our study revealed that a chronic high-sucrose diet
induces morphological abnormalities in podocyte-like cells, as well as altered expression
of Marf and Opa1, leading to disrupted and enlarged mitochondria in podocyte-like
cells using an in vivo Drosophila model. Therefore, modulating the activity of fusion
proteins might have an effect on the interaction between the mitochondrial network and
cellular toxicity.

The above results suggest that mitochondrial enlargement observed in DN is associ-
ated with the renal injury caused by mitochondrial dysfunction in the kidney. However,
it seems still not firmly established whether enlarged mitochondria perform pathophysio-
logically worse or better than fragmented ones in kidney tissues of DN. Ongoing studies
are being carried out to understand the mechanisms that induce excessive enlargement
of the mitochondria for the maintenance of kidney function under diabetic conditions.
Further work is required to identify novel regulators and cellular pathways involved in
triggering mitochondrial hyperfusion and toxicity in the kidney.

5. Pharmacological Modulation of Mitochondrial Dynamics

There are several pharmacological treatments for modulating the balance of mito-
chondrial dynamics in kidney injury (Table 2). Ayanga et al. investigated whether inhibi-
tion of Drp1 activity could rescue defective phenotypes, including renal injury, in a DN
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model [59]. Treatment of cultured podocytes with Midivi1, an inhibitor of Drp1 GTPase
activity, significantly reduced high glucose-induced Drp-1 Ser600 phosphorylation and
mitochondrial fission. Consistent with the cell culture model, inhibition of Drp1 activity
by treating Midivi1 suppressed renal injury, including podocyte number, podocyte foot
process, and mitochondrial fission in db/db mice with diabetes. These results suggest that
the inhibition of mitochondrial fission improved the progression of DN.

Hyperglycemia induced downregulation of PGC-1α in the kidney of diabetic rats [61].
Reduction of PGC-1α expression led to excessive mitochondrial ROS production and mi-
tochondrial fragmentation in the kidney of high-dose glucose diet-fed rats [10]. Lee et al.
investigated the effect of PGC-1α activators, 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR) and metformin, on mitochondrial fusion, fission, and autophagic quality
control in renal proximal tubular cells under diabetic conditions [79]. AICAR or met-
formin reduces increased ROS production and apoptosis in high glucose-treated proximal
tubular cells. Moreover, AICAR or metformin treatment suppresses albuminuria, renal
dysfunction, increased Drp1 expression, and mitochondrial fission in STZ-induced diabetic
mice. In addition, chloroquine (CQ) and amodiaquine (AQ) treatments, which are used
as anti-malarial drugs and AMP-activated protein kinase (AMPK) activators, increase
PGC-1α phosphorylation in proximal tubular cells under high-glucose conditions [93].
CQ and AQ treatment alleviates excessive ROS production, apoptosis, and mitochondrial
fragmentation in high glucose-induced proximal tubular cells. CQ and AQ also ameliorate
albuminuria and renal morphological defects in the kidneys of STZ-induced mice with
diabetes [94].

Dipeptidyl peptidase-4 (DPP-4) inhibitors exert hypoglycemic effects by inhibiting
the degradation of glucagon-like peptide-1 (GLP-1) in patients with type 2 diabetes mel-
litus [95]. Recent evidence has revealed that DPP-4 inhibitors such as saxagliptin and
sitagliptin may exhibit a protective effect against the progression of renal injuries in dia-
betes. Zhang et al. showed that a renal tubular injury in diabetic mice was suppressed
by sitagliptin treatment. Moreover, sitagliptin restored mitochondrial fragmentation by
regulating Drp1 expression and phosphorylation in the kidneys of diabetic mice and
albumin-overloaded human kidney-2 (HK-2) cells [96,97]. In addition, the β2-adrenergic
receptor (AR) agonist formoterol induced mitochondrial biogenesis and promoted recovery
from AKI [98]. Cleveland et al. found that pharmacological activation of the β2-adrenergic
receptor (AR) by formoterol promotes recovery from kidney injury by inducing mito-
chondrial biogenesis in high glucose-treated proximal tubular cells and diabetic db/db
models [99].

In addition, some molecules directly regulate and stimulate mitochondrial biogenesis.
SS31, a novel mitochondrial target peptide, prevented renal injury in STZ-induced mice
by decreasing mitochondrial fragmentation by suppressing the expression of Drp1 and
increasing the expression of Mfn1 [100]. Melatonin is also used as a mitochondria-targeting
agent. Therefore, it could be an effective strategy to modulate defective mitochondrial
dynamics and excessive ROS production and ameliorate renal injury in diabetes. Agil et al.
found that melatonin improved renal function, including proteinuria, in Zücker Diabetic
Fatty (ZDF) rat models and modulated their mitochondrial dynamics by reducing the
expression of Drp1 and increasing that of Mfn2 and Opa1 [101].

Several readily available agents, including natural compounds from plants, have
been explored for therapeutic benefits in DN. Liu et al. investigated the effect of astra-
galoside IV (AS-IV), a small molecular saponin found in Astragalus membranaceus (Fisch)
Bge, on the progression of DN in diabetic mice models [62]. Although recent studies
have shown that AS-IV administration ameliorates DN in STZ-induced diabetic rats, the
mechanism by which AS-IV ameliorates DN progression remains unknown. They found
that AS-IV downregulates mitochondrial fission proteins, including Drp-1 and Fis1, in the
kidney tissues of db/db mice [62]. Thus, AS-IV restrains increased mitochondrial fragmen-
tation in the kidney and rescued renal injury in DN mice. Polydatin (PD), a resveratrol
glycoside extracted from Polygonum cuspidatum, has antioxidant and anti-inflammatory
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effects [102]. Previous studies have reported that PD suppresses fibronectin accumulation
in glomerular mesangial cells and ameliorates renal function in diabetic rats [103]. Ni et al.
showed that PD treatment attenuates apoptosis and ROS production in both renal tissues
of mice and high glucose-induced podocyte models. Furthermore, PD treatment inhibits
mitochondrial fission in high glucose-induced podocytes by suppressing Drp1 expres-
sion and phosphorylation [94]. Empagliflozin is a selective inhibitor of sodium-glucose
cotransporter-2 (SGLT-2). Empagliflozin reduces ROS production and apoptosis in proxi-
mal tubular cells in a high-glucose environment. It also attenuates mitochondrial fission
and enhances autophagy in renal tubular cells of STZ-induced diabetic mice [104,105].
Berberine (BBR) is a plant isoquinoline alkaloid that is widely used in herbal medicines
for the treatment of diabetes mellitus (DM) [106]. BBR strongly inhibits apoptosis and
increases ROS generation, mitochondrial fragmentation, and dysfunction in palmitic acid
(PA)-induced mouse podocytes. BBR can stabilize mitochondrial morphology in podocytes
by abolishing PA-induced activation of Drp1 in both podocytes with PA exposure and in
db/db mice [107]. Collectively, most experimental pharmacological treatments are believed
to modulate aberrant mitochondrial dynamics, such as increased fission during DN pro-
gression. Nonetheless, further research is required to confirm the beneficial effects of these
pharmacological treatments on impaired renal function.

Table 2. Studies on the physiological function of pharmacological agents in diabetic nephropathy.

Pharmacological Agents Diabetic Nephropathy Models Phenotypes References

Midivi1
(Drp1 inhibitor)

db/db mice
Mouse podocyte

Decreased p-Drp1 expression
Inhibition of mitochondrial fragmentation

Decreased ROS production
Suppression of renal injury

[59]

AICAR & Metformin
(PGC-1γ activator) Human proximal tubular cell

Inhibition of mitochondrial fragmentation
Decreased apoptosis

Decreased ROS production
Suppression of renal injury

[79]

CQ & AQ
(AMPK activator)

STZ-induced mice
Human proximal tubular cell

Decreased Drp1 expression
Increased Mfn1 expression

Inhibition of mitochondrial fragmentation
Decreased apoptosis

Decreased ROS production
Suppression of renal injury

[93]

Sitagliptin
(DPP-4 inhibitor)

STZ-induced mice
Human proximal tubular cell

Decreased Drp1, p-Drp1 expression
Increased Mfn2, Opa1 expression

Inhibition of mitochondrial fragmentation
Recovery of mitochondrial membrane potential

Decreased apoptosis
Decreased cytochrome c release

Decreased ROS production
Suppression of renal injury

[96]

Formoterol
(β2-AR agonist)

db/db mice
Human proximal tubular cell

Decreased Drp1 expression
Increased Mfn1, Mfn2 expression

Increased ATP
[99]

SS31
(Antioxidant
mitochondrial-targeted
peptide)

STZ-induced mice
Human proximal tubular cell

Decreased Drp1 expression
Increased Mfn1 expression

Inhibition of mitochondrial fragmentation
Recovery of mitochondrial membrane potential

Decreased apoptosis
Decreased ROS production
Suppression of renal injury

[100]
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Table 2. Cont.

Pharmacological Agents Diabetic Nephropathy Models Phenotypes References

Melatonin
(Mitochondrial-targeted
agent)

ZDF rat

Decreased Drp1 expression
Increased Mfn2, Opa1 expression
Increased oxygen consumption

Increased mitochondrial respiration
Suppression of renal injury

[101]

Polydatin
(Resveratrol glycoside)

KKAy mice
Mouse podocyte

Decreased p-Drp1 expression
Inhibition of mitochondrial fragmentation

Decreased apoptosis
Decreased ROS production
Suppression of renal injury

[94]

Empagliflozin
(SGLT-2 inhibitor)

STZ-induced mice
KKAy mice
Human proximal tubular cell

Decreased Drp1 expression
Increased Mfn1 expression

Inhibition of mitochondrial fragmentation
Recovery of mitochondrial membrane potential

Increased ATP
Decreased cytochrome c release

Decreased apoptosis
Decreased ROS production
Suppression of renal injury

[104,105]

Berberine
(Isoquinoline alkaloid)

db/db mice
Mouse podocyte

Decreased p-Drp1 expression
Inhibition of mitochondrial fragmentation

Recovery of mitochondrial membrane potential
Increased ATP

Decreased apoptosis
Decreased ROS production
Suppression of renal injury

[107]

6. Conclusions

Disruption of mitochondrial homeostasis can result in mitochondrial dysfunction and
cellular damage. Although accumulating evidence suggests that mitochondrial dynamics
are linked to the development and progression of DN, the precise role and mechanism
of aberrant mitochondrial morphology in renal injury remain to be determined. Here,
we summarized the experimental evidence supporting the role of imbalanced mitochon-
drial dynamics in the development of DN. Most previous studies have focused on the
increased mitochondrial fission status, which results in DN progression. In addition, several
pharmacological agents targeting the mitochondria and regulating mitochondrial dynam-
ics have been studied. Conversely, reports of excessively enlarged mitochondrial status
linked to DN pathogenesis are emerging. The mechanism may involve decreased fission,
increased fusion, and impaired mitophagy, suggesting that fusion beyond its physiological
limit may be detrimental to mitochondrial function that regulates disease conditions. There-
fore, it is possible that preventing mitochondrial hyperfusion in the kidney could enhance
mitochondrial health and reduce renal injury. However, the molecular mechanisms and
pathways related to hyperglycemia-induced mitochondrial morphological changes are
complicated, and the understanding of imbalanced mitochondrial dynamics in the kidney
is still immature. Based on the current studies on excessively enlarged mitochondria in DN
progression, effective pharmacological agents are needed that may enhance mitophagy to
reduce damaged mitochondria. It may facilitate the development of a more specific and
effective treatment.
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