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Mitochondrion and Its Role in Diabetic Nephropathy
Farhad Khoshjou, Farahnaz Dadras

Diabetic nephropathy is a major cause of end-stage renal disease 
throughout the world. Elevated oxidative stress in diabetic patients 
results from overproduction of reactive oxygen species and decreased 
efficiency of antioxidant defenses. Moreover, diabetes-associated 
metabolic disorders impair activities of enzymes of the mitochondrial 
respiratory chain complex. Therefore, oxidative stress is closely 
related to mitochondrial dysfunction. This paper reviews studies 
of mitochondrial dysfunction in diabetic nephropathy.
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INTRODUCTION
Mitochondrion is the main energy-producing 

organelle in cells. It is a membrane-enclosed 
structure found in most eukaryotic cells.1 The 
word mitochondrion comes from Greek, mitos, 
which means “thread,” and chondrion, which 
means “granule.” The organelle is composed of 
compartments that carry out specialized functions. 
These compartments include the outer membrane, 
the intermembrane space, the inner membrane, 
and the cristae. These organelles are sometimes 
described as “cellular power plants” because they 
generate most of the cell’s supply of adenosine 
triphosphate, used as a source of chemical energy.2 
Mitochondria are involved in other tasks such 
as control of the cell cycle, cell growth, and 
differentiation, as well as cell death.3 Mitochondria 
have been implicated in several human diseases, 
including mitochondrial disorders.

Protein complexes in the inner membrane are 
used to pump protons into the intermembrane space. 
This process is efficient, but a small percentage of 
electrons may prematurely reduce oxygen, forming 
reactive oxygen species (ROS) such as superoxide.4 
This can cause oxidative stress in the mitochondria.

MITOCHONDRIAL FISSION AND FUSION
Mitochondria are highly dynamic, constantly 

undergoing fission and fusion. Fission results in the 
production of short mitochondrial rods or spheres. 
In contrast, fusion promotes a long filamentous 
morphology of mitochondria (Figure 1).5,6 Severe 
damage to the mitochondria, however, in the form 

of permeabilization of inner or outer membranes 
of the organelles, can further lead to cell death.7 
A few proteins regulate mitochondrial fission 
and fusion including dynamin-related protein 
1, mitochondrial fission 1 protein, mitofusin 1, 
mitofusin 2, and optic atrophy 1.

Dynamin-related Protein 1
Dynamin-related protein 1 (DRP1) is a large 

guanosine  tr iphosphatase  of  the  dynamin 
super fami ly  tha t  has  an  essent ia l  ro le  in 
mitochondria l  f i ss ion in  mammalian ce l ls 
(Figure 1). Brooks and colleagues showed a 
striking morphological change of mitochondria 
in experimental model of renal reperfusion 
injury.8 This change contributed to mitochondrial 
outer membrane permeabilization, release of 
apoptogenic factors, and consequent apoptosis. 
Following adenosine triphosphate depletion of rat 
renal tubular cells, mitochondrial fragmentation 
was observed prior to cytochrome c release and 
apoptosis. Dynamin-related protein 1 translocated 
to mitochondria early during tubular cell injury. 
Knockdowning of Drp1 in rodent models attenuated 
mitochondrial fragmentation, cytochrome c release, 
and apoptosis. Notably, both tubular cell apoptosis 
and acute kidney injury were attenuated by mdivi-1, 
a newly identified pharmacological inhibitor of 
Drp1. This study on animals demonstrates a rapid 
regulation of mitochondrial dynamics during 
acute kidney injury and identifies mitochondrial 
fragmentation as a novel mechanism contributing 
to mitochondrial damage and apoptosis.8
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Mitochondrial Fission 1 Protein
Mitochondrial fission 1 protein (FIS1) is another 

key component of the mitochondrial fission 
machinery in mammalian cells (Figure 1). In one 
study, mitochondrial fragmentation and increased 
expression of FIS1 were observed in venous 
endothelial cells freshly isolated from patients 
with diabetes mellitus.9 In cultured human aortic 
endothelial cells exposed to high glucose, the 
authors observed a similar loss of mitochondrial 
networks and increased expression of FIS1 and 
DRP1 required for mitochondrial fission. Altered 
mitochondrial dynamics was associated with 
increased mitochondrial ROS production. Silencing 
FIS1 or DRP1 expression with small interfering RNA 
blunted high glucose-induced ROS production, 
suggesting that increased mitochondrial fission may 
impair endothelial function via increased ROS.9

Mitofusin 1, Mitofusin 2, and Optic Atrophy 1
Components of the mitochondrial  fusion 

machinery include mitofusin 1, mitofusin 2 
(MFN2), and optic atrophy 1 (Figure 1). It is known 
that the dysfunctional fragmentation may be a 
combined result of the activation of fission and the 
suppression of fusion. B-cell leukemia/lymphoma-2 
family proteins also take part in the regulation of 
mitochondrial dynamics. They include Bax and Bak 
and their interactions with the key proteins in the 
mitochondrial fission-fusion machinery.

MITOCHONDRIA AND DIABETIC 
NEPHROPATHY

D i a b e t i c  n e p h r o p a t h y  ( D N )  i s  a  m a j o r 
complication of diabetes and is the single largest 
cause of end-stage renal disease.10 Pathophysiology 
of DN has intensively been studied. Inflammation 
and oxidative stress are among the best known of 
them.11-16 Mitochondrial ROS play an important 
role in diabetes complications, including DN.17

Yu and coworkers showed that in cells cultured 
with high glucose, mitochondria underwent rapid 
fragmentation, which induced the ROS production.18 

Importantly, inhibition of the mitochondrial 
fragmentation prevented ROS production under this 
condition, supporting a critical role for the alterations 
of mitochondrial dynamics in ROS production.18

Insulin influences the biogenesis of mitochondria 
by upregulating MFN2.19 As mentioned earlier, 
MFN2 regulates mitochondrial morphology and 
signaling. It was demonstrated that endogenous 
MFN2 expression decreases with time in DN. 
On the other hand, overexpression of MFN2 
decreases kidney weight relative to body weight, 
reduces proteinuria and albumin-creatinine ratio, 
and improves pathological changes typical of 
the diabetic kidney, including enlargement of 
glomeruli, accumulation of extracellular matrix, and 
thickening of the basement membrane. In addition, 
MFN2 overexpression inhibits accumulation of 
ROS, prevents mitochondrial dysfunction, and 
reduces synthesis of collagen IV. Generally, Mfn2 
overexpression can attenuate pathological changes 
in the kidneys of diabetic rats.20

Rho-associated Protein Kinase
RhoA, a small guanosine triphosphatase protein 

and its immediate downstream target, Rho-associated 
protein kinase (ROCK), control a wide variety 
of signal transduction pathways. Rho-associated 
protein kinases have been showed to contribute to 
several pathophysiological pathways that are led 
by hyperglycemia. A couple of animal experiments 
demonstrated that inhibition of either Rho or ROCK 
attenuated cardiomyopathy in diabetes and improved 
myocardial compliance.21,22 Therefore, a Rho/ROCK 
inhibitor would be a good candidate for treating 
diabetes mellitus and its complications.23,24

Wang and coworkers examined the role of rho-
associated coiled-coil-containing protein kinase 1 
(ROCK1) on mitochondrial dynamics. Their study 
showed that ROCK1 mediates hyperglycemia-
induced mitochondrial fission by promoting DRP1 
recruitment to the mitochondria. On the other 
hand, deletion of ROCK1 in diabetic mice inhibited 
mitochondrial fission (Figure 1).25

Human Studies
P r e v i o u s  s t u d i e s  h a v e  f o u n d  d e f i c i e n t 

mitochondrial oxidative phosphorylation and 
decreased MFN2 expression in patients with 
type 2 diabetes and obesity,26-28 whereas exercise 
and weight loss increased MFN2 expression.29-30 

Figure 1. Dynamin-related protein 1 (DRP1) induces fission. 
Mitofusin 1 (MFN1), mitofusin 2 (MFN2), and optic atrophy 1 
(OPA1) induce fusion.
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In  diabet ic  pat ients ,  insul in  improves  the 
mitochondrial structure.31

Novel Approaches to Treatment
Fasudil. Fasudil, a Rho/ROCK inhibitor, has 

been studied widely and applied in clinical 
practice. Kolavennu and coworkers showed that the 
kidney cortexes of untreated db/db mice display 
increased ROCK activity and the fasudil-treated 
mice exhibited a significant reduction in ROCK 
activity, albuminuria, and glomerular collagen IV 
accumulation compared with untreated diabetic 
mice (Figure 2).32 According to these results, they 
proposed that Rho/ROCK blockade constitutes a 
novel approach to the treatment of DN.32

Coenzyme Q10. Coenzyme Q10, also known as 
ubiquinone, abbreviated at times to CoQ10, where 
Q refers to the quinone chemical group, and 10 
refers to the number of isoprenyl chemical subunits 
in its tail (Figure 3). This oil-soluble vitamin-like 
substance is present in most eukaryotic cells, 
primarily in the mitochondria. It is a component 
of the electron transport chain and participates in 
aerobic cellular respiration, generating energy in 
the form of adenosine triphosphate. Ninety-five 
percent of the human body’s energy is generated 
this way.33 Coenzyme Q10 prevents altered 
mitochondrial function and morphology, glomerular 
hyperfiltration, and proteinuria in diabetic mice, 
highlighting the role of mitochondria in the 
pathogenesis of DN and the benefits of preventing 
increased oxidative stress.34 However, its effect on 
preventing glomerulosclerosis is controversial.35,36

Lipoic Acid. Yi and colleagues showed lipoic acid 
synthase (Lias) deficiency in diabetic mice induces 
overt DN, including microalbuminuria, glomerular 
basement thickening, mesangial matrix expansion, 
and hypertension compared with diabetic controls 
without Lias deficiency.37 Wang and colleagues, on 
the other hand, treated diabetic rats with α-lipoic 
acid.38 Their study showed that in the serum and 
renal cortex of α-lipoic acid group, the content of 
malondialdehyde and the activities of superoxide 
dismutase were both significantly decreased. 
Compared to the diabetic group, the mitochondrial 
membrane potential in the α-lipoic acid group was 
significantly increased and mitochondrial swelling 
was reduced.

CONCLUSIONS
Mitochondrial ROS production plays an important 

role in pathophysiology of DN. Mitochondrial 
fission and fusion regulates ROS production, so a 
couple of studies have been focused on modulating 
this process in order to decreasing ROS production. 
Fasudil, coenzyme Q10, and lipoic acid are among 
the well-studied modulators.
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