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Abstract. Reactive oxygen species (ROS)-mediated disrup-
tion of mitochondrial respiratory function has been implicated 
in the complications of diabetes. The present study examined 
changes in the gene expression of mistochondrial DNA 
(mtDNA)-encoded subunits of electron transport chain 
complexes in response to high glucose-induced ROS over-
production in an in vitro model of diabetic nephropathy using 
human renal mesangial cells. Mitochondrial ROS generation 
was assessed by confocal microscopy and flow cytometry 
in the cells following culture in 5 and 25 mM glucose. The 
mRNA expression levels of nicotinamide adenine dinucleotide 
dehydrogenase 2 (ND2) of complex I, cytochrome b (CYTB) 
of complex III, cytochrome c oxidase (COI) of complex IV 
and ATPase 6 of complex V were analyzed by reverse tran-
scription-quantitative polymerase chain reaction. The protein 
expression levels of ND2, CYTB, COI and ATPase 6 were 
analyzed by western blotting. A significant increase in mito-
chondrial ROS production was observed in the cells cultured 
in 25 mM glucose, compared with cells cultured in 5 mM 
glucose (P<0.05). The mRNA expression of ND2, CYTB, 
CO1 and ATPase 6 was significantly increased following 
culture in 25 mM glucose, compared with the cells cultured 
in 5 mM glucose (P<0.05). This increase in mRNA expression 
was accompanied by significant increases in protein expres-
sion following incubation in 25 mM glucose (P<0.05). The 
increase in mtDNA-encoded gene expression in the electron 
transport subunits following exposure to high glucose-induced 
ROS may be a compensatory response mechanism for the 

decline in mitochondrial function, which may be important 
in the development of diabetic nephropathy through enhanced 
ROS generation.

Introduction

Hyperglycemia has been shown to cause several of the patho-
logical consequences of type 1 and type 2 diabetes mellitus (1). 
It is well-established that hyperglycemia results in reactive 
oxygen species (ROS) overproduction through increased input 
of metabolic substrate into the mitochondria, which deregu-
lates the electron transport system (1). ROS are produced by 
various aerobic metabolism signaling pathways; however, the 
primary source of their production is the mitochondria, which 
produce ROS as a by-product of the electron transport chain 
(ETC) during cellular respiration (2,3). The elevated produc-
tion of ROS by the mitochondrial respiratory chain during 
hyperglycemia has been suggested as a key initiator of tissue 
damage in diabetes-associated microvascular complications, 
including diabetic nephropathy (1,4).

Mammalian mitochondria possess their own genome, 
which consists of a single, circular double-stranded mito-
chondrial DNA (mtDNA) molecule of 16,569 base pairs (5). 
mtDNA encodes essential components of complexes of the 
ETC, including seven nicotinamide adenine dinucleotide 
dehydrogenase (ND) subunits (ND1, ND2, ND3, ND4, ND4L, 
ND5 and ND6) of NADH dehydrogenase (complex I), the 
cytochrome b (CYTB) subunit of the ubiquinol-cytochrome c 
oxidoreductase (complex III), three subunits (COI, COII 
and COIII) of cytochrome c oxidase (complex IV) and the 
ATPase 6 and 8 subunits of complex V, as well as ribosomal 
and transfer RNAs, which are necessary for protein produc-
tion within the mitochondria (6,7).

mtDNA is prone to oxidative damage and several factors 
are considered to contribute to the enhanced susceptibility of 
mtDNA to this damage (7,8). mtDNA is located in the matrix, 
which is in proximity to the ROS-generating respiratory 
chain; it lacks an efficient DNA repair mechanism and protec-
tive proteins, including histones (7,8). Therefore mtDNA, 
which encodes the majority of respiratory chain proteins, is 
continuously subjected to ROS attack. The accumulation of 
oxidative damage to mtDNA and mitochondria may induce a 
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respiratory defect, which increases the leakage of ROS from 
the ETC, leading to an increase in the production of ROS 
in the mitochondria and the induction of further oxidative 
damage (9).

Deficits in the activity of the ETC enzymes and mitochon-
dria have been reported in several diseases where oxidative 
stress is important (9-12), and are associated with altered 
expression of mtDNA-encoded genes or mtDNA content with 
age (13,14).

Oxidative stress and hyperglycemia-induced disturbance of 
various mitochondrial functions have been linked to diabetes 
and its complications (15,16). Furthermore, changes in the 
activities of mitochondrial complexes have been associated 
with renal dysfunction in the kidney of diabetic rats during the 
early stages of diabetes (17).

Considering the importance of mitochondria and ETC 
complexes in the generation of ROS during hyperglycemia in 
diabetic complications, the present study aimed to examine 
changes in the expression of mtDNA-encoded genes of respi-
ratory chain complex enzymes in human renal mesangial cells 
in response to high glucose-induced ROS overproduction. 
The concept that oxidative stress, primarily driven by mito-
chondrial superoxide, underlies diabetic complications means 
that interventions and therapies that modify mitochondrial 
function may aid in the development of new treatments for 
diabetes-associated complications.

Materials and methods

Cell culture. Human renal mesangial cells (cat. no. 4200) were 
obtained from ScienCell Research Laboratories (Carlsbad, CA, 
USA), and maintained in Dulbecco's modified Eagle's medium 
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented 
with 10 mmol/l HEPES, 20% fetal bovine serum, 100 U/ml 
penicillin and 100 µg/ml streptomycin (Sigma-Aldrich) in a 
humidified atmosphere containing 5% CO2 at 37˚C, as previ-
ously described (18-20). Cells from the third to sixth passage 
were grown to confluence. Prior to seeding, the growth was 
arrested in serum-free medium for 24 h to favor the selection 
of quiescent cells. The cells were then seeded in triplicate at 
a density of 1x106 in DMEM media supplemented with either 
5 mM glucose (normal glucose) or 25 mM glucose (high 
glucose). The cells were incubated for 24 h at 37˚C, and were 
used for the subsequent ROS assay, and assessment of RNA 
and protein expression levels.

Detection of mitochondrial ROS using confocal microscopy 
and flow cytometry. The mitochondrial fluorogenic dye, 
MitoSOX red probe (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), was used to assess mitochondrial 
ROS production in the human renal mesangial cells using 
confocal microscopy, as previously described (18). This probe 
selectively targets mitochondria and is readily oxidized by 
superoxide. The synchronized quiescent cells were seeded 
onto glass coverslips and incubated for 24 h at 37˚C in 5 mM 
glucose (normal glucose) or 25 mM glucose (high glucose). 
The cells were then loaded with MitoSOX red (5 mM) for 
20 min at 37˚C, and washed three times with warm phos-
phate-buffered saline (PBS). Images of the cells were captured 
using a Zeiss LSM 510 confocal laser microscope (Zeiss AG, 

Oberkochen, Germany) at an excitation wavelength of 514 nm 
and an emission wavelength of 560 nm.

Zeiss software (version 3.2; Zeiss AG) was used to calcu-
late the mean fluorescence intensity of the MitoSOX red/mm2 
cell area.

To perform flow cytometric analysis of mitochondrial 
ROS, the cells were incubated with either 5 or 25 mM glucose 
for 24 h at 37˚C, washed with warm PBS, and loaded with 
5 mM MitoSOX red for 20 min at 37˚C. Following incubation, 
the cells were washed again with PBS, collected by centrifu-
gation (500 x g for 5 min at 25˚C), and then resuspended in 
PBS. The cells were analyzed at 514 nm excitation to measure 
oxidized MitoSOX red, and with a 560 nm barrier filter using 
a flow cytometer (FACScan; BD Biosciences, Franklin Lakes, 
NJ, USA).

RNA extraction and cDNA preparation. Total RNA (5 mg) was 
isolated from the human renal mesangial cells using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. All RNA samples were treated 
with DNase using a TURBO DNA-free™ kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) and were reverse transcribed 
to cDNA, as previously described (19,20). The cDNA samples 
were stored at ‑20˚C until usage.

Primers and reverse transciption-polymerase chain reac-
tion (RT-PCR). Primers for ND2, CYTB, COI and ATPase 6 
(Table I), encoded by the mitochondrial genome were designed 
using National Center for Biotechnology Information database 
(http://www.ncbi.nlm.nih.gov/), in accordance with the human 
mtDNA sequence. The housekeeping gene, β-actin, was used 
as an internal control (Table I). All primers were synthesized 
by Sigma-Aldrich. RT-PCR was performed using a OneStep 
RT-PCR kit (Qiagen GmbH, Hilden, Germany). The reaction 
mixture (25 µl total volume) contained reverse transcription 
buffer (l0 X), dNTP mix (100 mM), forward and reverse 
primers (50 ng/µl each), cDNA (10 ng) and heat-stable Taq 
DNA polymerase (500 U/µl). The amplification reactions were 
performed in 30 cycles using an automated thermal cycler (2400; 
PerkinElmer, Inc., Waltham, MA, USA) with the following 
thermocycling conditions: Denaturation at 95˚C for 5 min, 
annealing for 1.5 min and extension at 70˚C for 7 min. The 
annealing temperature of each primer is presented in Table I.

RT-qPCR. The mRNA expression levels of mtDNA-encoded 
ND2, CYTB, COI and ATPase 6 were determined using 
RT-qPCR. Prior to RT-qPCR, standards in a dilution series, 
containing between 1x107 and 1x102 copies/µl of each gene, 
were prepared from the purified RT‑PCR products, and were 
used as calibration curves in the RT-qPCR runs. RT-qPCR was 
performed using a FastStart DNA Master plus SYBR® Green 1 
kit (Roche Diagnostics, Basel, Switzerland). The reaction mix 
contained SYBR® Green 1 probe, cDNA (10 ng), forward and 
reverse primers (50 ng/µl each) and nuclease-free water to 
a final volume of 10 µl. All reactions were performed using 
an Applied Biosystems 7900HT Fast Real Time PCR system 
with the following thermocycling conditions: 95˚C for 10 min, 
followed by 95˚C for 15 sec and 60˚C for 60 sec for a total 
of 40 cycles. The concentrations of mtDNA-encoded ND2, 
CYTB, COI and ATPase 6 were converted to copy numbers, 
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with the values expressed relative to that of β-actin (19-21). All 
reactions were performed in duplicate.

SDS-PAGE and western blot analyses. SDS-PAGE and 
immunoblotting were performed, as previously described (19). 
Briefly, cells were lysed with 0.4 ml of radioimmunoprecipita-
tion buffer (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) 
containing a protease inhibitor cocktail, on ice for 10 min. 
Lysates were centrifuged at 12,000 x g for 5 min at 4˚C, and 
the supernatants were collected. The supernatants containing 
the protein were recovered and assayed for total protein 
using a bicinchoninic acid assay kit (Pierce Biotechnology, 
Inc., Rockford, IL, USA) according to the manufacturer's 
instructions. Prior to separation on gel, samples were boiled 
for 5 min followed by cooling at room temperature for 5 min. 
Equal quantities of proteins (25 µg) were separated using 
10% SDS-PAGE (Sigma-Aldrich) and transferred onto poly-
vinylidene difluoride membranes (Thermo Fisher Scientific, 
Inc.). The membranes were then blocked with 5% skimmed 
milk in PBS containing 0.1% Tween 20 (Thermo Fisher 
Scientific, Inc.) for 1 h prior to being incubated overnight at 
4˚C with the following primary antibodies: Rabbit polyclonal 
anti-ND2 (1:500; sc-20495-R; Santa Cruz Biotechnology, 
Inc.), rabbit polyclonal anti-CYTB (1:500; sc-11436, Santa 
Cruz Biotechnology, Inc.), goat polyclonal anti-COI (1:5,000; 
sc-23982; Santa Cruz Biotechnology, Inc.) and mouse mono-
clonal anti-ATPase 6 (1:1,000; MA3-929; Thermo Fisher 
Scientific, Inc.). Following washing with PBS-Tween 20, 
the membranes were incubated for 1 h at 4˚C with the 
following secondary antibodies: Horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (1:5,000; sc-2004; 
Santa Cruz Biotechnology, Inc.), HRP-conjugated donkey 
anti-goat IgG (1:5,000; sc-2020; Santa Cruz Biotechnology, 
Inc.), HRP-conjugated goat anti-mouse IgG (1:10,000; 31430; 
Thermo Fisher Scientific, Inc.) and HRP‑conjugated mouse 
anti-β-actin (1:500; sc-47778; Santa Cruz Biotechnology, 
Inc.). Immunoreactive bands were detected by enhanced 
chemiluminescence (Pierce Biotechnology, Inc., Rockford, 

IL, USA) and the immunoreactive bands, corresponding to 
the correct molecular mass of the target protein, were quanti-
fied by densitometry using Image J software (version 1.46r; 
National Institutes of Health, Bethesda, MA, USA). The 
values were normalized to internal β-actin, which also served 
as a loading control, in order to make relative comparisons.

Statistical analysis. Data were analyzed using SPSS 19 
statistical software (IBM SPSS, Armonk, NY, USA). An 
independent samples t-test was performed to compare the 
mean expression levels of mtDNA-encoded genes in the cells 
for each treatment condition. The results are expressed as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

High glucose induces an increase in mitochondrial ROS 
production. The production of mitochondrial ROS was 
assessed in human renal mesangial cells cultured for 24 h 
in 5 mM glucose (normal glucose) and 25 mM glucose 
(high glucose) by confocal microscopy and flow cytometry, 
following staining with the mitochondrial specific probe, 
MitoSOX red.

The confocal microscopic imaging showed an increase 
in MitoSOX red fluorescence signal in the cells cultured in 
25 mM glucose, compared with the cells cultured in 5 mM 
glucose, suggesting increased mitochondrial ROS production 
in these cells. No fluorescence signal was detected in the cells 
cultured in 5 mM glucose (Fig. 1A). Furthermore, histograms 
of the results of FACS analysis showed an increase in the mean 
fluorescence intensity of MitoSOX in the cells cultured in 
25 mM glucose, compared with those cultured in 5 mM glucose 
(Fig. 1B). Quantitative measurements of the mean fluorescence 
intensities demonstrated a 6.5-fold increase in MitoSOX red 
fluorescence intensity in the 25 mM glucose-treated cells, 
compared with the cells treated with 5 mM glucose (P<0.05; 
Fig. 1C).

Table I. Primer sequences of mitochondrial ND2, CYTB, COI, ATPase 6 and nuclear β-actin.

  Size of PCR Annealing
Target gene Primer sequence (5'‑3') product (bp) temperature (˚C)
 
ND2 Forward, CACAGAAGCTGCCATCAAGTA   89 62
 Reverse, CCGGAGAGTATATTGTTGAAGAG
CYTB Forward, TCATCGACCTCCCCACCCCATC 165 58
 Reverse, CGTCTCGAGTGATGTGGGCGATT
COI Forward, TCATGATCACGCCCTCATA 222 60
 Reverse, CATCGGGGTAGTCCGAGTAA
ATPase 6 Forward, GCCCTAGCCCACTTCTTACC 256 60
 Reverse, TTAAGGCGACAGCGATTTCT
β-actin Forward, ACAGAGCCTCGCCTTTGC 399 65
 Reverse, GTTGGCCTTGGGGTTCAGG

PCR, polymerase chain reaction; ND2, nicotinamide adenine dinucleotide dehydrogenase 2; CYTB, cytochrome b; COI, cytochrome c 
oxidase.
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High glucose increases the mRNA expression levels of 
mtDNA-encoded subunits of the ETC. The mRNA expression 
levels of mtDNA-encoded ND2, CYTB, COI and ATPase 6 rela-
tive to β-actin were determined using RT-qPCR in the human 
renal mesangial cells, following culture for 24 h in either 5 mM 
glucose (normal glucose) or 25 mM glucose (high glucose).

The cells grown in 25 mM glucose showed significant 
increases in the mRNA expression levels of ND2, CYTB, COI 
and ATPase 6, compared with the cells incubated in 5 mM 
glucose (P<0.05; Fig. 2). The relative mean mRNA expres-
sion levels of ND2, CYTB, COI and ATPase 6 were 2.3-fold 
(12.8±1.5), 2.7-fold (30±1.5), 2.4-fold (14.5±4.2) and 2.1-fold 
(14.8±3) higher in the cells cultured in 25 mM glucose, 

respectively, compared with the mRNA expression levels of 
ND2, CYTB, COI and ATPase 6 cultured in 5 mM glucose 
(5.5±2.3, 11±0.53, 6±0.5 and 6.9±1.8, respectively).

High glucose increases the protein expression levels of 
mtDNA-encoded subunits of ETC. In the same cells, the 
protein expression levels of mtDNA-encoded ND2, CYTB, 
COI and ATPase 6, normalized to β-actin, were determined 
using western blotting following incubation of the cells in 
5 mM glucose (normal glucose) and 25 mM glucose (high 
glucose) for 24 h.

Significant increases in the protein expression levels of 
ND2, CYTB, COI and ATPase 6 were also observed in the 

Figure 1. High glucose induces an increase in mitochondrial ROS production in human renal mesangial cells. Synchronized quiescent cells grown on glass 
coverslips were incubated with 5 and 25 mM glucose for 24 h. The cells were loaded with MitoSOX red (5 µM for 20 min) and mitochondrial ROS was detected 
under a confocal microscope and by flow cytometry. (A) Representative confocal images (magnification, x63) of ROS generation in the cells, as MitoSOX red 
fluorescence. (B) Representative histograms of flow cytometry demonstrating the fluorescent intensity of MitoSOX red. (C) Quantitative analysis of MitoSox 
red fluorescence. Data are expressed as the mean ± standard deviation of three experiments. *P<0.05, vs. 5 mM glucose. ROS, reactive oxygen species.

  A

  B

  C
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Figure 2. High glucose increases the mRNA expression levels of mtDNA-encoded subunits of the electron transport chain in human renal mesangial 
cells. Synchronized quiescent cells were incubated with 5 and 25 mM glucose for 24 h. The mRNA expression levels of mtDNA-encoded ND2, CYTB, 
COI and ATPase 6 relative to β-actin were determined using reverse transcription-quantitative polymerase chain reaction analysis. Data are expressed as 
mean ± standard deviation from an average of three experiments. *P<0.05, vs. 5 mM glucose. ND2, nicotinamide adenine dinucleotide dehydrogenase 2; 
CYTB, cytochrome b; COI, cytochrome c oxidase.

Figure 3. High glucose increases the protein expression levels of mtDNA-encoded subunits of the electron transport chain in human renal mesangial cells. 
Synchronized quiescent cells were incubated with 5 and 25 mM glucose for 24 h. The protein expression levels of mtDNA-encoded ND2, CYTB, COI and 
ATPase 6 normalized to β-actin were determined using western blot analysis. Data are expressed as mean ± standard deviation from three experiments. 
*P<0.05, vs. 5 mM glucose. ND2, nicotinamide adenine dinucleotide dehydrogenase 2; CYTB, cytochrome b; COI, cytochrome c oxidase.
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cells cultured in 25 mM glucose, compared with the levels 
observed in the cells cultured in 5 mM glucose (P<0.05; Fig. 3). 
The relative mean protein expression levels of ND2, CYTB, 
COI and ATPase 6 were 2.5-fold (114±5), 3.2-fold (167±15.4), 
2.6-fold (178±4.2) and 2.4-fold (125±11) higher in the 25 mM 
glucose-treated cells, respectively, compared with the protein 
expression levels of ND2, CYTB, COI and ATPase 6 in the 
5 mM glucose-treated cells (45±1, 53±7.5, 68±13.8 and 52±2.6, 
respectively).

Discussion

The present study examined changes in the gene expression 
levels of subunits of the ETC complexes encoded by mtDNA in 
human renal mesangial cells in response to high glucose-induced 
reactive oxygen species (ROS) overproduction. The results 
of the present study demonstrated that high glucose induced 
an increase in mitochondrial ROS levels, as detected by the 
increased fluorescence intensity of the specific mitochondrial 
MitoSOX red probe. This increase in fluorescence intensity was 
not detected in the normal glucose-treated cells. In addition 
to the increase in ROS generation, an increase in the mRNA 
expression levels of mtDNA-encoded ND2 of complex I, CYTB 
of complex III, COI of complex IV and ATPase 6 of complex V 
were observed in the high glucose-cultured cells, compared 
with the cells treated with normal glucose. These increases 
were accompanied by increases in the expression levels of 
their corresponding proteins in the high glucose cultured cells. 
These results suggested that increased gene expression of 
mtDNA-encoded subunits of the ETC in human renal mesan-
gial cells is the consequence of elevated mitochondrial ROS 
production induced by high glucose.

Mitochondria are important intracellular organelles, 
which supply energy to cells, and are also the major intracel-
lular source of ROS (22). Superoxide is the first free radical 
produced as mitochondrial derived-ROS, and is a highly 
reactive species, which does not diffuse readily throughout the 
cell (9,23). mtDNA encodes essential components of complexes 
of the ETC, as well as the ribosomal and transfer RNAs neces-
sary for protein production within the mitochondria, and its 
maintenance is vital for proper cellular function (6,7). The 
ROS generated by mitochondria can cause defects in the 
mtDNA and mitochondrial components, and thus may lead to 
mitochondrial dysfunction (7,8).

High glucose elicits the overproduction of ROS via the 
mitochondrial ETC during respiration (1), and increased 
superoxide production via the mitochondrial respiratory chain 
has been shown to be the causal link between high glucose 
and the signaling pathways responsible for hyperglycemic 
tissue damage, which leads to the complications in diabetes, 
including diabetic nephropathy (1,4).

Enhanced ROS production and oxidative stress have 
been reported in several pathological conditions in which 
the respiratory chain is impaired, including neurodegen-
erative diseases (9-11,24), cancer (12,24) and diabetes (15,16). 
Furthermore, the aging process in humans has been shown to 
be associated with an increase in mitochondrial abundance, 
mtDNA copy number and the expression levels of respiratory 
genes, as a compensatory response for defective mitochondria 
and mtDNA damage (13,14,25).

Our previous study on human renal mesangial cells also 
showed that high glucose induces an increase in mtDNA 
copy number in response to oxidatively damaged mtDNA 
due to increased mitochondrial ROS, which was prevented by 
normalizing the levels of mitochondrial ROS (18). The results 
of the present study demonstrated increased ROS production in 
high glucose-treated human renal mesangial cells. In addition 
to ROS overproduction, increases in mtDNA-encoded gene 
expression levels of important subunits of ETC complexes 
were observed.

The increased expression levels of mitochondrial-encoded 
genes has been shown to be associated with mtDNA damage 
and mitochondrial dysfunction in human cardiomyopathy (26), 
as well as in the pathogenicity of diabetes mellitus (27). In vitro 
studies using cultured vascular endothelial and smooth muscle 
cells have demonstrated that ROS mediate mtDNA damage 
and alterations of gene expression, and impair mitochondrial 
function (28). Altered gene expression levels of the mitochon-
drial ETC complexes due to enhanced mitochondrial ROS 
production have also been reported in retinal endothelial cells 
cultured under high glucose conditions (29), and have been 
associated with mtDNA oxidative damage and mitochondrial 
dysfunction in animal and experimental models of diabetic 
retinopathy (30).

Ide et al (31) demonstrated that increases in ROS production 
are associated with mitochondrial damage and dysfunction in 
myocardial infarction, which leads to a cyclic increase in ROS 
production, mitochondrial damage and cellular injury.

Furthermore, high glucose-induced oxidative damage to 
mtDNA and mitochondria has been shown to induce early 
vascular damage in diabetic retinopathy by initiating a cycle of 
mitochondrial functional decline, increased ROS generation 
and further mtDNA damage (32).

The increase in mRNA expression levels  of 
mtDNA-encoded complexes of the respiratory chain in human 
renal mesangial cells observed in the present study may be 
a feedback response for defective mtDNA and mitochondria, 
mediated by high glucose-induced ROS levels, to allow the 
production of proteins involved in the ETC at higher levels and 
counteracting mitochondrial functional decline.

Although the present study examined changes in the 
expression levels of mtDNA-encoded genes following expo-
sure of human mesangial cells to high glucose for 24 h, further 
investigations with the aim to examine the chronic effect of 
high glucose-induced ROS levels on mitochondrial-encoded 
gene expression and mitochondrial function in diabetic 
nephropathy are underway.

In conclusion, the present study demonstrated for the first 
time, to the best of our knowledge, that the gene expression levels 
of certain subunits of the ETC complexes encoded by mtDNA 
were increased in human renal mesangial cells in response to 
high glucose-induced ROS overproduction, to compensate for 
mitochondrial dysfunction. High glucose-induced defective 
mitochondria may be important in the development and progres-
sion of diabetic nephropathy through enhanced ROS generation.
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