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Abstract
We have previously demonstrated that melatonin, at pharmacological concentrations, causes rapid
reactive oxygen species (ROS) generation at the antimycin-A sensitive site of mitochondrial
complex III (MC-3). In the current work, we used this melatonin response to investigate the role of
mitochondrial dysfunction in the development of diabetic nephropathy. We find that the
development of diabetic nephropathy, as indicated by hyperfiltration and histopathological lesions
in the kidney of db/db mice, is associated with diminished melatonin-induced ROS generation and
MC-3 activity, indicating impaired MC-3 at the antimycin-A site. The MC-3 protein level in the
renal mitochondria was equivalent in db/db and the non-diabetic db/m mice whereas
mitochondrial complex I (MC-1) protein was dramatically upregulated in the db/db mice. This
differential regulation in mitochondrial complexes may alter the equilibrium of the electron
transport in renal mitochondria and contribute to ROS overproduction. The study provides one
mechanism of enhanced oxidative stress that may be involved in the pathogenesis of diabetic
nephropathy in db/db mice.
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Introduction
Diabetic renal disease is a complication that develops in a subpopulation of patients with
long standing diabetes [1]. During the development of diabetic nephropathy in human, a
series of pathophysiological changes occur in the glomeruli and tubulointerstitium, leading
to hyperfiltration followed by microalbuminuria, macroalbuminuria and eventually renal
failure [2,3]. In patients with type 2 diabetes, the deterioration in kidney function is
associated with histopathological alterations characterized by renal hypertrophy, glomerular
enlargement, mesangial matrix expansion, glomerulosclerosis, tubular atrophy, and
tubulointerstitial fibrosis [4]. These pathophysiological changes may be a result of an
interaction between hyperglycemia-induced metabolic and hemodynamic changes and
genetic predisposition [5]. The db/db mouse (BKS.Cg-Dock7m +/+ Leprdb/J) develops
hyperfiltration, albuminuria, renal hypertrophy, basement membrane thickening,
glomerulosclerosis, and mesangial matrix expansion and, thus, is a useful model for
investigating the pathogenesis of diabetic nephropathy [4].

Mitochondria play a central role in numerous cellular functions including bioenergetics,
apoptosis, Ca2+ homeostasis, and cell metabolism. ATP synthesis by oxidative
phosphorylation depends on proton gradients and membrane potentials resulting from
electron transport by the mitochondrial complexes I–IV. Failure of bioenergetics and
excessive formation of reactive oxygen species (ROS) have been reported in the
mitochondria of diabetic heart, brain and skeletal muscles [6–8]. Mitochondrial dysfunction
in diabetic cardiomyopathy is associated with alterations in both protein expression and
posttranslational modifications of mitochondrial proteins [6,9,10]. However, the nature of
mitochondrial dysfunction in the diabetic kidney is incompletely defined.

Morphological and ultrastructural changes of the mitochondria of proximal tubules correlate
with dysregulation of renal function in diabetes [11,12]. Increased posttranslational
modification of renal mitochondrial proteins through glycation [13], nitration and oxidation
[14] is associated with the development of diabetic nephropathy in animal models.
Moreover, glycation of mitochondrial proteins is associated with excess superoxide
generation [13]. Overproduction of superoxide and/or other ROS leads to oxidative stress
and represent a unifying mechanism underlying all diabetic complications including
nephropathy [15]. Substantial evidence suggests that ROS generation from the
mitochondrial complexes I and III is a major contributor to oxidative stress in the diabetic
kidney [13,14,16]. Melatonin, a potent free radical scavenger [17,18], has beneficial effects
on diabetic nephropathy [19,20] although paradoxically it also causes rapid ROS production
in cells and mitochondria [21–25]; this is often observed in cancer cells.

In human mesangial cells and in isolated mitochondria, melatonin causes rapid ROS
generation by interacting with the antimycin A-sensitive site of mitochondrial complex III
(MC-3) [25]. Although the biological significance of melatonin-induced ROS generation is
yet to be defined, the unique feature of melatonin targeting the antimycin A-sensitive site of
MC-3 resulting in ROS generation provides a convenient tool to investigate the role of
mitochondrial dysfunction in diabetic nephropathy. Utilizing db/db mice, a model of type 2
diabetes, we demonstrate that the development of diabetic nephropathy as indicated by
persistent hyperfiltration and histopathological lesions in the kidney is associated with
reduction of melatonin-induced ROS generation and MC-3 activity in the renal
mitochondria. Moreover, dramatic upregulation of MC-1 but not MC-3 protein levels in the
kidney of db/db mice suggests altered equilibrium among individual complexes of the
electron transport chain, which may contribute to mitochondrial ROS overproduction,
oxidative stress and in turn to the pathogenesis of diabetic nephropathy.
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Materials and Methods
Materials

X-rhod-1 diacetate, 2′,7′-dichlorodihydrofluorescein (DCF) diacetate, monoclonal antibodies
against subunit NDUFS3 of mitochondrial complex I and ubiquinol-cytochrome c reductase
core protein II (complex III subunit II, clone# 13G12AF12BB11) were purchased from
Invitrogen (Eugene, OR, USA). Antibody to manganese superoxide dismutase (SOD2) was
from Stressgen (Brussels, Belgium). Melatonin and other chemicals were from Sigma (St
Louis, MO, USA).

Measurement of ROS in isolated mitochondria
Mitochondria were isolated from whole kidney tissue of db/db (BKS.Cg-Dock7m +/+
Leprdb/J) and gender and age matched non-diabetic db/m mice (Jackson Laboratories, Bar
Harbor, ME) as previously described [16]. The mitochondrial samples were suspended in
0.1–0.2 ml MB1 buffer (containing 250 mM mannitol, 75 mM succinic acid, 0.1 mM
EDTA, 0.5 mM EGTA, 10 mM HEPES, pH 7.4) and diluted with 10 volumes of HK buffer
(20 mM NaCl, 100 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM pyruvate, 20 mM HEPES,
pH 7.4) and labeled with X-rhod-1 (2 μM) and DCF (1 μM) at 37°C for 60 min. The loaded
mitochondria were resuspended in 0.1–0.2 ml HK buffer and the measurement of [Ca2+]m
and ROS was performed upon dilution of the labeled mitochondrial samples to PBS0Ca
buffer (containing 1 mM KH2PO4, 3 mM Na2HPO4, 154 mM NaCl, 200 μM EGTA, 1mM
MgSO4, pH 7.2) to a final concentration of 40–80 μg/ml mitochondrial proteins.
Simultaneous detection of [Ca2+]m and ROS were performed with fluorescence excited at
506 or 578 nm and emitted at 529 or 602 nm in PTI QM-6 fluorometer, respectively. Since
melatonin-induced ROS generation did not couple to [Ca2+]m and melatonin had no effect
on [Ca2+]m [16], the results on [Ca2+]m measurements are omitted for simplification.

Measurement of glomerular filtration rate
Ten weeks old male db/db mice, and age and gender matched control db/+ mice were
housed 4/cage or less. Prior to any experimental procedures, animals were habituated for 2
weeks and continuously maintained in a temperature- and humidity-controlled facility with a
12:12-h light-dark cycle, fed ad libitum with RD (7012 Teklad LM-485, Harlan
Laboratories) and with free access to water. All procedures were performed in compliance
with the guidelines of the South Texas Veterans Health Care System Institutional Animal
Care and Use Committee. Blood glucose in animals was assessed with a glucometer (Accu-
Chek, Roche) following 6 h of fasting and withdrawal of water. Glomerular filtration rate
(GFR) in conscious animals was measured by FITC-inulin clearance following previously
reported methods [26,27] with modification and calculated using the one-compartment
model [27,28]. Briefly, individual mice were injected intraperitoneally with 10 mg FITC-
inulin dissolved in 1 ml saline as a single bolus. In our pilot experiments, blood samples of
10 μl were collected every 10–30 min and the dynamic changes of serum FITC-inulin
concentrations were monitored using a PTI QM-6 fluorometer for 4.5 hours post-injection.
We found that the plasma concentration of FITC-inulin continuously increased and peaked
45–60 min post-injection. The subsequent clearances of FITC-inulin from the blood were
fitted to an exponential decay and the result of a typical experiment is shown in Fig. 1. In
experiments with db/db and db/m mice, blood samples of approximately 10 μl were
collected by tail-snip prior to injection and 30, 60, 90, 150, 210 min following the single
bolus FITC-inulin injection. Serum was collected by centrifugation at 8000 rpm for 5 min.
The FITC-inulin concentrations in the serum samples were determined in a SpectroMax M2
microplate reader (Molecular Devices, Sunnyvale, CA) with excitation of 488 nm and
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emission of 520 nm. The GFR was calculated according to the equation , where I
is the total FITC-inulin injected and values of Px and B were determined as described [27].

Histopathology
Formalin-fixed, paraffin-embedded kidney sections were stained with periodic acid-Schiff
(PAS) and analyzed to evaluate kidney damage in a blinded manner. The volume of
glomeruli and area of glomerular PAS staining (index of mesangial matrix) was measured
by image analysis using Image-Pro Plus 4.5 (Media Cybernetics, Silverspring, MD) as
described [29].

Assessment of protein level of mitochondrial complexes I and III
Mitochondria from the kidneys of db/db and db/m mice were isolated as previously
described [17]. The mitochondrial samples (30–60 μg proteins) were separated in 4–20%
gradient SDS-PAGE and analyzed by western blot to assess the protein levels of MC-1 and
MC-3. The primary antibodies were diluted 1:2000 and the secondary antibodies 1:4000.
Since it has previously been demonstrated that the protein level of manganese superoxide
dismutase (SOD 2), which locates to the mitochondrial matrix, is equivalent in the kidneys
of db/db and db/m mice [14], we used SOD 2 level to normalize and quantitatively analyze
other mitochondrial proteins.

Measurement of MC-3 activity
In parallel with the measurement of [Ca2+]m and ROS, the same mitochondrial preparations
were also used for MC-3 activity assessment according to the procedure previously
described [14].

Statistical analysis
Results are presented as mean ± S.E. Unpaired Student’s t-test was used to analyze the
difference between two groups. Differences were considered statistically significant at P <
0.05.

Results
The db/db mice are obese and develop hyperglycemia after 6 weeks of age and are widely
used as a model of type 2 diabetic nephropathy [2]. As shown in figure 2, the db/db mice
were hyperglycemic (Fig. 2A) and obese (Fig. 2B) although large variations in blood
glucose levels were observed among individual animals. The development of diabetic
nephropathy in db/db mice was indicated by hyperfiltration. Significantly increased GFR
was observed in db/db mice and the high GFR persisted throughout the experimental period
(Fig. 2C). Our results also indicate that the GFR in db/db mice peaks at 4 months.
Furthermore, histopathology examination demonstrates glomerular hypertrophy and
mesangial expansion in the kidney of db/db mice (Fig. 2D and E). The glomerular volume is
36.5% higher in the kidney of db/db (P=0.0007 db/db vs db/m, n=7) and the mesangial area
as indicated by positive PAS staining in the glomeruli is significantly increased by 24.7% in
db/db compared to control db/m mice (Fig. 2E).

Melatonin has been shown to induce rapid ROS generation in isolated mitochondria
dependent on the antimycin A-sensitive site of MC-3 [25]. To detect whether MC-3
dysfunction is connected with diabetic nephropathy, we compared melatonin responsive
ROS generation between the kidney mitochondria of db/db and db/m mice. In association
with the development of renal hyperfiltration and histopathological lesions, ROS generation

Zhang et al. Page 4

J Pineal Res. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in response to melatonin was dramatically reduced in the renal mitochondria of db/db mice
(Fig. 3). The rates of melatonin-induced ROS generation were slower at all tested
concentrations that demonstrated a measurable ROS signal (2–25 μM, Fig. 3A and B). At 25
μM, the maximum melatonin concentration tested, the rate of ROS generation was
significantly slowed by >35% in db/db as compared to that of the non-diabetic db/m mice
(Fig. 3C). Moreover, consistent with our previous observation [16], the rapid ROS
generation in response to melatonin in both db/db and db/m mice was completely inhibited
by antimycin A (5 μM) but not myxothiazol (5 μM) or rotenone (5 μM) (data not shown).
The reduced rate of ROS generation in response to melatonin suggests abnormal or impaired
electron transport at the antimycin A-sensitive site of MC-3 in the kidney of db/db mice.

To determine whether the reduced melatonin responsive ROS generation is due to
downregulation of MC-3 expression in the diabetic kidney, we examined the protein level
and activity of MC-3 in kidney mitochondria. As shown in figure 4, there were no
significant differences in the protein level of MC-3 in the kidney mitochondria between db/
db and db/m mice (Fig. 4A and B). However, a significant reduction in the MC-3 activity
was observed in db/db mice (Fig. 4C), indicating impaired MC-3 in the diabetic kidney.
Intriguingly, the protein level of MC-1 was significantly increased in the kidney
mitochondria of db/db mice (Fig. 4A and B), indicating an imbalanced regulation between
different mitochondrial complexes in the diabetic kidney.

Discussion
Consistent with previous findings (reviewed in [2]), our data demonstrate that diabetic
nephropathy develops in db/db mice as indicated by persistent hyperfiltration, mesangial
expansion and glomerulosclerosis (Fig. 2). The development of diabetic nephropathy is
associated with impaired mitochondrial function as demonstrated by diminished melatonin
responsive ROS generation and MC-3 activity. In previous studies, we showed that
melatonin induces ROS generation by targeting the antimycin A-sensitive site of MC-3 in
mitochondria [25]. The detailed mechanism of melatonin-induced rapid ROS formation in
mitochondria is yet to be explored. Based on the constant rate of ROS generation at low
concentrations of melatonin, we hypothesized that melatonin detoured the electron flow
toward O2 at the antimycin A-sensitive site of MC-3 rather than functioning as an electron
donor in the process of ROS generation [25]. Thus, reduced melatonin response in the
kidney mitochondria of db/db mice implicates impaired electron transport at the antimycin
A-sensitive site of MC-3, which is consistent with the diminished MC-3 activity in
catalyzing cytochrome C reduction by exogenous ubiquinol in db/db mice despite equivalent
MC-3 protein levels between db/db and db/m animals (Figs. 3 and 4).

Despite the prooxidant effect at pharmacological concentrations observed in cells and
mitochondria (Fig. 3 and [25]), melatonin has consistently been shown to protect
mitochondrial functions in animal models against aging and other ailments [30–32].
Injection of melatonin in rat significantly increased the activity of MC-1 and -4 in both liver
and brain mitochondria although the treatment did not affect MC-2 and -3 activities [33]. A
recent study from the same group demonstrated that after induction of sepsis in mice the
specific activities of all mitochondrial complexes were significantly decreased in the skeletal
muscle mitochondria and treatment with melatonin completely reversed the inhibitory effect
of septic condition on mitochondrial complex activities [34]. The effects of melatonin on rat
MC-1 and -4 correlate with melatonin concentration in the plasma [33]. These previous
studies along with our observations (Fig. 3 and [25]) indicate that pharmacological
concentrations of melatonin enhance electron transport in the respiratory chain and cause
ROS generation at MC-3. Whether high concentrations of melatonin stimulate MC-3
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activity or the induction of ROS generation by melatonin in renal mitochondria is coupled to
stimulation of MC-3 activity is unclear at present and is our ongoing effort.

Our data indicate that MC-1 protein level was dramatically increased in association with
diabetic nephropathy in db/db mice (Fig. 4). In the absence of a coordinated upregulation of
other respiratory complexes, the marked increases of MC-1 level in the kidney of db/db
mice can be detrimental as it may result in undesired accumulation of reduced coenzyme Q
(ubiquinol) and increase the propensity of ROS production by MC-1 and MC-3. ROS
overproduction and the resulting oxidative stress have been recognized as a unifying factor
responsible for the pathogenesis of diabetic nephropathy and other vascular complications
[35]. Upregulation of MC-1, but not MC-3, protein levels in the kidney mitochondria of db/
db mouse indicates non-concordant regulation in the expression of individual electron
transport chain components during the development of diabetic nephropathy in type 2
diabetes. Previous studies with gene profiling [36] demonstrated upregulation of the mRNA
levels of various subunits of MC-1 and MC-3 although a subsequent study with proteomic
analysis did not find upregulation of protein levels of most of these subunits [37]. Our
results not only complement those observations, but also directly link the development of
diabetic nephropathy with these mitochondrial abnormalities. The deregulation of individual
protein components of the mitochondrial electron transport chain may disrupt the
organization of normal and effective respiratory complexes and be responsible for ROS
overproduction in diabetic nephropathy.

In the kidney of the streptozotocin (STZ)-treated rats (a type 1 diabetes model), persistent
diabetes leads to mitochondrial dysfunction, including reduced O2 consumption and MC-3
activity, increased superoxide generation and protein oxidation [14,38]. The development of
diabetic nephropathy in these STZ-treated animals was characterized by albuminuria,
mesangial expansion and glomerulosclerosis [2]. In contrast, the major mitochondrial
functions as well as the expression of a variety of mitochondrial proteins were maintained in
the kidney of Insulin-2 Akita mice [39], a genetic model of type 1 diabetes which does not
develop robust diabetic nephropathy [2]. These studies along with our observations
implicate a potentially coordinated development of mitochondrial dysfunction and renal
disease in both type 1 and 2 diabetes.

Virtually all kidney cells are vulnerable to the diabetic milieu, particularly the
hyperglycemia and hyperlipidemia which cause tissue damage due to inability of the cells to
control glucose uptake. Non-esterified fatty acids and other accumulated metabolites not
only interrupt insulin signaling and cause insulin resistance, but also impair mitochondrial
functions and lead to systemic mitochondrial defects in multiple tissues and organs, such as
enhanced ROS generation and diminished ATP synthesis [14,40–45]. Our previous studies
demonstrated that polyunsaturated fatty acids, such as linoleic acid (one of the most
abundant fatty acids, the concentration of which is significantly increased in type 2 diabetes
[46]), deplete [Ca2+]m by inducing Ca2+ efflux from mitochondria [47,48], and that heat
shock protein 90β1 (hsp90β1) plays an essential role in mediating the fatty acid effect [48].
A major role of [Ca2+]m under physiological conditions is to stimulate oxidative
phosphorylation [49,50] and ATP synthesis [51]. It is possible that [Ca2+]m depletion
induced by excessive fatty acids in kidney cells of db/db mice may be partially responsible
for the impaired MC-3 activity and the development of diabetic nephropathy that we have
observed in the present study.

In summary, we provide evidence that reduction in melatonin-induced rapid ROS generation
and MC-3 activities are associated with the development of diabetic nephropathy in db/db
mice. The non-concordant regulation in the expression of individual electron transport chain
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components may contribute to ROS overproduction and oxidative stress during the
development of diabetic nephropathy.
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Fig. 1.
Dynamic changes of circulating FITC-inulin following single-bolus intraperitoneal injection.
FITC-inulin (3 mg) dissolved in PBS 1 ml was injected intraperitoneally to C57B6 adult
male mice. The changes of FITC-inulin concentrations over time were monitored in the
serum. The result of a typical experiment is demonstrated in the plot and the exponential
curve fitting was performed using Excel-07.
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Fig. 2.
Glomerular filtration rate (GFR) and histopathology in the kidneys of db/db and db/m mice.
GFR (C) in db/db (open symbols) and db/m mice (solid symbols) 3 to 5 months old was
assessed to monitor kidney function along with changes in blood glucose (A) and
bodyweight (B). Images in (D) are representative microphotographs of periodic acid Schiff
(PAS) and hematoxylin stained kidney sections from 5 months old db/db (right panel) and
db/m mice (left panel) originally taken at 200× magnification. (E) demonstrates the
mesangial areas (PAS positive) measured in glomeruli of db/db and db/m mice. Values in
this figure represent mean±SE from 6–8 animals: a, P<0.05 db/db vs db/m at corresponding
time point; b, P<0.05 db/db mice 4 months vs 3 months; *P=0.0003 db/db vs db/m.
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Fig. 3.
Melatonin-induced ROS generation in kidney mitochondria. Kidney mitochondria from 5-
month old db/db and db/m mice were prepared and labeled with X-rhod-1 (2μM) (the data
of this measurement was not shown) and DCF (1 μM) (37°C, 30 min), and melatonin-
induced ROS generation was measured by increased DCF fluorescence. Traces in (A)
represent typical responses of ROS generation to different concentrations of melatonin in
kidney mitochondria of db/db (right panel) or db/m mice (left panel). Plots in (B) compare
changes in the rate of ROS generation between db/db (open symbol) and db/m (solid
symbol) mice in response to increasing melatonin concentrations from a typical experiment.
Values in (C) are mean±SE rates of ROS generation in response to 25 μM melatonin.
*P=0.0109 db/db vs db/m, n=8.
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Fig. 4.
Expression of mitochondrial complexes in the kidney of db/db and db/m mice. Western blot
analysis was performed to compare the protein levels of mitochondrial complexes I (MC-1)
and III (MC-3) in kidneys of db/db and db/m mice (A and B). The activity of MC-3 was
assessed with exogenous decylubiquinone and cytochrome C (>95% oxidized) as described
(14) and the results are shown in (C). *P<0.05 db/db vs db/m.

Zhang et al. Page 13

J Pineal Res. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


