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Diabetic microvascular complications have been considered to be mediated by a glucose-driven increase in 
mitochondrial superoxide anion production. Here, we report that superoxide production was reduced in the 
kidneys of a steptozotocin-induced mouse model of type 1 diabetes, as assessed by in vivo real-time trans-
cutaneous fluorescence, confocal microscopy, and electron paramagnetic resonance analysis. Reduction of 
mitochondrial biogenesis and phosphorylation of pyruvate dehydrogenase (PDH) were observed in kidneys 
from diabetic mice. These observations were consistent with an overall reduction of mitochondrial glucose oxi-
dation. Activity of AMPK, the major energy-sensing enzyme, was reduced in kidneys from both diabetic mice 
and humans. Mitochondrial biogenesis, PDH activity, and mitochondrial complex activity were rescued by 
treatment with the AMPK activator 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR). AICAR 
treatment induced superoxide production and was linked with glomerular matrix and albuminuria reduc-
tion in the diabetic kidney. Furthermore, diabetic heterozygous superoxide dismutase 2 (Sod2+/–) mice had no 
evidence of increased renal disease, and Ampka2–/– mice had increased albuminuria that was not reduced with 
AICAR treatment. Reduction of mitochondrial superoxide production with rotenone was sufficient to reduce 
AMPK phosphorylation in mouse kidneys. Taken together, these results demonstrate that diabetic kidneys 
have reduced superoxide and mitochondrial biogenesis and activation of AMPK enhances superoxide produc-
tion and mitochondrial function while reducing disease activity.

Introduction
Complications of diabetes, including retinopathy, neuropathy, and 
nephropathy, are responsible for considerable morbidity, and are 
experienced by a majority of individuals with diabetes over time. How 
elevated glucose levels initiate these complications remains unclear. 
The prevailing theory states that enhanced mitochondrial production 
of superoxide anion in response to elevated cellular glucose concen-
trations leads to pathological pathway activation and cell dysfunction 
(1, 2). Studies in cell culture systems demonstrated that addition of 
high glucose produced an increase in ROS that has been attributed 
to the mitochondrial electron transport chain (ETC). The currently 
accepted scheme is that chronically elevated glucose leads to increased 
ROS production by mitochondria, contributing to downstream cel-
lular injury processes, and ultimately resulting in end-organ dysfunc-
tion and structural changes. Based on this theory, numerous strate-
gies are being developed to interrupt the mitochondrial production of 
superoxide and inhibit downstream deleterious pathways.

Definitive data to support this theory and demonstrate that 
superoxide anion production is indeed stimulated in diabetic 
organs in vivo, however, is lacking. Although several groups have 
identified markers of oxidative stress and oxidative damage in 
diabetic kidneys or kidney cells (3, 4), no studies to date have 
attempted to measure and quantify superoxide production with 
diabetes directly in vivo. As the half-life of superoxide anion in cells 
is measured in seconds and it is rapidly converted to hydrogen per-
oxide and other reactive oxygen intermediates, the measurement 
of superoxide production has been challenging (5), especially in 
the intact organism. As the tissue response to elevated glucose con-
centrations in vivo may differ from the response in cell cultures, we 
carried out in vivo studies to evaluate the production of superox-
ide anion in the kidney in chronically diabetic mice. Because of the 
difficulties inherent in following superoxide production, multiple 
methods of measuring this short-lived radical were utilized in the 
current study, all of which produced confirmatory results.

Results
Diabetic mice have reduced renal superoxide production. Male C57BL/6J 
mice made diabetic by multiple low-dose injections of strepto-
zotocin (STZ) showed significantly elevated plasma glucose con-
centrations 4 weeks after onset of hyperglycemia (Supplemental 
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Table 1; supplemental material available online with this article; 
doi:10.1172/JCI66218DS1). Real-time superoxide production in 
kidney was measured using systemic administration of dihydro-
ethidium (DHE) to detect superoxide (Figure 1A), using a method 
recently described for real-time imaging of superoxide anion pro-
duction in brain (6). To identify the position of the kidneys in the 
intact animal, control and diabetic mice were coinjected with FITC-
inulin 30 minutes prior to being placed in the scanner. FITC-inulin 
is filtered by the kidney, allowing the location of the kidneys to be 
established by visualizing the FITC signal (Figure 1A). The optical 
settings on the scanner were then changed to detect the DHE oxida-
tion product (Ex 488 nm, Em > 590 nm), and the region over the 
kidney was imaged (circled). DHE oxidation was prominent in nor-
mal kidneys, but surprisingly, diabetic kidneys had reduced DHE 
oxidation, indicating reduced superoxide production.

To evaluate specific tissue compartments, mice underwent 
administration of DHE 16 hours prior to euthanasia at which 
time kidneys were then harvested (7, 8), a point at which all unre-

acted DHE had been excreted (6). Confocal imaging of slices pre-
pared from animals injected with DHE also demonstrated that 
control mice had significantly higher superoxide production in 
kidney cortex than diabetic animals (Figure 1, B and C). The DHE 
oxidation was reduced in the glomeruli and podocytes of the dia-
betic kidneys (Supplemental Figure 1A). Mice made diabetic with 
Akita (in C57BL/6J and an F1 cross with DBA2J and C57BL/6J 
with Akita, F1[DBA/2J × C57BL/6J] – Ins2Akita) were also found 
to have reduced DHE fluorescence in the kidney, heart, and liver 
(Supplemental Figure 1, B–G). These data demonstrate that the 
kidney from multiple models of type 1 diabetes exhibits lower, not 
higher, superoxide production than normal kidneys.

To confirm that increased mitochondrial superoxide produc-
tion, if present, could in fact be visualized by our in vivo DHE 
method, mice that were heterozygous for the mitochondrial super-
oxide dismutase 2 (Sod2; Sod2+/– mice) and that had known eleva-
tion of mitochondrial superoxide were imaged. Sod2+/– mice exhib-
ited the expected increase in DHE oxidation (Figure 1C and see 

Figure 1
Imaging of kidney superoxide production in normal and diabetic mice. (A) Live animal imaging of kidney through the intact skin in a prone, isoflu-
orane-anesthetized mouse. Kidneys were first localized using the FITC channel, and then the filter settings were changed to the ox-DHE channel 
(Ex 470 nm, EM > 590 nm) to image superoxide production in control and STZ-induced diabetic mice (DM). Fluorescence is shown using a linear 
pseudocolor scale (images representative of n = 6 mice per group). Original magnification, ×1 (top panel); ×1.25 (bottom panels). (B) ox-DHE 
fluorescence (red, top; linear pseudocolor, bottom) in kidney slices prepared from DHE-injected control and DM mice with less in vivo oxidation 
in DM kidney. Diabetic kidneys had a reduced level of glomerular DHE oxidation-derived fluorescence (white arrow). Original magnification, ×63. 
(C) Kidneys from Sod2+/– mice, which are deficient in mitochondrial SOD, were evaluated and demonstrated the expected higher superoxide than 
controls. n ≥ 15 each for control and diabetic groups, n = 3 for Sod2+/– group, *P < 0.05 vs control. (D) In vivo analysis of [14C]-labeled DHE with 
STZ-diabetic mice and control mice.
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below). It is possible that the reduction in DHE fluorescence could 
be due to altered excretion of DHE in diabetic mice. To assure that 
uptake of DHE was the same in control and diabetic kidneys,  
[14C]-labeled DHE was synthesized and administered to the normal 
control and diabetic mice. The amount of [14C]-labeled DHE was 
the same (P = 0.96) in the normal and diabetic kidney (Figure 1D).  
Additional validation of the in vivo DHE imaging as a specific 
approach to in vivo superoxide anion detection was recently dem-
onstrated using time domain fluorescence lifetime deconvolution 
of live images, LC-mass spectroscopy, and electrochemical analyses 
of DHE/oxidation products in tissues from DHE-injected mice (6).

We then directly measured mitochondrial production of super-
oxide anion ex vivo from kidney cortical homogenates of control 
and diabetic animals via electron paramagnetic resonance (EPR) 
(refs. 9–15; Figure 2). 5-(diethoxyphosphoryl)-5-methyl-1-pyrro-
line-N-oxide (DEPMPO) was used as the spin-trap because of the 
long half-life of the DMPPO-superoxide adduct (DEPMPO-OOH).  
As expected, when the mitochondrial substrates malate, pyru-

vate, and ADP were added to the kidney tissue homogenates from 
either normal control or diabetic mice, there was an increase in 
superoxide production (Figure 2, A and B); however, there was no 
detectable increase in kidney homogenate from diabetic mice as 
compared with kidney homogenate from control mice. In con-
trast to the commonly held belief that high glucose will further 
increase superoxide production by mitochondria, direct addition 
of high glucose (25 mM) failed to produce an increase in superox-
ide levels in control homogenates and actually caused a decrease 
in superoxide production in diabetic homogenates (Figure 2, 
A and B). To verify that these findings were not simply due to 
loss of mitochondrial integrity in our preparations, at the end of 
each EPR study, the ETC complex III inhibitor antimycin A was 
added. In all preparations, antimycin A produced the expected 
large increase in mitochondrial superoxide production, thus con-
firming that increased mitochondrial superoxide flux could be 
detected, if present (Supplemental Figure 2, A and B). Additional 
control experiments in the presence of SOD completely elimi-

Figure 2
EPR spectra and ROS release rate in control and diabetic kidney mitochondria. Dissociated kidney cell suspensions from control (A) or diabetic 
(B) animals were prepared as described and analyzed by EPR using DPMPO as the spin probe 10 minutes after addition of the mitochondrial 
substrates malate and pyruvate. The characteristic spectrum for the superoxide-DPMPO was observed in both control and diabetic samples 
at baseline. However, addition of high glucose (bottom traces) did not increase mitochondrial superoxide production and, in the diabetic kidney 
samples, actually reduced superoxide production. (C) Analysis of the EPR signal intensity using the upfield peak at 334 mT, normalized to mg pro-
tein. Values are mean ± SEM, n = 6 per condition, *P < 0.05 vs control. The second set of bars to the right show data derived from Supplemental 
Figure 3, which shows additional spectra from samples after addition of the mitochondrial complex III inhibitor, antimycin A. Antimycin A produced 
the expected increase in superoxide, confirming the ability of this technique to detect increased mitochondrial superoxide production if present. 
(D) Decreased ROS release from kidney mitochondria isolated from diabetic animals Measurements were made in the presence of succinate 
(Succ), succinate and FCCP (Succ + FCCP), glutamate plus malate (G/M) or glutamate plus malate with rotenone (G/M + Rot) by Amplex Red 
assay. Rates were calculated using calibration curve as described in Methods. Values are mean ± SEM, n = 5–8. *P < 0.001 vs. corresponding 
control; #P < 0.05 vs. G/M.
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nated the EPR signal of the spin trap-superoxide adduct, thus 
confirming the identity of the ROS being detected as the super-
oxide anion (data not shown). As an index of ROS production 
directly from mitochondria, isolated mitochondria from diabetic 
kidneys exhibited reduced production of hydrogen peroxide in 
response to mitochondrial substrates as compared with control 
mice (Figure 2D). However, measurement of hydrogen peroxide in 
the urine, glomerular 8-hydroxydeoxyguanosine (8-OHdG) stain-
ing, and nitrotyrosine staining from diabetic mice demonstrated 
a robust increase (see below), as previously described (16) thus 
demonstrating that some specific ROS moieties do increase in 
our diabetic models from nonmitochondrial sources, despite the 
lack of an overall mitochondrial superoxide anion increase.

To further evaluate a potential role for mitochondrial superox-
ide production, diabetes was induced in the Sod2+/– mice (Supple-
mental Table 2). The degree of hyperglycemia and body weight 
changes were similar in diabetic wild-type and Sod2+/– mice. It 
would be anticipated that the increase in mitochondrial superox-
ide in the Sod2+/– mice would exacerbate renal disease at baseline 
or with diabetes. However, there was no evidence of an increase 
in albuminuria or mesangial matrix expansion in the Sod2+/– mice 
with or without diabetes (Figure 3).

Diabetes is associated with increased mitochondrial DNA mutations and 
reduced mitochondrial biogenesis. As diabetes was characterized by 
reduced mitochondrial superoxide anion production, we examined 
parameters of mitochondrial structure and function in the normal 
and diabetic kidney. To assess mitochondria at a structural level, we 
developed a real-time quantitative PCR (qPCR) assay for the most 
commonly found mtDNA deletion in mice as a marker of mtDNA 

damage. This is called the D17 deletion and is located within the 
minor arc of murine mtDNA (Figure 4A). Diabetic mice had a 
3-fold increase in mtDNA deletions in their kidneys (Figure 4B).  
A similar increase in renal mtDNA deletions was also found in kid-
neys of diabetic mice with F1(DBA/2 × C57BL/6) – Ins2+/C96Y Akita 
mutation (see below), indicating that STZ itself was not the basis 
for the increase in mtDNA deletions.

We hypothesized that an overall reduction in mitochondrial 
superoxide production could be due to a redistribution of car-
bons and electrons away from mitochondria and to the cytosol. 
The pyruvate dehydrogenase (PDH) complex is the major gate-
way for pyruvate carbons to enter the Krebs cycle in mitochondria 
(17). When the E1α subunit of PDH is phosphorylated on serine 
293 (PDHE1α-pSer293), the enzyme is inhibited. We found that 
PDH was indeed hyperphosphorylated in the kidneys of diabetic 
mice (Figure 4, C and D).

Gene expression and protein levels of PGC1α, the master regula-
tor for mitochondrial biogenesis, were also reduced in the diabetic 
kidney (Figure 4E and Supplemental Figure 3A). The reduction of 
mitochondrial biogenesis and PGC1α in the diabetic kidney was 
postulated to be due to a reduction in activity of the master energy 
sensor, AMPK, based on recent studies demonstrating reduction of 
AMPK in states of caloric excess (16, 18, 19). Indeed, AMPK activity 
was reduced in the diabetic mouse kidney and glomeruli, as demon-
strated by both immunostaining and a quantitative assay (Figure 4F  
and Supplemental Figure 3B). A similar process was demonstrat-
ed in humans, as immunostaining with a phosphorylated AMPK 
(p-AMPK) antibody indicated reduced AMPK activity in human 
diabetic nephropathy (Figure 4, G and H).

Figure 3
Diabetic kidney disease in Sod2+/– mice. (A) Albumin excretion for 24 hours, n = 9–10 each, *P < 0.05, compared with corresponding control 
group. Values are mean ± SEM. (B–E) PAS staining of (B) Sod2+/+, (C) Sod2+/+ diabetic, (D) Sod2+/–, and (E) Sod2+/– diabetic mice. (F) Glomerular 
extracellular matrix expressed with percentage of the total glomerular area stained with PAS. n = 6–7. *P < 0.001, compared with corresponding 
control group. Original magnification, ×40.
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To establish a link between reduced mitochondrial superoxide 
production and AMPK regulation, we administered rotenone to 
wild-type mice. Short-term rotenone has been previously demon-
strated to reduce superoxide production (20, 21), and we found 
that rotenone administration led to a marked reduction in over-

all renal and heart DHE fluorescence consistent with a reduc-
tion in mitochondrial superoxide production (Figure 5, A and B). 
Although no effects were seen in blood glucose levels, rotenone 
reduced p-AMPK in both the kidney and heart (Figure 5, C–E, 
and G), indicating that reduced mitochondrial superoxide is suf-
ficient to lower AMPK activity. Furthermore, rotenone adminis-
tration led to an increase in p-PDH in both the kidney and heart 
(Figure 5, C, D, F, and H), which is consistent with reduced PDH 
activity and shunting away of pyruvate from the mitochondria 
in both these organs.

AMPK activation restores mitochondrial content and function and 
increases mitochondrial superoxide. To determine the role of AMPK 
activity in the regulation of mitochondrial content and function 
in the diabetic kidney, we administered 5-aminoimidazole-4-
carboxamide-1-β-D-ribofuranoside (AICAR), an AMPK activator, 
to the diabetic mice for a period of 2 weeks. AICAR treatment in the 
type 1 diabetic mice did not lower blood glucose levels (Supplemen-
tal Table 1), but increased AMPK activity (Figure 6A) and restored 
PGC1α in the diabetic kidney (Figure 6B and see below). Superox-
ide production, as indicated by DHE oxidation, showed a signifi-
cant increase in kidneys of STZ-induced diabetic mice treated with 
AICAR to levels similar to those of the nondiabetic mice (Figure 6,  
C and D). The Akita diabetic mouse also exhibited a reduction in 
DHE oxidation, which was restored by AMPK activation with AICAR 
(Figure 6, C and D). Overall mitochondrial protein content was 
reduced in the diabetic kidney and increased with AICAR (Figure 7A).  
Individual mitochondrial complex activity was measured from 

Figure 4
Mitochondrial structure and function, PGC1α, and p-AMPK in the dia-
betic kidney. (A) Map of murine mtDNA indicating the location of the 
D17 deletion. (B) Quantitation of the D17 mtDNA deletion in kidney 
DNA from control and diabetic mice, (n = 6 per group, *P < 0.05).  
(C) Representative immunoblot analysis of phosphorylated PDHE1α-
pSer293 in kidney mitochondria (upper panel) and total PDHE1α (lower 
panel) from control and diabetic mice. (D) Quantitative analysis of 
the immunoblot results showing that, under conditions of diabetes, 
PDH is hyperphosphorylated (n = 6 per group, *P < 0.05). (E) PGC1α 
is reduced in diabetic kidneys as demonstrated by real time PCR 
analysis of control and diabetic kidneys (n = 6 per group, *P < 0.05)  
and immunofluorescence staining with an antibody to PGC1α in 
Supplemental Figure 2A. (F) p-AMPK was reduced in the diabetic 
kidneys, as demonstrated with an ELISA using kidney cortex from 
control and diabetic mice (n = 7 per group, *P < 0.05) and with 
immunofluorescence staining with an antibody specific for p-Thr172 
of the AMPKα subunit in Supplemental Figure 2B. (G) Representa-
tive images of immunostaining of p-AMPK in normal, diabetic kidney 
and negative control. Original magnification, ×40. (H) Semiquantitative 
scoring of p-AMPK intensity in glomeruli of human normal (n = 10) and 
diabetic kidney (n = 7 per group, *P < 0.05).

Figure 5
Rotenone reduces superoxide production in kidney and heart in association with reduced p-AMPK and increased p-PDH phosphorylation. 
C57BL/6J mice were injected i.p. with either 1 μg/g rotenone (0.5 mg/ml stock) in DMSO or DMSO vehicle 1 time, 3 hours before harvesting organ. 
Confocal imaging of sliced kidney (A) and heart (B) from DHE-injected DMSO-treated control group (DMSO) and rotenone-treated group (rote-
none). Rotenone treatment was initiated 30 minutes before injection with DHE (n = 3 mice per group). Original magnification, ×25. Representative 
immunoblot analysis and quantitative analysis of phosphorylated PDHE1a -pSer293 and p-AMPK in kidney (C, E, and F) and heart (D, G, and H) 
from DMSO-treated control and rotenone-treated mice. (n = 6 per group, *P < 0.05 vs. DMSO; **P < 0.05 vs. DMSO).
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kidneys of mice in each group and found to be reduced in the 
diabetic kidney and increased by AMPK activation (Figure 7, 
B–D). Consistent with the finding that AMPK activation leads to 
increased mitochondrial complex activity, there was a concomi-
tant reduction in PDH phosphorylation (increased PDH activ-
ity) in the kidneys from AICAR-treated diabetic mice (Figure 7E  
and see below). AICAR treatment also resulted in a reduction of 
mtDNA deletion to normal levels (Figure 7F). Thus AMPK acti-
vation increased mitochondrial content and function coincident 
with increasing superoxide production in the diabetic kidney.

AMPK activation reduced inflammation and matrix accumulation and 
improved diabetic kidney disease. The main pathologic feature of dia-
betic kidney disease is an accumulation of matrix molecules in 
the glomerulus, largely driven by stimulation of TGF-β (22–24). 
There was an increase in glomerular fibronectin, type IV colla-
gen, and TGF-β in the diabetic mouse glomerulus. Interestingly, 
concomitant with the AICAR-induced increase in superoxide pro-
duction in the diabetic kidney, there was an increase in PGC1α 
(Figure 8, A and C) and a reduction in fibronectin (Figure 8,  
A and D), type IV collagen (Supplemental Figure 4A), and TGF-β 
(Figure 8, B and E) in the diabetic glomerulus. The most consis-
tent clinical feature of diabetic kidney disease is an increase in 
the urine albumin/creatinine ratio in humans as well as in experi-
mental models of diabetic kidney disease (25, 26). Albuminuria 
was increased in the diabetic mice (STZ-induced and Akita) and 
completely normalized by AICAR treatment (Figure 9A). Urine 
hydrogen peroxide (Figure 9B), glomerular 8-OHdG (Figure 9, 

C and D), and nitrotyrosine (Supplemental Figure 4B) as a mea-
sure of renal inflammation were markedly elevated in the diabetic 
mice and reduced with AMPK activation.

To further validate that AMPK is the critical enzyme responsible 
for regulating mitochondrial function in diabetic kidney disease, 
additional studies were performed with a model of progressive dia-
betic kidney disease (the F1 cross of DBA2J and C57BL/6J with Akita) 
(27, 28) and with the Ampka2–/– mice (29). Similar to the diabetic 
models with C57BL/6J, the F1 Akita model with diabetic kidney dis-
ease exhibited reduced renal superoxide levels. AICAR and another 
AMPK activator, metformin, significantly reduced albuminuria and 
urine hydrogen peroxide levels in the F1 diabetic mice (Supplemental 
Figure 5, A and B). Similar to studies in the C57BL/6J mice, there 
was a reduction in PDH activity and an increase in mtDNA deletions 
that were attenuated with AMPK activation (Supplemental Figure 5, 
C–E). Mice deficient in AMPKα2 exhibited elevated urine albumin 
and urine hydrogen peroxide levels; however, treatment with AICAR 
was ineffective in reducing albuminuria and urine hydrogen peroxide 
(Figure 9, E and F), thus demonstrating that AMPK was necessary for 
the beneficial effect of AICAR.

Discussion
The prevailing theory implicating mitochondrial overproduc-
tion of superoxide to explain the basis for diabetic complications 
has led to a multitude of studies and interventional approaches 
to inhibit mitochondrial superoxide production. However, the 
approaches used in the present study to investigate superoxide 

Figure 6
AICAR increases AMPK activity and PGC1α expression in the diabetic kidneys, and AMPK activation reverses superoxide production. (A) 
p-AMPK was increased in diabetic kidneys treated with AICAR (n > 7 per group, *P < 0.05 vs control, **P < 0.05 vs STZ-diabetes). (B) PGC1α 
gene expression was increased in the diabetic kidneys treated with AICAR as demonstrated by real-time PCR analysis (n = 6 per group, *P < 0.05 
vs. control, **P < 0.05 vs. STZ-diabetes). (C) Representative confocal fluorescent images of DHE oxidation indicate that superoxide is reduced in 
kidneys of STZ-induced diabetic and Akita diabetic mice (AKITA) and is restored in both models by AICAR. Original magnification, ×10. Sod2+/– 
mice increase in DHE oxidation. (D) Quantification of renal superoxide in control, diabetic, Sod2+/–, and diabetic mice treated with AICAR. (n ≥ 6 
per group, *P < 0.05 vs. control; **P < 0.05 vs. corresponding diabetic group; #P < 0.001 vs. other conditions).
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production in vivo led to the opposite conclusion, i.e., that there 
is reduced superoxide production in diabetic kidney disease and 
that mitochondrial activity is suppressed. The basis for the regu-
lation of mitochondrial function is largely due to AMPK, as acti-
vation of AMPK restores mitochondrial function and superoxide 
production. AMPK activity is also reduced in human diabetic 
kidney disease, suggesting that similar pathways are operant in 
human diabetic nephropathy.

To put our data into context, diabetes may be viewed as a metabol-
ic environment characterized by a surplus of calories. Mitochondria 
respond to the caloric availability of the cell by following 2 major 
pathways: anaplerosis or cataplerosis (30). In states of intermit-
tent caloric depletion associated with increased AMPK and PGC1α 
activity, mitochondria pursue an anaplerosis program and consume 
electrons and carbons for redox regulation and oxidative phosphor-
ylation in order to efficiently generate ATP. However, in states of 
sustained positive caloric balance (characterized by reduced AMPK 
and PGC1α), mitochondria are physiologically regulated to con-
sume fewer electrons and oxygen, and carbon skeletons are released 
to the cytosol for use as building blocks for cell growth. The release 
of carbon skeletons from the Krebs cycle to the cytosol for protein, 
fat, pyrimidine, and carbohydrate synthesis is termed cataplerosis 
(30).The physiologic reduction of carbon flow into mitochondria 
under conditions of caloric excess is regulated in part by the inhibi-
tion of PDH by hyperphosphorylation, leading to reduced pyruvate 
entry into mitochondria (31). As diabetic kidney disease is associ-
ated with PDH hyperphosphorylation, reduced respiratory chain 
complex function, and reduced superoxide production, there would 
be a consequent reduction of carbon flow into the mitochondria. A 

primary reduction in mitochondrial superoxide production in the 
absence of high glucose (i.e., with rotenone) is sufficient to reduce 
AMPK and PDH activity, thus demonstrating a feedback loop to 
further inhibit mitochondrial function and biogenesis. In addi-
tion, a recent study found that mitochondria-derived superoxide in 
insulin-secreting cells promotes AMPK activity (32). A decrease in 
mitochondrial respiration in the presence of high glucose is called 
the Crabtree effect (33). Our studies demonstrate that diabetic kid-
ney disease is characterized by the Crabtree effect, which links to 
AMPK activity and characteristic features of diabetic kidney disease 
(albuminuria and matrix accumulation) (34).

We found that in addition to the inhibition of mitochondrial 
respiratory chain and PDH function, diabetes resulted in a nearly 
3-fold increase in mtDNA deletions in the kidney. Increases in 
mtDNA deletions are typically observed as a biomarker of cell 
stress or aging and are removed by autophagy of damaged mito-
chondria. We found that an increase in mtDNA deletions with 
diabetes was associated with reduced superoxide production. 
Our data are consistent with prior findings demonstrating that 
mtDNA deletions can be completely uncoupled from oxidative 
damage (35). In a mouse model of accelerated aging resulting from 
mtDNA deletions and caused by a mutation in the mitochondrial 
DNA polymerase γ (35, 36), no evidence for oxidative damage was 
found. Indeed, several measures of oxidative damage were actu-
ally improved despite massive amounts of mtDNA damage (35). 
The induction of mtDNA deletions and damage appears to be an 
ancient and early response to many kinds of cellular metabolic 
stress (37) and may be an intrinsic feature of the innate immune 
(38), or cellular “danger” response (37, 39).

Figure 7
AMPK activation reverses diabetes-induced regulation of mitochondrial respiratory chain function, mtDNA deletion, and PDH phosphorylation. 
(A) Total mitochondrial content per kidney protein (mg/g), (B) complex I activity, (C) complex III activity, (D) complex IV activity, (E) quantitative 
analysis of PDH phosphorylation, and (F) D17 mtDNA deletion in kidney DNA measured in control, STZ-diabetic, and STZ-diabetic mice treated 
with AICAR (DM-AICAR). (n ≥ 6 per group, *P < 0.05 vs. control; **P < 0.05 vs. corresponding diabetic group).
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There are similarities with respect to diabetic kidney and dia-
betic heart disease, in that both conditions are associated with an 
increase in matrix accumulation and TGF-β production (41–44). 
Our studies suggest that there could be a similar response in the 
heart and kidney to diabetes, with respect to mitochondrial super-
oxide production; however, further studies are required to com-
prehensively evaluate mitochondrial function in diabetic heart 
disease and in relation to matrix accumulation. It is likely that 
mitochondrial superoxide production plays an important sig-
naling role and is necessary for normal physiologic intracellular 
communication. Further studies to examine the downstream 
consequences of short- and long-term activation of AMPK and 
mitochondrial biogenesis in the context of diabetic complications 
are warranted. Interestingly, we found that human diabetic kid-
ney disease is also characterized by reduced mitochondrial func-
tion based on urine metabolomics and kidney biopsy studies (45). 

In the present study, we demonstrated that stimulation of mito-
chondrial structure and function via AMPK activation led to an 
increase in superoxide production and a reduction in parameters of 
diabetic kidney disease. In contrast to the prediction of the prevailing 
theories regarding the deleterious consequences of mitochondrial 
superoxide production (2), we found that the increase in mitochon-
drial function and superoxide production was associated with a bene-
ficial reduction of pathophysiologic characteristics of diabetic kidney 
disease (i.e., glomerular matrix, TGF-β, and albuminuria). This is con-
sistent with the findings that some types of ROS may be protective 
and inhibit inflammation, as shown in autoimmune disorders such 
as rheumatoid arthritis, multiple sclerosis, thyroiditis, and type 1  
diabetes (40). The associated improvement in the parameters of 
diabetic kidney disease with increased mitochondrial function and 
superoxide production demonstrates that enhanced mitochondrial 
activity is not a necessary contributor to diabetic kidney disease.

Figure 8
AMPK activation increases PGC1α and reduces fibronectin and TGF-β. (A) AICAR treatment increased PGC1α (green) in the diabetic kidney 
concurrently with a reduction in glomerular fibronectin (red). (B) AICAR treatment reduced glomerular TGF-β (green) in diabetic kidneys (podocin 
staining in red). Confocal images representative of n = 3 mice per group. Original magnification, ×63. Semiquantitative data of immunostaining 
of PGC1α (C), fibronectin (D), and TGF-β (E) in glomeruli. (n ≥ 6 per group, *P < 0.05 vs control; **P < 0.05 vs corresponding diabetic group).
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Urine albumin and hydrogen peroxide measurements. The urine albumin 
and creatinine were measured with a mouse Albuwell ELISA kit and a 
Creatinine Companion kit (Exocell). As an index of oxidative stress, urine 
samples were also analyzed for hydrogen peroxide by Amplex red assay 
(Invitrogen) according to the manufacturer’s protocol.

Human subjects. Slides of normal kidney tissue and diabetic kidney disease 
from patients were obtained from Agnes Fogo from archived tissue samples.

Superoxide measurement. For measurement of superoxide generation, 
diabetic and control mice were administered DHE (50 mg/kg) by i.p. 
injection as described (6, 8). For live animal imaging, anesthetized mice 
were administered FITC-inulin 30 minutes before being placed in the 
eXplore Optix-MX2 live animal scanner (Advanced Research Technolo-
gies Inc.). Each mouse was individually scanned using a 470-nm excitation 
laser and a 590-nm long-pass detection filter. For confocal imaging of 
DHE oxidation in postmortem slices, DHE-injected mice were anesthe-
tized, perfused with cold saline followed by 4% paraformaldehyde, and 
dissected. Mounted tissue slices were imaged on a LSM510 Meta multi-
photon laser confocal microscope (Karl Zeiss Inc.). To demonstrate that 
DHE was not handled differently in the diabetic kidney, [14C]-labeled 
DHE was synthesized using 1 mCi [14C]-ring benzoic acid, [ring-u-14C] 
(Chemdepo Inc.) to produce [14C]-labeled ethidium as described (46). This 
underwent reduction to [14C]-DHE using sodium borohydride in water as 

Therefore, in addition to glycemic and blood pressure control, 
restoration of mitochondrial structure, function, and signaling 
may be novel ways to improve diabetic kidney disease and prevent 
the decline in organ function.

Methods
Animal studies. All studies involving mice were approved by the UCSD 
Institutional Animal Care and Use Committee. C57BL/6J mice were made 
diabetic by a low dose STZ protocol (AMDCC). The Sod2+/– mice were pur-
chased from Jackson Laboratories and studied at the University of Michi-
gan. Akita mice were derived from a cross between C57BL/6J-Ins2Akita males 
and C57BL/6J females or an F1 cross between male Akita C57BL/6J-Ins2Akita  
and female DBA (all purchased from Jackson Laboratories). Ampka2–/– mice 
were from Benoit Viollet’s lab and sent courtesy of Jay Chung at the NIH. 
In the interventional study with AICAR, diabetic and control mice were 
randomized to AICAR (500 mg/kg, i.p. daily), or metformin (150 mg/kg  
i.p. daily) (Sigma-Aldrich) was given to the F1 (DBA/2J × C57BL/6J) -Ins2Akita  
diabetic mice for a period of 2 weeks. Each experimental protocol consisted 
of 4 groups, wild-type control, wild-type diabetic (STZ treated), transgen-
ic control, and transgenic diabetic (STZ treated). Each group contained 
10 animals unless otherwise indicated. Tissues were harvested 24 weeks  
after induction of diabetes.

Figure 9
AMPK activation reduces urine albumin, urine hydrogen peroxide, and glomerular 8-OHdG. AICAR reduced the urine albumin/creatinine ratio 
(A) and hydrogen peroxide (H2O2) excretion (B) in the diabetic mice. (n ≥ 8 per group, *P < 0.05 vs. control; **P < 0.05 vs. corresponding diabetic 
group). (C) Glomerular 8-OHdG content was significantly increased in the diabetic groups and significantly reduced by AICAR treatment by 
immunoperoxidase staining. Original magnification, ×40. (D) Quantification of 8-OHdG–positive cells per glomerulus. n = 20 glomeruli from each 
mouse kidney; 3 mice per group. *P < 0.001 vs. control; **P < 0.001 vs. DM. Ampka2–/– mice underwent urine collections and albumin/creatinine 
ratio (E) and hydrogen peroxide excretion (F) are shown (n = 6 per group, P < 0.05 vs. control).
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goat anti-rabbit (Invitrogen), and Alexa Fluor 488 donkey anti-goat 
(Invitrogen). Images were visualized under ×25, ×63, and ×100 objectives 
using a confocal LSM 510 microscope (Zeiss). For each antibody, there 
were at least 5 mice per group.

Immunohistochemistry. Immunostaining for p-AMPK (The172) (Cell Sig-
naling) was performed in paraffin-embedded human kidney sections and 
visualized using chromogen diaminobenzidine (DAB) (Vector Labs). Posi-
tive staining was assessed on images taken at ×400 magnification using a 
semiquantitative scoring method. Briefly, a score of 0–4 was assigned to 
glomeruli based on intensity of staining and amount of total glomerular 
area that was stained on 20 glomeruli randomly imaged from 10 normal 
samples and 18 glomeruli from 9 diabetic samples.

RNA isolation and real-time qPCR. Total RNA was isolated from kidney cor-
tex using Trizol reagent (Invitrogen) and real-time qPCR was performed as 
previously described (53). The primers for PGC1α was as follows: forward, 
5′-TGATAAACTGAGCTACCCTTG-3′; reverse, 5′-ACACTGAGTCTCGA-
CACGG-3′, and β-actin as a housekeeping gene.

Immunoblotting. Immunoblotting was performed as described previously 
(54). Primary antibodies used rabbit anti–p-PDH (pSer293) (EMD Chemi-
cals Inc.) and rabbit polyclonal anti-PDHE1α (Invitrogen). The blots were 
visualized on a phosphorimager (Molecular Dynamics Storm Phospho-
rImager), and the image analysis was performed using ImageQuant TL 
Software (Amersham Biosciences).

AMPKα activity. The level of activated AMPKα1 in renal cortex tissue was 
determined by a sandwich ELISA to measure AMPKα1 phosphorylated at 
T174 (R&D Systems) according to the manufacturer’s protocol.

Statistics. Results are presented as mean values ± SEM. The level for statis-
tical significance was defined as P < 0.05. Analyses were carried out using 
Graph Pad Prism Software version 4.03. Differences between data groups 
were evaluated for significance using independent t test or the Mann-Whit-
ney test of data, as appropriate, or 1-way ANOVA and Newman-Keuls for 
multiple comparisons.

Study approval. All studies involving mice were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at UCSD and the Uni-
versity of Michigan Medical School. Human samples were obtained from 
archived tissue under an approved IRB protocol and were deidentified.
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described (47). After column purification, purity and identity were con-
firmed by both LC-MS and by HPLC/diode array spectroscopy. Mice were 
then injected with 50 Ci 14C-DHE and euthanized 1 hour after injection; 
the kidneys were harvested, weighed, and solubilized and the amount of 
[14C]-DHE determined on a Beckman Coulter scintillation counter. For 
rotenone treatment, C57BL/6J mice were injected i.p. with either 1 μg/g 
rotenone (0.5 mg/ml stock) in DMSO or DMSO vehicle 3 hours before 
harvesting organs. For tissue confocal images, mice were administered 
rotenone 30 minutes before receiving DHE (50 mg/kg) by i.p. injection. 
For EPR studies, control and diabetic mice were euthanized by inhaled 
isoflurane and then underwent intracardial perfusion with cold BIOPS 
solution. The kidneys were rapidly removed and placed in cold BIOPS. 
The tissue homogenate was injected into the EPR cavity through a gas-
permeable Teflon tube. These studies were carried out in a MiniScope 
MS200 Benchtop EPR Spectrometer (Magnettech), which is designed to 
allow tight control of pO2 and temperature. Calibration of EPR signal 
intensity to paramagnetic species, e.g., superoxide anion, were carried out 
using the stable radical, 4-hydroxy-TMPO.

Mitochondrial enzymatic activity and DNA analysis. Mitochondrial isola-
tion and complex activity were performed in mice after euthanasia by 
cervical dislocation. Tissues were rapidly dissected and placed in ice-cold 
BIOPS before mitochondrial isolation. Kidney mitochondria for respira-
tory chain enzymology were isolated by a modification of previously pub-
lished methods from our lab (48). The enzymatic activity of mitochondri-
al complex I was measured as NADH:CoQ1 oxidoreductase activity (49). 
Complex III was measured as decylubiquinol:cytochrome c reductase 
activity (50). Complex IV was measured as cytochrome c oxidase activ-
ity (49). Mitochondrial DNA analysis was performed from total DNA 
extracted from kidneys. Real-time qPCR was performed as previously 
described (51). All assays included titration curves of positive controls, 
which consisted of dilutions of a cloned fragment of mouse mtDNA that 
contains the D17 deletion, a cloned fragment of the mouse mtDNA ND4 
region, and a nuclear DNA copy number control consisting of a cloned 
fragment of mouse β-actin gene.

Measurement of mitochondrial ROS release. Release of hydrogen peroxide 
from kidney mitochondria was measured using Amplex Red Hydrogen 
Peroxide/Peroxidase Assay Kit (Invitrogen). Assay protocol was optimized 
to make it suitable for real-time monitoring of ROS release from intact 
mitochondria, as follows. Mitochondria (0.5 mg/ml) were incubated in 
mitochondrial assay medium (125 mM KCl, 2 mM potassium phosphate, 
20 mM HEPES-KOH, pH 7.0). Detection system consisted of 0.15 unit/ml 
horseradish peroxidase and 5 μM Amplex Red. Increase in fluorescence was 
monitored over time at λex/ λem = 563/587 using LS50B spectrofluorometer 
(PerkinElmer). Assay was calibrated by sequential additions of standard 
additions of hydrogen peroxide in the range 0.1–4 μM. Reverse electron 
transport–mediated ROS production was assayed in the presence of 10 mM  
succinate followed by addition of uncoupler FCCP (0.5 μM). Then 5 mM 
glutamate plus 5 mM malate were used as respiratory substrates to assess 
ROS production under conditions of direct electron flow, in the presence 
or absence or complex I inhibitor rotenone (2 μM).

Immunofluorescence. Immunofluorescence staining was performed on 
frozen kidney sections that were fixed in 4% paraformaldehyde, as pre-
viously described (52). The following primary antibodies were used for 
immunofluorescence staining: rabbit polyclonal anti-PGC1α (Santa Cruz 
Biotechnology Inc.), goat polyclonal anti-fibronectin (BD Biosciences), 
rabbit polyclonal anti–TGF-β (pan-specific; Santa Cruz Biotechnology 
Inc.), rabbit monoclonal anti–p-AMPKα (Thr172) (Cell Signaling Technol-
ogy), and goat polyclonal anti-podocin (Santa Cruz Biotechnology Inc.). 
The following secondary antibodies were used for immunofluorescence 
staining: Alexa Fluor 488 goat anti-mouse (Invitrogen), Alexa Fluor 594 
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