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Diabetes and high glucose (HG) increase the generation of
NADPH oxidase-derived reactive oxygen species and induce
apoptosis of glomerular epithelial cells (podocytes). Loss of
podocytes contributes to albuminuria, a major risk factor for
progression of kidney disease. Here, we show that HG inacti-
vates AMP-activated protein kinase (AMPK), up-regulates
Nox4, enhances NADPH oxidase activity, and induces podocyte
apoptosis. Activation of AMPK blocked HG-induced expression
of Nox4, NADPH oxidase activity, and apoptosis. We also iden-
tified the tumor suppressor protein p53 as a mediator of podo-
cyte apoptosis in cells exposed to HG. Inactivation of AMPK by
HG up-regulated the expression and phosphorylation of p53,
and p53 acted downstream of Nox4. To investigate the mecha-
nism of podocyte apoptosis in vivo, we used OVE26 mice, a
model of type 1 diabetes. Glomeruli isolated from these mice
showed decreased phosphorylation of AMPK and enhanced
expression of Nox4 and p53. Pharmacologic activation of AMPK
by 5-aminoimidazole-4-carboxamide-1-riboside in OVE26 mice
attenuated Nox4 and p53 expression. Administration of 5-ami-
noimidazole-4-carboxamide-1-riboside also prevented renal
hypertrophy, glomerular basement thickening, foot process
effacement, and podocyte loss, resulting in marked reduction in
albuminuria. Our results uncover a novel function of AMPK
that integrates metabolic input to Nox4 and provide new insight
for activation of p53 to induce podocyte apoptosis. The data
indicate the potential therapeutic utility of AMPK activators to
block Nox4 and reactive oxygen species generation and to
reduce urinary albumin excretion in type 1 diabetes.
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One of the major early features of diabetic kidney disease is
injury to glomerular epithelial cells or podocytes, which con-
tribute to the increased urinary albumin losses and accelerated
sclerosis of the glomerular microvascular bed (1). Podocyte
injury manifests as phenotypic changes that range from foot
process effacement and altered localization or abundance of
specific slit diaphragm proteins to frank apoptosis with detach-
ment of the cells from the glomerular basement membrane
(GBM)? with decreased cell density (2—4). The mechanism(s)
of podocyte depletion in diabetes are poorly understood.

Expression of antioxidant enzymes in some animal models
ameliorates diabetic kidney disease, thus establishing a role
of reactive oxygen species (ROS) (5, 6). More recently, along
with ROS generated from mitochondrial respiratory chains,
NADPH oxidase-derived ROS have been shown to play a sig-
nificant role in injury to various organs, including the kidney (2,
7). A number of homologs of the phagocyte NADPH oxidase
catalytic subunit (Nox2) have been identified. These enzymes
participate in a number of biological processes, including pro-
liferation, migration, contraction, cytoskeletal organization,
fibrosis, and apoptosis (8). Along with Nox2, Nox1 and Nox4
are abundantly expressed in the renal cortex (9). We showed
that Nox4 is expressed in rat and mouse glomeruli and contrib-
utes to matrix accumulation in diabetic kidney disease (2, 7).
Abundant expression of Nox4 in glomerular podocytes has
been reported (2, 10). High glucose (HG) increases the expres-
sion of Nox4 and NADPH oxidase activity in podocytes (2).
However, the mechanism by which glucose increases NADPH
oxidase activity and the role of Nox4 in podocyte apoptosis are
not known.

AMP-activated protein kinase (AMPK), a serine/threonine
kinase, is an energy sensor whose activity is regulated by glucose
(11). AMPK is a heterotrimeric protein consisting of a catalytic
a-subunit and regulatory B- and <y-subunits (12-15). Seven
AMPK genes encoding two « (al and «2), two B (B1 and 2),
and three vy (1, v2, and y3) isoforms are present in the mam-
malian genome (16 —18). The activity and subunit composition
of AMPK are expressed in a cell- and tissue-specific manner,
with the a;- and a,-subunits expressed in the kidney and in

2The abbreviations used are: GBM, glomerular basement membrane; ROS,
reactive oxygen species; HG, high glucose; AMPK, AMP-activated protein
kinase; DN, dominant-negative; AICAR, 5-aminoimidazole-4-carboxamide-
1-riboside; ARA, adenine 9-B-p-arabinofuranoside; NG, normal glucose.
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glomerular cells (19). Activation of AMPK requires phosphor-
ylation of a critical threonine residue (Thr'”?) in the activation
loop of the a-subunit (20). In energy depletion states, AMPK
activation slows metabolic reactions that consume ATP and
stimulates reactions that produce ATP, thereby restoring the
AMP/ATP ratio and the normal cellular energy stores (21).
AMPK can also be activated independently of changes in the
AMP/ATP ratio (22-24). AMPK signaling modulates multiple
biological pathways, such as protein synthesis (25-27), autoph-
agy (28, 29), and apoptosis (30 -33).

In this study, we provide the first evidence that inactiva-
tion of AMPK by HG increases the expression of Nox4 and
that the increased expression of Nox4 mediates podocyte
apoptosis. Additionally, we demonstrate that Nox4 increases
the abundance of p53 protein concomitant with an increase in
its phosphorylation at Ser*® to increase the expression of the
pro-apoptotic protein PUMA (p53-up-regulated modulator of
apoptosis). In type 1 diabetic mice, AMPK is inactivated and
up-regulates Nox4 to induce podocyte apoptosis. Furthermore,
we show that pharmacologic activation of AMPK prevents
these changes in vitro in podocytes and in vivo in diabetic mice
and attenuates albuminuria.

EXPERIMENTAL PROCEDURES

Podocyte Culture and Transfection—Conditionally immor-
talized mouse podocytes, kindly provided by Dr. Katalin Susz-
tack (Albert Einstein College of Medicine, Bronx, NY), were
cultured as described previously (2). For the RNA interference
experiments, a SMARTpool consisting of siRNA duplexes spe-
cific for mouse LKB1 or mouse p53 was obtained from Dhar-
macon. The SMARTpool of siRNAs was introduced into the
cells by double transfection using Oligofectamine or Lipo-
fectamine 2000 as described previously (34). The siRNAs for
LKBI and p53 were used at a concentration of 100 nMm. Scram-
bled siRNAs (nontargeting siRNAs; 100 nm) served as controls
to validate the specificity of the siRNAs. A replication-defective
adenoviral vector encoding a truncated form of Nox4 lacking
the NADPH-binding domain (referred to as AdDN-Nox4), a
generous gift from Dr. Barry Goldstein (Thomas Jefferson Uni-
versity, Philadelphia, PA), was amplified in HEK293 cells. A
GFP adenoviral vector control (referred to as AAGFP) was used
as a control virus. Infection of cultured podocytes was carried
out for 48 h. Wild-type active AMPKa2 (WT-AMPKa2) or
dominant-negative AMPKa2 (DN-AMPKa2) plasmid con-
structs were procured from Addgene (35). Podocytes were
transfected with 1.0 ug of WT-AMPKa2, DN-AMPKa2, or
vector plasmid constructs using Lipofectamine 2000.

Animal Models—22-Week-old control FVB mice and OVE26
mice (FVB background; The Jackson Laboratory, Bar Harbor,
ME) were used. At 17 weeks of age, OVE26 mice were treated
with aminoimidazole-4-carboxamide-1-riboside 5-aminoimi-
dazole-4-carboxamide-1-riboside (AICAR; 750 mg/kg/day)
administered by intraperitoneal route (36). Before treatment
with AICAR, mice were placed in metabolic cages for urine
collection. Urine albumin was measured using a mouse albu-
min ELISA quantification kit (Bethyl Laboratories) and ex-
pressed as micrograms of albumin/24 h. Animals are killed by
exsanguination under anesthesia. Both kidneys were removed
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and weighed. A slice of kidney cortex at the pole was embedded
in paraffin or flash-frozen in liquid nitrogen for microscopy and
image analyses. Cortical tissue was used for isolation of glomer-
uli by differential sieving with minor modifications as described
previously (2, 37).

NADPH Oxidase Activity—NADPH oxidase activity was
measured in podocytes grown in serum-free medium or in glo-
meruli isolated from kidney cortex as described previously (2,
7). Cultured podocytes were washed five times with ice-cold
phosphate-buffered saline and scraped from the plate in the
same solution, followed by centrifugation at 800 X g for 10 min
at4 °C. The cell pellets were resuspended in lysis buffer (20 mm
KH,PO, (pH 7.0), 1 mm EGTA, 1 mM phenylmethylsulfonyl
fluoride, 10 wg/ml aprotinin, and 0.5 ug/ml leupeptin). Cell
suspensions or washed glomeruli were homogenized with 100
strokes in a Dounce homogenizer on ice. To start the assay, 20
g of homogenates was added to 50 mm phosphate buffer (pH
7.0) containing 1 mm EGTA, 150 mM sucrose, 5 uM lucigenin,
and 100 um NADPH. Photon emission expressed as relative
light units was measured every 20 or 30 s for 10 min in a lumi-
nometer. A buffer blank (<5% of the cell signal) was subtracted
from each reading. Superoxide production was expressed as
relativelight units/min/mgof protein. Protein content was mea-
sured using the Bio-Rad protein assay reagent.

AMPK Activity Assay—AMPK activity was measured using
the AMPK KinEASE™ FP fluorescein green assay fluorescence
polarization assay (Millipore) according to the manufacturer’s
protocol.

LKB1 Activity Assay—Endogenous LKB1 was immunopre-
cipitated with an antibody against LKB1 (Abcam, Cambridge,
MA) and protein G beads. The reaction was initiated by the
addition of 100 ul of kinase buffer containing 1 mm ATP, 10 uCi
of [**P]ATP (PerkinElmer Life Sciences), and 300 wm LKBtide
(Upstate) into tubes containing the immunoprecipitated sam-
ple. After incubation at 30 °C for 10 or 20 min, the supernatant
was applied to P81 paper (Whatman), and >?P incorporation
was determined by liquid scintillation counting.

Western Blot Analysis—Homogenates from glomeruli iso-
lated from renal cortex were prepared in 200 wl of radioimmu-
noprecipitation assay buffer (20 mm Tris-HCI (pH 7.5), 150 mm
NaCl, 5 mm EDTA, 1 mM Naz;VO,, 1 mm phenylmethylsulfonyl
fluoride, 20 ug/ml aprotinin, 20 ug/ml leupeptin, and 1% Non-
idet P-40) using a Dounce homogenizer. Homogenates were
incubated for 1 h at 4 °C and centrifuged at 10,000 X g for 30
min at4 °C. Mouse podocytes were grown to near confluency in
60- or 100-mm dishes and serum-deprived for 24 h. All incuba-
tions were carried out in serum-free RPMI 1640 medium con-
taining 0.2% BSA (fatty acid-free) at 37 °C for a specified dura-
tion. The cells were lysed in radioimmunoprecipitation assay
buffer at 4 °C for 30 min. The cell lysates were centrifuged at
10,000 X g for 30 min at 4 °C. Protein in the supernatants was
measured using the Bio-Rad method. For immunoblotting,
proteins (30-60 pg) were separated by 12.5% SDS-PAGE
and transferred to polyvinylidene difluoride membranes. Blots
were incubated with rabbit polyclonal anti-Nox4 (1:1000;
Novus Biologicals), rabbit monoclonal phospho-Thr'”?
AMPKa (40H9; 1:1000; Cell Signaling), rabbit polyclonal anti-
AMPKa (1:1000; Cell Signaling), rabbit monoclonal phospho-
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Ser*?® LKB1 (C67A3; 1:1000; Cell Signaling), rabbit polyclonal
LKB1 (1:1000; Abcam), and rabbit polyclonal anti-p53
(1:1000; Cell Signaling) antibodies. The primary antibodies
were detected using horseradish peroxidase-conjugated IgG
(1:2500 or 1:5000). Bands were visualized by enhanced chemi-
luminescence. Densitometric analysis was performed using
NIH Image software.

mRNA Analysis—mRNA was analyzed by real-time RT-PCR
using the AAC, method. Total RNA was isolated from cultured
mouse podocytes or isolated glomeruli using the RNeasy®
minikit (Qiagen). mRNA expression was quantified using the
Mastercycler realplex (Eppendorf, Westbury, NY) with SYBR
Green dye and predesigned mouse RT?-quantitative PCR
primers (SABiosciences, Frederick, MD) for Nox4 (RefSeq ID
NM_015760), Trp53 (RefSeq ID NM_011640), and PUMA
(RefSeq ID NM_133234) and normalized to B-actin (RefSeq ID
NM_007393).

Apoptosis Assays and Cellular DNA Fragmentation—The
cellular DNA fragmentation ELISA (Roche Diagnostics GmbH,
Mannheim, Germany) for detection of BrdU-labeled DNA
fragments in culture supernatants and cell lysates was used
according to the manufacturer’s protocol.

Apoptosis Assays, Annexin V, and Propidium lodide Staining—
An annexin V-FITC apoptosis detection kit (Calbiochem) was
used for annexin V and propidium iodide staining according to
the manufacturer’s protocol. The percentage of apoptotic and
necrotic cells was assessed by FACS (San Antonio Cancer Insti-
tute Core Facility at University of Texas Health Science Center,
San Antonio, TX).

Apoptosis Assays and Caspase-3 Activity—A caspase-3 fluo-
rescence assay kit (Cayman Chemical Co.) was used according
to the manufacturer’s protocol.

Electron Microscopy—XKidney cortex was cut into 0.5-1-mm?
pieces and fixed overnight in cold 4% formaldehyde and 1%
glutaraldehyde in phosphate buffer and then embedded in
Epon 812 resin. 0.50-mm plastic sections were cut and stained
with toluidine blue for identification of representative areas for
subsequent sectioning using an ultramicrotome. Ultrathin sec-
tions were stained with uranyl acetate and examined and pho-
tographed on a JEOL 100CX electron microscope. All EM pho-
tomicrographs were examined in a blind fashion. Individual
capillary loops were examined and quantified in five glomeruli/
group of animals for the degree of foot process effacement as
described by Jo et al. (38). The procedure adopted for GBM
thickening measurement was a modification of the harmonic
mean method summarized by Dische (39) and adapted from
Jensen et al. (40) and Hirose et al. (41) as described in detail by
Carlson et al. (42).

Podocyte Enumeration—Dual-label immunohistochemistry
was used to identify and count glomerular epithelial cells rela-
tive to the GBM using a modification of methods described
previously (43). To identify podocytes, 3-um frozen sections of
kidney cortex on glass slides were stained with anti-synaptopo-
din antibody, followed by Cy3-labeled donkey anti-goat IgG.
After washing and to identify the GBM, the sections were
stained with a rabbit antibody directed against collagen type IV,
followed by FITC-labeled donkey anti-rabbit IgG. After stain-
ing and washing, the sections were preserved on coverslips in
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Prolong® gold antifade mounting medium with DAPI (Invitro-
gen) for fluorescence detection of nuclei. Sections were exam-
ined by epifluorescence using excitation and band-pass filters
optimal for FITC, Cy3, and DAPI Digital images representing
each fluorochrome were taken of random glomeruli using an
Olympus AX70 research microscope and a DP70 digital cam-
era. 25-35 glomerular cross-sections per animal were photo-
graphed in each color channel, providing a minimum of 100
composite images per experimental group. The images were
merged and color-balanced using Image-Pro Plus imaging soft-
ware (Media Cybernetics, Inc., Silver Spring, MD), and podo-
cytes were counted in projected images in a blind fashion by
two individuals. Synaptopodin-positive cells on the outer
aspect of the GBM were considered glomerular epithelial cells
and counted. Synaptopodin-negative cells or cells in the inner
aspect of the GBM were not counted. The mean area of each
glomerular profile was measured manually, tracing the glomer-
ular outline, encircling the area of interest, and calculating the
surface area by computerized morphometry using MetaMorph
Version 4.69 (2, 44, 45).

Statistical Analysis—Results are expressed as the mean =
S.E. Statistical significance was assessed by Student’s unpaired ¢
test. Significance was determined as p < 0.05.

RESULTS

Nox4 Mediates Apoptosis Induced by HG—The mechanism
by which glucose increases NADPH oxidase activity, whether
it involves AMPK, and the role of Nox4 in podocyte apoptosis
are is not known. As expected, exposure of mouse podocytes to
25 mMm HG for 12, 24, and 48 h significantly increased apoptosis
as measured by annexin V binding (supplemental Fig. S14),
caspase-3 activation (supplemental Fig. S1B), and cellular DNA
fragmentation (supplemental Fig. S1C). An equimolar concen-
tration of mannitol had no effect (supplemental Fig. S1, B and
C). Impairment of Nox4 function using an adenovirus encoding
a dominant-negative form of the enzyme (AdDN-Nox4) signif-
icantly inhibited NADPH oxidase activity (Fig. 14) and dramat-
ically reduced HG-induced annexin V binding (Fig. 1B),
caspase-3 activity (Fig. 1C), and cellular DNA fragmentation
(Fig. 1D). These results demonstrate that Nox4-derived ROS
mediate apoptosis of podocytes induced by HG.

HG Decreases the Phosphorylation of LKB1 and AMPK—Expo-
sure of mouse podocytes to 25 mm glucose decreased AMPKa
phosphorylation at its activating site, Thr'”* (supplemental Fig.
S2A), concomitant with reduction in AMPK activity (supplemen-
tal Fig. S2B). To elucidate the mechanism by which HG inhibits
AMPK, we tested the effect of HG on the phosphorylation and
activity of LKB1, an upstream kinase that phosphorylates AMPK
at Thr'”? (46). HG decreased LKB1 phosphorylation at Ser*?®
(supplemental Fig. S2C), a phosphorylation site required for
metformin-enhanced AMPK activation (47). HG also
decreased LKB1 activity (supplemental Fig. S2D). To determine
whether the effect of HG on AMPK is mediated by LKB1, podo-
cytes were transfected with siRNA targeting LKB1 prior to
treatment with AICAR and HG. In cells incubated with HG,
treatment with AICAR restored LKB1 and AMPKa phosphory-
lation, whereas siRNA targeting LKB1 reversed the effect
of AICAR on the phosphorylation of LKB1 and AMPKa

JOURNAL OF BIOLOGICAL CHEMISTRY 37505


http://www.jbc.org/cgi/content/full/M110.136796/DC1
http://www.jbc.org/cgi/content/full/M110.136796/DC1
http://www.jbc.org/cgi/content/full/M110.136796/DC1

AMPK, Nox4, and Podocyte Apoptosis in Diabetes

A B Annexin V binding Assay
g I PXTANN 15% 1.6%)
° 7 | g g B
- “ 3.0% s 20% T L a%|
b cy z ¥
€2 o vid f ) p s
§ g% e e I e
ggg NG + AdGFP  HG + AdGFP  HG + AdDN-Nox4
$°3
: 48 h
i E lc,e‘?‘\ o (o Ds
E o > 6 g% 30
E N E o
8§ 4 g% 20
75 <5
g2 2 2% 10
oL & °
8§~ ol 32 ol
HG - + + 8 HG - + _+
(8h) o N (48h) o [y
OGQ ‘\O* 6(3? ‘\0
Y Lagit
o S

FIGURE 1. NADPH oxidase Nox4 mediates HG-induced podocyte apopto-
sis. Podocytes were infected with AADN-Nox4 or AdGFP and treated with
either HG (25 mmol/liter) or NG (5 mmol/liter) for 48 h. A, NADPH-dependent
superoxide generation measured in podocytes infected with AdGFP and
treated with NG or HG or in podocytes transfected with AdDN-Nox4 and
treated with HG. RLU, relative light units. B, percent annexin V-positive cells
48 h after infection with AAGFP or AADN-Nox4 in HG. C, ELISA for cellular DNA
fragmentation. D, histogram representing caspase-3 activity. All values are
the mean = S.E. from four independent experiments. *, p < 0.05 versus the
control; #, p < 0.05 versus HG treatment.

(supplemental Fig. S3). These data indicate that the effect of HG
in inhibiting AMPK phosphorylation and activity is at least par-
tially due to reduction in LKB1 phosphorylation and activity.
AMPK Regulates Nox4-dependent Podocyte Apoptosis—To
determine whether inactivation of AMPKa mediates HG-in-
duced Nox4 expression and apoptosis, podocytes were exposed
to HG in the absence or presence of the AMPKa activator
AICAR. Cells in normal glucose were also incubated with the
AMPKa inhibitor adenine 9-B-D-arabinofuranoside (ARA). In
cells incubated with HG, treatment with AICAR restored
AMPKa phosphorylation at Thr'”? (Fig. 24) as well as AMPK
activity (Fig. 2B). AICAR treatment also prevented the increase
in Nox4 mRNA (Fig. 2C) and protein expression (Fig. 2D) and
significantly blocked NADPH oxidase activity in response to
HG (Fig. 2E). On the other hand, treatment of cells incubated in
normal glucose (NG) with the AMPK inhibitor ARA mimicked
the effect of HG and reduced AMPKa phosphorylation (Fig.
2A) and activity (Fig. 2B). Also, ARA resulted in up-regulation
of Nox4 mRNA (Fig. 2C) and protein (Fig. 2D) and enhanced
NADPH oxidase activity (Fig. 2E) in cells incubated with NG.
In parallel experiments, podocytes were transfected with a
plasmid overexpressing wild-type AMPKa2 prior to exposure
to HG, or cells in NG were transfected with a plasmid overex-
pressing dominant-negative AMPKoa2. Expression of AMPKa2
restored AMPKa phosphorylation (Fig. 2F) and AMPK activity
(Fig. 2G) and reduced HG-induced Nox4 mRNA (Fig. 2H) and
protein expression (Fig. 2/) as well as NADPH oxidase activity
(Fig. 2J), similar to the effect of AICAR. In contrast, in podo-
cytes incubated with NG, the expression of dominant-negative
AMPKe2 inhibited phosphorylation and activation of AMPK
(Fig. 2, Fand G), enhanced expression of Nox4 mRNA (Fig. 2H)
and protein (Fig. 2/), and increased NADPH oxidase activity
(Fig. 2)), similar to the effects of ARA. These data clearly impli-
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cate inactivation of AMPK by HG in the increased expression of
Nox4 mRNA and protein and NADPH oxidase activation.

We next examined the role of AMPK in apoptosis of podocytes
induced by HG. HG significantly augmented annexin V binding,
caspase-3 activation, and DNA fragmentation (Fig. 3, A—C). Incu-
bation of podocytes with the AMPK activator AICAR significantly
inhibited HG-induced apoptosis (Fig. 3, A-C), whereas the phar-
macologic AMPK inhibitor ARA mimicked the effect of HG and
induced apoptosis of podocytes in NG (Fig. 3, A-C). To confirm
the pharmacologic effect of the AMPK activator and inhibitor,
wild-type or dominant-negative AMPKa2 was expressed in podo-
cytes. As observed with AICAR, expression of AMPKa2 inhibited
HG-induced annexin V binding, caspase-3 activation, and DNA
fragmentation (Fig. 3, D—F). On the other hand, expression of
dominant-negative AMPKa2 in podocytes incubated in NG
induced significant apoptosis compared with control cells (Fig. 3,
D-F). These results indicate that AMPK inactivation by HG medi-
ates podocyte apoptosis.

P53 Regulates HG-induced Podocyte Apoptosis—To deter-
mine the mechanism by which HG induces podocyte apoptosis,
we considered the role of the p53 tumor suppressor protein,
which influences cell survival in a cell type- and context-depen-
dent manner (48, 49). Treatment of podocytes with HG in-
creased the expression of p53 mRNA (Fig. 4A4) and protein (Fig.
4B) levels and enhanced p53 phosphorylation at the activating
site, Ser*® (Fig. 4B). p53 induced the expression of many pro-
apoptotic genes, including PUMA. HG increased PUMA
mRNA levels in podocytes (Fig. 4C). siRNA-mediated down-
regulation of p53 mRNA and protein (Fig. 4, A and B) markedly
decreased PUMA mRNA levels (Fig. 4C). Moreover, p53 siRNA
prevented podocyte apoptosis as assessed by annexin V binding
(Fig. 4D), caspase-3 activity (Fig. 4E), and cellular DNA frag-
mentation (Fig. 4F). These results indicate a role for p53 in the
pro-apoptotic effect of HG on podocytes.

AMPK/Nox4 Axis Regulates HG-induced p53—We have
shown above that HG-induced podocyte apoptosis resulted
from AMPK inactivation and Nox4-derived ROS production
(Figs. 1 and 3). We tested the role of AMPK and Nox4 on p53 in
cells stimulated with HG. Incubation of podocytes with the
AMPK activator AICAR decreased the expression of p53 protein
and its serine phosphorylation in cells exposed to HG (Fig. 5A4).
AICAR also decreased the expression of PUMA protein and
mRNA (Fig. 5, A and B). Conversely, the AMPK inhibitor ARA
augmented p53 protein levels, serine phosphorylation of p53 (Fig.
5A), and PUMA protein and mRNA levels in cells incubated in
NG (Fig. 5, A and B), mimicking the effect of HG. The pharmaco-
logic effects of AICAR and ARA were confirmed using wild-type
AMPKa2 and dominant-negative AMPKa2. Expression of wild-
type AMPKa2 decreased HG-induced expression and phos-
phorylation of p53 (Fig. 5C) and attenuated PUMA protein and
mRNA expression (Fig. 5, Cand D). On the other hand, expression
of dominant-negative AMPKa2 in cells incubated in NG
increased p53 protein levels, p53 phosphorylation, and PUMA
protein and mRNA expression (Fig. 5, C and D).

We next examined the role of Nox4 in p53 activation. Inhi-
bition of Nox4 using AdDN-Nox4 attenuated HG-induced
expression of p53 protein and its serine phosphorylation (Fig.
5E). Furthermore, inhibition of Nox4 abolished the expression
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FIGURE 2. AMPK regulates Nox4-dependent podocyte apoptosis. Podocytes were exposed either to HG (25
mmol/liter) with or without AICAR (1 mmol/liter) or to ARA (1T mmol/liter) in NG (5 mmol/liter) for 48 h. A, represen-
tative Western blot of phospho-Thr'”? AMPKa and AMPKa. B, histogram representing AMPK activity measured in
podocytes treated with HG and AICAR or treated with ARA in NG. G, relative mRNA levels of Nox4 in control and
treated podocytes. D, representative Western blot of Nox4 and B-actin levels. E, NADPH-dependent superoxide
generation measured in podocytes treated with HG and AICAR or treated with ARA in NG. In parallel experiments,
podocytes were transfected with WT-AMPKa2 in HG or transfected with DN-AMPKa2 in NG. RLU, relative light units.
Fand G, WT-AMPKa2 in the presence of HG increases phospho-Thr' 72 AMPKa expression and AMPK activity, respec-
tively. Shown is a representative Western blot of phospho-Thr'”2 AMPKa and AMPKa« (F) and a histogram represent-
ing AMPK activity measured in podocytes transfected with WT-AMPKa2 and treated with HG or transfected with
DN-AMPKa2 in NG (G). H, relative mRNA levels of Nox4. |, representative Western blot of Nox4 and B-actin levels.
J, NADPH-dependent superoxide generation measured in podocytes transfected with WT-AMPKa2 and treated
with HG or transfected with DN-AMPKa2 in NG. All values are the mean = S.E. from four independent experiments.
*, p < 0.05 versus the control; #, p < 0.05 versus HG treatment.

of PUMA protein and mRNA (Fig. 5, E and F). These data indi-
cate that AMPK and its downstream effector Nox4 regulate the
expression/phosphorylation of the transcription factor p53 and

its target, the pro-apoptotic protein PUMA.

AMPK Inactivation Up-regulates Nox4 and Enhances
NADPH Oxidase Activity and p53 Expression in Type 1
Diabetes—To determine the in vivo relevance of the findings in
cultured cells, type 1 diabetic OVE26 mice were treated with
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the AMPK activator AICAR for 5
weeks. Control FVB mice were
treated with vehicle. OVE26 mice
display elevated blood glucose levels
compared with control FVB mice.
OVE26 mice treated with AICAR
had equivalent levels of blood glu-
cose compared with untreated
OVE26 mice (Table 1). Body weight
was significantly reduced in OVE26
mice and in OVE26 mice treated
with AICAR compared with their
FVB littermates. Total kidney weight
and kidney/body weight ratio, indi-
ces of renal hypertrophy, increased
significantly in OVE26 mice com-
pared with FVB littermates. Renal
hypertrophy in OVE26 mice treated
with AICAR was significantly re-
duced compared with untreated
OVE26 mice (Table 1). AMPK
phosphorylation (Fig. 6A) and activ-
ity (Fig. 6B) were reduced in OVE26
compared with FVB mouse glomer-
uli (Fig. 6, A and B), whereas Nox4
protein levels (Fig. 6C) and NADPH
oxidase activity (Fig. 6D) were
increased. These parameters were
restored to control levels when
OVE26 mice were treated with
AICAR (Fig. 6, A-D).

The activation of apoptotic path-
ways was also examined in glomer-
uli of OVE26 mice. In these mice,
the levels of p53 were significantly
increased compared with control
FVB mice (Fig. 6E), together with
increased expression of PUMA pro-
tein and mRNA (Fig. 6, E and F).
Treatment of diabetic mice with
AICAR reduced p53 expression
(Fig. 6E) as well as the expression of
PUMA protein and mRNA (Fig. 6, E
and F). These results demonstrate
that in type 1 diabetes, inactivation
of AMPK results in enhanced Nox4
expression and NADPH oxidase
activity, with a subsequent increase
in the expression of p53 and its pro-
apoptotic target, PUMA.

AMPK Regulates GBM Thickening, Foot Process Effacement,
Podocyte Loss, and Albuminuria in Type 1 Diabetic Mice—
Electron microscopic analysis revealed a significant increase in
GBM thickening in OVE26 mice compared with control FVB
littermates (Fig. 7, A, compare panel b with panel a, blue
arrows; and B). Marked effacement of foot processes was evi-
dent in diabetic mice (Fig. 7, A and C). Also, diabetic OVE26
mice lost podocytes as judged by the number of synaptopodin-
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FIGURE 3. AMPK regulates HG-induced podocyte apoptosis. Mouse podocytes were serum-deprived for
24 h and pretreated with the AMPK activator AICAR (1 mmol/liter) for 1 h before incubation with HG or were
incubated with the AMPK inhibitor ARA (T mmol/liter) in the presence of NG for 48 h. In parallel experiments,
mouse podocytes were transfected with WT-AMPKa2 before treatment with HG or transfected with
DN-AMPKa2 in NG. AICAR treatment inhibited HG-induced apoptosis, whereas ARA induced apoptosis as
measured by annexin V binding (A), caspase-3 activity (B), and cellular DNA fragmentation (C). The effect of HG
on podocyte apoptosis was also blocked by WT-AMPKa2 and reproduced by DN-AMPKa2 in NG medium as
measured by annexin V binding (D), caspase-3 activity (E), and cellular DNA fragmentation (F). All values are the
mean = S.E. from four independent experiments. *, p < 0.05 versus the control; #, p < 0.05 versus HG.
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FIGURE 4. p53 mediates HG-induced podocyte apoptosis. Mouse podocytes were transfected with scram-
bled siRNA (nontargeting; Scr) or with siRNA for p53 (sip53) in NG or HG. A, relative mRNA amount of p53.
B, representative Western blot of p53, phospho-Ser*® p53, and B-actin. C, relative mRNA amount of PUMA in
podocytes transfected with scrambled siRNA in NG or HG or transfected with p53 siRNA and treated with HG.
D, percent annexin V-positive cells 48 h after transfection with scrambled or p53 siRNA in HG. E and F, histo-
grams of caspase-3 activity and ELISA for cellular DNA fragmentation, respectively. All values are the mean *
S.E. from four independent experiments. ¥, p < 0.05 versus the control + Scr; #, p < 0.05 versus HG + Scr.

positive cells in the glomeruli (Fig. 7, D, red staining; and E).

(Fig. 7, A and C) and GBM thicken-
ing (Fig. 7, A and B) and prevented
podocyte loss (Fig. 7, D and E). FVB,
OVE26, and AICAR-treated OVE26
mice were placed in metabolic cages
for 24 h. Urine was collected, and
albumin levels were measured.
Treatment of diabetic mice with
AICAR resulted in a significant
decrease in albumin excretion com-
pared with control untreated dia-
betic mice (Fig. 7F). These data con-
firm the observations in the cultured
podocytes and indicate that inactiva-
tion of AMPK and the increase in
Nox4 expression play a critical role
in podocyte injury and albuminuria
in type 1 diabetes.

DISCUSSION

Podocyte apoptosis is an early
glomerular phenotype that contrib-
utes to podocyte depletion, albumi-
nuria, and progression of renal dis-
ease (2, 50). In this study, we have
provided the first evidence that
podocyte apoptosis in diabetes is
mediated through inactivation of
AMPK, up-regulation of Nox4, and
an increase in NADPH oxidase-me-
diated ROS production. Further-
more, we have demonstrated that
AMPK and Nox4 regulate the ex-
pression/phosphorylation of p53
and the pro-apoptotic protein
PUMA. We have also shown that
the AMPK/Nox4-driven pro-apo-
ptotic pathway is operative in glo-
meruli of diabetic mice and that
activation of AMPK by the admin-
istration of AICAR attenuates
Nox4 and p53 expression, reduces
albuminuria, and protects mice
against podocyte loss and glomer-
ular injury (Fig. 8).

ROS-generating NADPH oxidases
play a dual role in regulating cellular
apoptosis (8, 51-53). NADPH-gen-
erated ROS play an important role
in ethanol-induced apoptosis (51).
However, NADPH oxidase-derived
ROS, including Nox4, inhibit apo-
ptosis in pancreatic cancer cells (52,
53). In this study, we have demon-
strated that Nox4 induces podocyte

apoptosis and identify inactivation of AMPK as a mechanism by

Importantly, treatment of the diabetic mice with AICAR which HG and hyperglycemia increase the expression of

Nox4.

resulted in a significant decrease in foot process effacement
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FIGURE 5. AMPK/Nox4 axis regulates HG-induced p53 and PUMA. Mouse
podocytes were serum-deprived for 24 h and pretreated with the AMPK acti-
vator AICAR (1 mmol/liter) for 1 h before incubation with HG, or mouse podo-
cytes were incubated with the AMPK inhibitor ARA (1 mmol/liter) in the pres-
ence of NG for 48 h. A, representative Western blot of p53, phospho-Ser*® p53,
PUMA, and B-actin. B, relative mRNA levels of PUMA. In parallel experiments,
mouse podocytes were transfected with WT-AMPKa2 before treatment with
HG or transfected with DN-AMPKa2 in NG. C, representative Western blot of
p53, phospho-Ser*® p53, PUMA, and B-actin levels. D, relative mRNA levels of
PUMA. In an another set of experiments, podocytes were infected with AADN-
Nox4 or AAGFP in NG or HG. E, representative Western blot of p53, phospho-
Ser*® p53, PUMA, and B-actin. F, relative mRNA levels of PUMA. All values are
the mean = S.E. from four independent experiments. *, p < 0.05 versus the
control; #, p < 0.05 versus HG treatment.

TABLE 1

Glucose level, body weight, kidney weight, and kidney weight/body
weight ratio of FVB control mice, OVE26 type 1 diabetic mice, and
OVE26 mice treated with AICAR

Values are the means * S.E. from five animals for each group.

Grou " Blood Body Kidney Kidney weight/
P glucose weight weight body weight
mg/dl g g g/kg
FVB 5 148143 23*12 021 *0.02 8.7+ 0.8
OVE26 5 5702857 18 0.9 0.25* 0.04° 13.8 = 0.6"
OVE26 + 5 563+312 19+18 020=0.03" 9.7 + 0.7
AICAR

“ p < 0.05, OVE26 mice versus FVB mice.
b p < 0.05, OVE26 mice treated with AICAR compared with OVE26 mice.

AMPK activity is maintained through constitutive phosphor-
ylation of Thr'”? in the catalytic a-subunit by such upstream
kinases as LKB1 and calcium/calmodulin kinase kinase-£ (20,
22-24). The interaction between ROS and AMPK is regulated
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FIGURE 6. AMPK inactivation up-regulates Nox4 and enhances NADPH
oxidase activity and p53 expression in type 1 diabetic mice. 17-week-old
OVE26 mice were treated with AICAR (750 mg/kg/day, dissolved in saline,
intraperitoneal) for 5 weeks. Mice in the control group received saline vehicle.
Glomeruli were isolated from the kidneys of three groups of mice (n = 5):
control FVB mice, OVE26 mice, and OVE26 mice treated with AICAR. A, repre-
sentative Western blot of phospho-Thr'”? AMPK« and total AMPKa« of four of
five mice from each group (FVB mice, lanes 1-4; OVE26 mice, lane 5-8; and
OVE26 mice treated with AICAR, lanes 9-12). B, histogram of AMPK activity.
G, representative Western blot of Nox4 and B-actin of four mice of five from
each group (FVB mice, lanes 1-4; OVE26 mice, lane 5-8; and OVE26 mice
treated with AICAR, lanes 9-12). D, NADPH-dependent superoxide genera-
tion. RLU, relative light units. £, representative Western blot of p53, PUMA, and
B-actin of four mice of five from each group (FVB mice, lanes 1-4; OVE26 mice,
lane 5-8; and OVE26 mice treated with AICAR, lanes 9-12). F, relative amount
of PUMA mRNA. *, p < 0.05, OVE26 mice versus FVB mice; #, p < 0.05, OVE26
mice treated with AICAR compared with OVE26 mice treated with vehicle.

in a cell stimulus- and tissue-specific manner. During hypoxia,
mitochondria-generated ROS activate AMPK (54). Similarly,
during exercise, NADPH oxidase-derived ROS induce AMPK
activation (55). However, in B-cells exposed to HG, AMPK acti-
vation increases ROS production and potentiates [3-cell apo-
ptosis (56). AMPK plays a role in renal cell injury (10, 27). Type
1 diabetic rats treated with AICAR, a pharmacologic activator
of AMPK, show significant attenuation of renal hypertrophy
(27). Inhibition of AMPK activity in vitro alters localization of
Z0-1 (zona occludens-1) in podocytes, an effect reversed by the
pharmacologic activator AICAR and by the AMPK activator
adiponectin (10), indicating a role for this stress-sensing kinase
in podocyte biology.

AMPK exerts pro- or anti-apoptotic effects that are stimu-
lus- or cell type-specific (30 —33). In pancreatic 3-cells, HG acti-
vates AMPK and enhances the production of ROS, resulting in
loss of mitochondrial membrane potential (56). On the other
hand, in umbilical vein endothelial cells, activation of AMPK
increases the expression of the antioxidant manganese super-
oxide dismutase and inhibits HG-induced intracellular and
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FIGURE 7. AMPK regulates GBM thickening, foot process effacement, podocyte loss, and albuminuria in
type 1 diabetic mice. 17-week-old OVE26 mice were treated with AICAR (750 mg/kg/day, dissolved in saline,
intraperitoneal) for 5 weeks. Mice in the control group received saline vehicle. Glomeruli were isolated from the
kidneys of three groups of mice (n = 5): control FVB mice, OVE26 mice, and OVE26 mice treated with AICAR.
A, representative transmission electron micrographs of glomerular cross-sections of FVB, OVE26, and AICAR-
treated OVE26 mice. The images show foot process effacement (panel b, red arrow), cytoplasmic rarefaction,
and basement membrane thickening (panel b, blue arrow) of an OVE26 mouse. This effect was not seen in
OVE26 mice treated with AICAR (panel c). B, histogram representing thickness of the GBM measured in nanom-
eters. C, semiquantitative analysis of foot process effacement of glomeruli from each group of animals. D, rep-
resentative immunofluorescent images of glomeruli stained with collagen IV (green), synaptopodin (red), and
DAPI (blue). E, barogram representing podocyte number per glomerular section. *, p < 0.05, OVE26 mice versus
FVB mice; #, p < 0.05, AICAR-treated OVE26 mice compared with OVE26 mice. F, FVB, OVE26, and AICAR-treated
OVE26 mice were placed in metabolic cages for 24 h. Urine was collected, and albumin levels were measured
and expressed as micrograms of albumin/24 h. Values are the mean = S.E. ¥, p < 0.05, OVE26 mice versus
control FVB mice; #, p < 0.05, decrease in albumin levels in AICAR-pretreated OVE26 mice versus untreated

However, a direct transcription-in-
dependent role of p53 in the induc-
tion of apoptosis has also been
reported (59, 60). Also, p53 directly
activates the pro-apoptotic protein
Bax to initiate apoptosis through the
mitochondrial pathway (60). In this
study, HG induced caspase-3 activa-
tion and DNA fragmentation and
apoptosis of podocytes in culture.
The induction of apoptosis by HG
was associated with a significant
increase in p53 mRNA and protein.
Furthermore, down-regulation of p53
blocked HG-induced apoptosis of
podocytes. These results represent a
mechanism of HG-induced podo-
cyte apoptosis involving p53 plausi-
bly through the intrinsic pathway.
Phosphorylation of p53 at multi-
ple serine residues is required for its
transcriptional activity (48). Phos-
phorylation at Ser®® correlates with
the p53 transcriptional program
that launches apoptosis (61, 62).
Kinases such as PKCé and p38
MAPK, which may phosphorylate

OVE26 mice (n = five per group).

mitochondrial ROS production (57), suggesting that activated
AMPK may suppress oxidative stress. The data in our study
demonstrate that HG inactivates AMPK and significantly
increases the expression of Nox4 and NADPH oxidase activity.
Activation of AMPK by AICAR or expression of the AMPKa2
subunit prevents these effects of HG. Our data also suggest that
inhibition of AMPK by HG is likely due to reduction in the
phosphorylation and activity of LKB1. These results are con-
sistent with recently published data showing that AMPK inac-
tivation by HG is due to reduced LKB1 activity (58).

In this study, we also established that inactivation of AMPK
increases Nox4 and NADPH oxidase activity and mediates the
pro-apoptotic effect of HG on podocytes. In fact, our results
using the pharmacologic activator AICAR or the inhibitor ARA
indicate that AMPK inactivation is necessary for podocyte apo-
ptosis. This conclusion is further substantiated using exoge-
nous AMPKa2 and dominant-negative AMPKa2. To our
knowledge, this is the first report in which inactivation of
AMPK is linked to increased expression of Nox4 and NADPH
oxidase activity, resulting in cell apoptosis in the HG environ-
ment. However, the mechanism by which AMPK regulates
Nox4 protein expression and whether it involves transcription
or stabilization of the mRNA need to be explored.

The active tumor suppressor transcription factor p53 is
induced by genotoxic stress and energy starvation, both of
which promote cell death (49). It plays a compelling role in the
apoptotic intrinsic pathway by integrating the action of pro-
apoptotic Bax (Bcl-2-associated X protein) (49). This action of
p53 is regulated mainly by enhanced transcription of Bax (48).
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this residue, are known to be acti-

vated by HG (48, 63-65). Our
results demonstrate that HG increases p53 phosphorylation at
Ser®®, suggesting enhancement of its transcriptional activity.
We also observed an increase in p53 protein levels in cells
exposed to HG. Therefore, it is likely that the increase in p53
phosphorylation is an indirect effect resulting from increased
p53 levels.

The transcription-dependent pro-apoptotic function of p53
is mediated principally by the pro-apoptotic protein Bax and
the BH3-only protein PUMA, either of which can carry out
apoptosis through the mitochondrial pathway (65). PUMA-de-
ficient mice show a requirement of p53-dependent PUMA
expression for induction of apoptosis in many tissues (65, 66).
Interestingly, this function of PUMA establishes that both tran-
scription-dependent and transcription-independent activities
of p53 are required for induction of apoptosis (48). PUMA
binds to the anti-apoptotic protein Bcl-x,; , thus releasing cyto-
solic p53 to activate Bax (48, 60). In this study, we have shown a
HG-mediated increase in the expression of PUMA mRNA con-
comitant with enhanced accumulation and phosphorylation of
p53. Also, we have shown that PUMA expression is dependent
upon HG-induced expression of p53. Furthermore, HG signif-
icantly enhanced the expression of Bax in podocytes (data not
shown). These results suggest that HG stimulates accumulation
of p53, which contributes to apoptosis of podocytes likely
through the intrinsic pathway.

AMPK has been shown to regulate p53 activity and phosphor-
ylation in a stimulus- and tissue-specific manner. Nutrient-de-
prived thymocytes show enhanced apoptosis associated with an
increase in AMPK activity. In this model, AMPK activation
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FIGURE 8. Proposed mechanism of HG/diabetes-induced glomerular epi-
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results in enhanced levels of p53 and its Ser*® phosphorylation
(67). In murine embryonic fibroblasts, low glucose also acti-
vates AMPK and induces the expression and phosphorylation
of p53 (68). Furthermore, glucose starvation reduces p53 stabil-
ity, which correlates with AMPK inactivation, indicating that
AMPK may positively regulate the function of p53 (69). In this
study, we found that podocytes cultured in NG had low levels of
p53. Treatment with HG significantly increased p53 mRNA
and protein levels and p53 phosphorylation. We also showed
that pharmacologic and genetic activation of AMPK inhibited
the accumulation of p53 and its phosphorylation in response to
HG. In addition, our data demonstrate that inactivation of
AMPK by ARA exerts effects similar to HG and induces the
expression and phosphorylation of p53, resulting in enhanced
expression of PUMA mRNA and protein. Collectively, our data
indicate that in podocytes, AMPK negatively regulates p53
expression/phosphorylation and expression of the pro-apo-
ptotic protein PUMA.

The interaction between p53 and ROS is well described (70).
p53 has been shown to regulate ROS generation, and con-
versely, ROS generation modulates selective transactivation of
p53 target genes (70). In our study, we have presented evidence
that Nox4 regulates the expression and phosphorylation of p53
inresponse to HG and that Nox4 mediates HG-induced expres-
sion of PUMA. These results conclusively demonstrate a posi-
tive regulatory role of inactivated AMPK and up-regulated
Nox4 in the increased expression and phosphorylation of p53,
leading to apoptosis of podocytes exposed to HG.

We previously reported glomerular hypertrophy and in-
creased matrix protein expression in type 1 diabetic rats con-
comitant with increased Nox4 expression; inhibition of Nox4
ameliorates glomerular hypertrophy and matrix expansion (7).
More recently, we reported increased expression of Nox4 in
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glomeruli of diabetic OVE26 mice (2). In this study, we have
provided evidence that increased expression of Nox4 and aug-
mented NADPH oxidase activity in glomeruli of these diabetic
mice are associated with podocyte loss and severe albuminu-
ria. In vitro, our results show involvement of AMPK inacti-
vation in the up-regulation of Nox4, which results in
enhanced expression of p53 necessary for podocyte apopto-
sis in cells exposed to HG (Figs. 2—-5). In line with these data,
we found that pharmacologic activation of AMPK in diabetic
OVE26 mice resulted in attenuation of Nox4 expression and
adecrease in NADPH oxidase activity. AMPK inactivation in
diabetic OVE26 mice also increased the expression of p53 in
the glomeruli and enhanced the expression of the pro-apo-
ptotic PUMA mRNA and protein (Fig. 6, E and F). These
results indicate that Nox4-mediated up-regulation of p53 and
PUMA may contribute to the loss of podocytes in the diabetic
glomeruli (Fig. 7, D and E) and that activation of AMPK by the
administration of AICAR attenuates Nox4 expression and
podocyte loss and ameliorates albuminuria.

Although the contribution of ROS to the complications of
diabetic kidney disease is established, the administration of
antioxidants has not been associated with potent protection
against apoptosis in human diabetic nephropathy (71). Our
data in this study identify a previously unrecognized direct tar-
get, Nox4, for treating diabetic kidney disease. Our observa-
tions suggest that AMPK activators or Nox4 inhibitors may
represent an adjunct therapy in addition to metabolic control to
reduce kidney damage in type 1 diabetes.
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