
Oxidative stress mediates nephropathy in type Ia
glycogen storage disease
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Glycogen storage disease type Ia (GSD-Ia) patients, deficient in glucose-6-phosphatase-a, manifest disturbed glucose
homeostasis with long-term renal disease. We have previously shown that renal fibrosis in GSD-Ia is mediated by the
angiotensin/transforming growth factor-b1 (TGF-b1) pathway, which also elicits renal damage through oxidative stress. In
this study, we further elucidate the mechanism of renal disease by showing that renal expression of Nox-2, p22phox, and
p47phox, components of NADPH oxidase, are upregulated in GSD-Ia mice compared with controls. Akt/protein kinase B,
a downstream mediator of angiotensin II and TGF-b1, is also activated, leading to phosphorylation and inactivation of
the Forkhead box O family of transcription factors. This in turn triggers downregulation of superoxide dismutase and
catalase (CAT) activities that have essential roles in oxidative detoxification in mammals. Renal oxidative stress in GSD-Ia
mice is shown by increased oxidation of dihydroethidium and by oxidative damage of DNA. Importantly, renal
dysfunction, reflected by elevated serum levels of blood urea nitrogen, reduced renal CAT activity, and increased
renal fibrosis, is improved in GSD-Ia mice treated with the antioxidant drug tempol. These data provide the first
evidence that oxidative stress is one mechanism that underlies GSD-Ia nephropathy.
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Glycogen storage disease type Ia (GSD-Ia, MIM232200) is
an autosomal recessive disorder caused by a deficiency in
the endoplasmic reticulum-bound glucose-6-phosphatase-a
(G6Pase-a, also known as G6PC) that catalyzes the hydrolysis
of glucose-6-phosphate (G6P) to glucose and phosphate in the
terminal step of gluconeogenesis and glycogenolysis.1 GSD-Ia
patients manifest a phenotype of disturbed glucose homeo-
stasis characterized by fasting hypoglycemia, hepatomegaly,
nephromegaly, hypercholesterolemia, hypertriglyceridemia,
hyperuricemia, lactic acidemia, and growth retardation.1

Long-term complications include osteoporosis, gout, pulmo-
nary hypertension, renal disease, and hepatocellular adenomas.
Currently, there is no cure for GSD-Ia, but many of the disease
symptoms can be managed or improved using dietary thera-
pies2,3 that maintain normoglycemia. This strategy enables
patients to attain near-normal growth and pubertal develop-
ment, with fewer complications as they age. Chronic renal
disease was recognized as a major complication of GSD-Ia
in the late 1980s. Renal biopsies of GSD-Ia patients revealed

tubular atrophy, focal segmental glomerulosclerosis, and
interstitial fibrosis.4–6 As dietary therapies delay the clinical
onset of renal disease, the renal insufficiency characterized
by glomerular hyperfiltration, hypercalciuria, hypocitraturia,
and urinary albumin excretion still occur in metabolically
compensated GSD-Ia patients.7,8

In previous studies of the biology and pathophysiology
of GSD-Ia, we generated a G6Pase-a-deficient mouse strain
that faithfully mimics the human GSD-Ia disorder.9 Using
the GSD-Ia mice, we have initiated studies on the role of
the angiotensin (Ang) system10,11 in the development of renal
disease.12 We have shown that the components of the Ang
system and transforming growth factor-b1 (TGF-b1),11,13

that mediate most of the profibrogenic effects of Ang II,
are upregulated in GSD-Ia mice relative to their unaffected
littermates.12 We have also shown that the resulting renal
fibrosis is characterized by a marked increase in the synthesis
and deposition of extracellular matrix proteins in the renal
cortex, and by the renal pathology of tubular basement
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membrane thickening, tubular atrophy, tubular dilation, and
multifocal interstitial fibrosis.12 These results suggest that one
mechanism underlying the nephropathy in GSD-Ia is the
Ang/TGF-b1 pathway-mediated renal fibrosis. However,
renal damage goes beyond fibrosis, and in this study we
have investigated additional mechanisms that may impact
nephropathy in GSD-Ia.

Both Ang II14,15 and TGF-b116 can mediate renal damage
through oxidative stress17–19 by promoting increased reactive
oxygen species (ROS) production in non-phagocytic cells
by activating NADPH oxidases. The NADPH oxidases20,21

are multi-protein complexes that catalyze the reduction of
molecular oxygen to superoxide anion, which in turn
can produce damaging ROS. In addition, Ang II22,23 and
TGF-b124,25 repress ROS detoxification by activating signal-
ing through Akt/protein kinase B.26 Activated Akt phos-
phorylates and inactivates the Forkhead box O (FoxO) family
of transcription factors,27,28 thereby repressing the expression
of the antioxidant enzymes, superoxide dismutases
(SODs),29,30 and catalase (CAT).31 SODs convert superoxide
anion to hydrogen peroxide, thereby preventing the forma-
tion of highly aggressive compounds such as peroxynitrite
and hydroxyl radical.29,30 CAT reduces hydrogen peroxide to
water and oxygen.31 The result is that activation of Ang II and
TGF-b1 renders the cells more vulnerable to oxidative stress.

The kidney expresses all of the components of the
phagocyte NADPH oxidase (gp91phox or Nox-2) and the
NADPH oxidase homologs Nox-1 and Nox-4.21 The phago-
cyte enzyme consists of membrane-associated flavocyto-
chrome catalytic subunits, Nox-2 and p22phox that interact
with various cytosolic proteins, including the regulatory
subunit p47phox. Moreover, the Akt/FoxO signaling pathway
has a role in renal oxidative stress by suppression of the
antioxidant SOD25 or CAT.32 We propose that oxidative stress
is another potential mechanism for renal damage in GSD-Ia.
In this study, we show that an enhanced renal oxidative stress
occurs in GSD-Ia mice, reflected by the increase in the
expression of NADPH oxidase and the activation of the
Akt/FoxO pathway-mediated suppression of SOD and CAT.

MATERIALS AND METHODS
G6Pase-a-Deficient GSD-Ia Mice
All animal studies were conducted under an animal protocol
approved by the NICHD Animal Care and Use Committee.
A glucose therapy, that consists of intraperitoneal injection
of 25–100ml of 15% glucose, every 12 h, was initiated on the
first post-natal day for GSD-Ia mice, as described previously.9

Mice that survived weaning were given unrestricted access to
Mouse Chow (Zeigler Bros, Gardners, PA, USA).

Quantitative Real-Time RT-PCR, Western Blot, Serum,
and Phenotype Analyses
Total RNAs were extracted from the kidneys using the TRIzol
Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA).
The mRNA expression was quantified by real-time RT-PCR,

in triplicate, in an Applied Biosystems (Foster City, CA, USA)
7300 Real-Time PCR System using the gene-specific TaqMan
Gene Expression Assays and then normalized to b-actin
RNA. The following TaqMan Gene Expression Assays were
used: CAT, Mm00437992_m1; SOD1, Mm01344233_g1;
SOD2, Mm00449726_m1; SOD3, Mm00448831_s1; and
b-actin, Mm00607939_s1. Data were analyzed using the SDS
v1.3 software (Applied Biosystems) and expression levels
normalized against the level of the appropriate transcript in
a wild-type mouse, which was arbitrarily defined as 1.

The kidney tissues were lysed in a sample buffer containing
10mM Tris-HCl, pH 6.8, 2% SDS, and 10% glycerol and
the lysates were resolved by electrophoresis through a
10% polyacrylamide-SDS gel and trans-blotted onto poly-
vinylpyrrolidene fluoride membranes (Millipore, Bedford,
MA, USA). The membranes were incubated with a mouse
monoclonal antibody against gp91phox (BD Pharmingen,
San Diego, CA, USA), p-Akt-Ser473 (Cell Signaling, Danvers,
MA, USA), or b-actin (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), or a rabbit polyclonal antibody against CAT
or SOD1 (Abcam, Cambridge, MA, USA), against SOD2 or
SOD3 (Stressgen, BC, Canada), against Akt, FoxO1 (H-128),
FoxO3a (H-144), p-FoxO1-Ser256/p-FoxO4-Ser193, or
p-FoxO1-Thr24/p-FoxO3a-Thr32, all from Cell Signaling,
against p47phox (H-195), p22phox (FL-195), or Nox-4, all from
Santa Cruz Biotechnology. Membranes were then incubated
with the appropriate horseradish peroxidase-conjugated
second antibody (Pierce, Rockford, IL, USA) and the
immunocomplex was visualized using the Immobilon
western chemiluminescent HRP substrate (Millipore). At
least three separate experiments were conducted for each
protein, in which each mouse was assessed individually.

Blood samples were collected from the tail vein and blood
urea nitrogen (BUN) levels were analyzed using the Infinity
Urea Reagent (Thermo Electron, Louisville, CO, USA).
For hematoxylin and eosin (H&E), Masson’s trichrome, and
van Gieson staining, tissues were preserved in 10% neutral-
buffered formalin, embedded in paraffin, and sectioned at
5-m thickness. The stained sections were visualized using the
Axioskop2 plus microscope and the AxioVision 4.5 software
(Carl Zeiss, Thornwood, NY, USA). Quantification of renal
fibrosis was performed on the longitudinal sections stained
with van Gieson, and the red stained area was converted into
pixel density units using the Adobe Photoshop CS3 (Adobe
System Incorporated, San Jose, CA, USA). Pictures of the
kidneys were stitched together using the Photomerge feature
of Adobe Photoshop. After stitching, the pelvic areas were
cropped out and renal fibrosis was measured only at the
cortical and medullar regions.

Immunohistochemical and Immunofluorescence
Analyses
Mouse kidneys were snap-frozen, embedded in O.C.T.
(Sakura Finetek, Terrance, CA, USA), and sectioned at 5 m
thickness. For immunohistochemical analysis, the tissue
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sections were prepared by quenching the endogenous tissue
peroxidases with 0.3% hydrogen peroxide in 70% methanol
for 30min. The endogenous avidin/biotin was blocked
using the Avidin/Biotin Blocking Kit obtained from Vector
Laboratories (Burlingame, CA, USA), and the sections
were incubated with a rabbit polyclonal antibody against
p-FoxO3-Ser253 (Cell Signaling) or a mouse monoclonal
antibody against 8-hydroxy-20-deoxyguanosine (8-OHdG,
OXIS International, Foster City, CA, USA). The sections were
then incubated with biotinylated anti-rabbit IgG or biotiny-
lated anti-mouse IgG (Vector Laboratories) and the immune
complexes were detected using an ABC kit and DAB
Substrate from Vector Laboratories, according to the manu-
facturer’s instructions. The sections were finally counter-
stained with hematoxylin before mounting.

For immunofluorescence detection of superoxide, the
frozen kidney sections were equilibrated for 30min at 371C
in Krebs’ HEPES buffer (20mM HEPES, pH 7.4, 128mM
NaCl, 2.5mM KCl, 2.7mM CaCl2, 1mM MgCl2, and 16mM
glucose). Then, the tissue sections were incubated in a light
protected humidified chamber with Krebs’ HEPES buffer
containing 2mM dihydroethidium (DHE) for 30min at 371C,
and washed for 5min with PBS. Dihydroethidium is a hy-
drophobic uncharged compound that is able to cross in-
tracellular membrane and on oxidation becomes positively
charged and accumulates in cells by intercalating into DNA,
which can be monitored by the appearance of bright red
fluorescence.33

For immunofluorescence detection of Nox-2, p22phox, and
p47phox, the kidney sections were fixed for 10min at 251C in
3.75% paraformaldehyde, then permeabilized for 10min at
251C in 0.2% Triton X-100. The permeabilized kidney sec-
tions were incubated overnight at 41C with a mouse mono-
clonal antibody against Nox-2 or a rabbit polyclonal antibody
against p47phox or p22phox in PBS supplemented with 3%
goat serum. After washes with PBS, the sections were
incubated for 1 h at 251C in the dark with a goat anti-mouse
or a goat anti-rabbit IgG antibody, conjugated with either
Alexa Fluor 555 or 488, and mounted with an anti-fade,
water-based mounting medium containing DAPI. The kidney
sections were then visualized using the Axioskop2 plus
fluorescence microscope.

SOD and CAT Assays
The animals were anesthetized by intraperitoneal injection of
ketamine (150mg/kg). Then the animals were perfused
through the left ventricle of the heart with 20ml of PBS. The
kidneys were removed and homogenized in ice-cold buffer
containing 20mM HEPES, pH 7.2, 1mM EGTA, 210mM
mannitol, and 320mM sucrose. The SOD activity that dis-
mutates superoxide anion to hydrogen peroxide and oxygen
was determined using the BIOXYTECH SOD-525 Kit (OXIS
International). The CAT activity that converts hydrogen
peroxide to water and oxygen was determined using the
BIOXYTECH Catalase-520 Kit (OXIS International).

Antioxidant Treatment
Six-week-old GSD-Ia mice were divided into two groups.
The experimental group (n¼ 4) received drinking water
supplemented with 2mM of tempol (Sigma, St Louis, MO,
USA) and the control group (n¼ 4) received only water.
Both groups of mice were observed for 6 weeks and blood
samples were collected every 2 weeks.

Statistical Analysis
The unpaired t-test was performed using the GraphPad
Prism Program, version 4 (GraphPad Software, San Diego,
CA, USA). Values were considered statistically significant at
Po0.05.

RESULTS
Increased Renal Expression of NADPH Oxidase in GSD-Ia
Mice
We have previously shown that the Ang/TGF-b1 pathway is
upregulated in the kidney of GSD-Ia mice.12 As this pathway
can stimulate the production of ROS by activating NADPH
oxidases of the Nox family,14–16 we examined the expression
of components of NADPH oxidases, including the mem-
brane-associated Nox-2 (gp91phox), Nox-4, and p22phox, and
the cytosolic regulatory protein p47phox in the kidneys of
GSD-Ia and control mice. To minimize interference from
phagocyte NADPH oxidase, blood leukoctyes were removed
by perfusion before the study. Western blot analysis showed
that renal expression of Nox-2 but not Nox-4 was increased
significantly in GSD-Ia mice, compared with the control
littermates (Figure 1a). In parallel, the renal expression of the
p22phox and p47phox subunits was also upregulated in GSD-Ia
kidneys (Figure 1a).

Immunofluoresence analysis confirmed the increase in the
expression of membrane-associated Nox-2 and p22phox in the
GSD-Ia kidneys relative to wild-type kidneys (Figure 1b),
consistent with the western blot results. Immunofluoresence
analysis also showed that the expression and membrane
association of p47phox was markedly increased in the GSD-Ia
kidneys (Figure 1b), consistent with the western blot results
and the activation of the NADPH oxidase activity triggered
by p47phox membrane translocation.34,35

Activation of the Akt/FoxO Pathway in GSD-Ia Kidneys
Both Ang II22,23 and TGF-b124,25 activate the serine/threonine
kinase, Akt/protein kinase B.26 In the kidneys of GSD-Ia mice,
western blot analysis showed that Ser473 in Akt was phos-
phorylated at much higher levels than the control littermates
(Figure 2a). Interestingly, the total amount of Akt was higher
in the GSD-Ia kidneys compared with controls (Figure 2a),
suggesting that in addition to an increased level of activation
there may also be an increased expression level of Akt.

Akt regulates the production of ROS through phosphoryl
inactivation of the FoxO family of transcription factors.27,28

Western blot analysis showed that although the overall levels
of renal FoxO1 and FoxO3 proteins remain unchanged
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between GSD-Ia and controls (Figure 2b), the levels of
phosphorylated FoxO proteins are significantly different with
p-FoxO1 (Ser256), p-FoxO1 (Thr24), p-FoxO3a (Thr32),
p-FoxO3a (Ser253), and p-FoxO4 (Ser193), all upregulated in
GSD-Ia mice compared with littermate controls (Figure 2b).

When the phosphorylated FoxO proteins are bound
by the adaptor proteins, it triggers the exclusion of the

FoxO proteins from the nucleus and the loss of transcrip-
tional activity.27,28 Immunohistochemical analysis using
an antibody to FoxO3a phosphorylated at Ser253 showed
markedly increased staining in the kidney of GSD-Ia
mice compared with the control littermates (Figure 2c), with
the majority of the stain cytoplasmic, consistent with nuclear
exclusion.

Figure 1 Analysis of renal expression of the NADPH oxidase in GSD-Ia mice. (a) Western blot analysis of protein extracts of perfused kidneys in 6-week-old

wild-type (þ /þ , n¼ 4) and GSD-Ia (�/�, n¼ 4) mice using antibodies against Nox-2, Nox-4, p22phox p47phox, or b-actin. Data from two pairs of littermates

are shown and each lane contains 50 mg protein. (b) Representative immunofluorescence analysis of Nox-2 (green fluorescence), p22phox (green

fluorescence), or p47phox (green fluorescence) and DAPI nuclei staining (blue fluorescence) in kidney sections from 6-week-old wild-type (þ /þ ) and

GSD-Ia (�/�) mice at magnifications of � 1000.
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Reduced Expression of SOD and CAT in GSD-Ia Kidneys
Inactivation of FoxO transcription factors can repress
expression of SOD and CAT, which scavenge oxygen-free
radicals.29–31 Quantitative real-time RT-PCR analysis showed
that renal SOD1, SOD2, and SOD3 mRNA levels in 4- to
6-week-old GSD-Ia mice are on average 60, 73, and 59%,
respectively, of the levels in their age-matched control
littermates (Figure 3a). Western blot analysis confirmed
the decrease in renal SOD1 and SOD2 proteins (Figure 3b).
In contrast, SOD3 protein expression was unaffected despite
a loss of SOD3 mRNA expression in GSD-Ia mice. Activity
assays showed that renal SOD activities in 4- and 6-week-old
GSD-Ia mice were 41.5 and 54.1%, respectively, of the
activities in their age-matched control mice (Figure 3c).

Quantitative real-time RT-PCR analysis showed that
renal CATmRNA levels in 4- to 6-week-old GSD-Ia mice are
on average 54% of the levels in their age-matched control
littermates (Figure 3d). Western blot analysis confirmed the
decrease in CAT proteins in the kidneys of GSD-Ia mice
(Figure 3e). Consistent with this, activity assays showed that
renal CAT activities in 4- and 6-week-old GSD-Ia mice were
35.3 and 62.2%, respectively, of the activities in their age-
matched control mice ((Figure 3f).

Increased Oxidative Stress in GSD-Ia Kidneys
With an increase in the expression of NADPH oxidase and a
decrease in the expression of both SOD and CAT in the

kidney of GSD-Ia mice, there could be an excess production
of renal ROS, which would alter the renal redox balance,
resulting in oxidative damage. We therefore examined ROS
production in the kidney using the reporter molecule DHE.
Oxidation of DHE results in the production of ethidium,
which will bind to DNA to produce a bright red fluores-
cence.33 Kidney sections from GSD-Ia and control mice
were incubated with DHE, and its conversion to fluorescent
DNA-bound ethidium was examined by immuno-
fluorescence analysis. The GSD-Ia kidney sections showed
significantly stronger nuclear fluorescent signals, evident by
the colocalization of the fluorescent DNA-bound ethidium
with DAPI nuclear staining (Figure 4a), as compared with the
control kidney sections, consistent with renal oxidative stress
in the GSD-Ia mice.

One of the biochemical consequences of elevated ROS
is DNA-strand breakage,36,37 which results in the production
of 8-OHdG.38 Immunohistochemical analysis showed that
there was a very low level of 8-OHdG immunostaining in
wild-type kidneys (Figure 4b). However, in the GSD-Ia
kidneys, we observed intense 8-OHdG staining in the
glomeruli and interstitial tissues (Figure 4b).

The Antioxidant Tempol Improves Renal Function in
GSD-Ia Mice
To evaluate renal function in GSD-Ia mice, we measured the
levels of serum BUN in 6-week-old control and GSD-Ia mice.

Figure 2 Analysis of renal expression of Akt and FoxO proteins in GSD-Ia mice. (a) Western blot analysis of renal extracts from 6-week-old wild-type

(þ /þ , n¼ 4) and GSD-Ia (�/�, n¼ 4) mice using antibodies against phospho-Akt (Ser473), total Akt, or b-actin. Data from two pairs of littermates

are shown and each lane contains 100 mg protein. (b) Western blot analysis of renal extracts in 6-week-old wild-type (þ /þ , n¼ 4) and GSD-Ia (�/�,

n¼ 4) mice using antibodies against phospho-FoxO1 (Ser256)/FoxO4 (Ser193), total FoxO1, phospho-FoxO1 (Thr24)/FoxO3a (Thr32), phospho-FoxO3a

(Ser253), total FoxO3a, or b-actin. Data from two pairs of littermates are shown and each lane contains 200mg protein. (c) Representative

immunohistochemical analysis of p-FoxO3a (Ser253). Plates shown are kidney sections from 6-week-old wild-type (þ /þ ) and GSD-Ia (�/�) mice

at magnifications of � 100, � 400, and � 400.
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Serum BUN levels in GSD-Ia mice were 40% higher than
those in the control littermates (Figure 5a), indicating that
renal function in GSD-Ia mice was compromised.

Tempol is a small, cell membrane permeable SOD mimetic
that attenuates superoxide anion production.39 Therefore, if
ROS elevation and damage is contributing to renal damage
in GSD-Ia, tempol treatment may improve renal function. To
study this, we treated 6-week-old GSD-Ia mice for 6 weeks
with tempol and monitored renal function by measuring the
levels of serum BUN before and after 4- and 6 weeks of
treatment. To account for individual variations, all data are
expressed relative to the measurements made at age 6 weeks
before initiation of tempol therapy. The vehicle-treated
GSD-Ia mice were used as controls.

The serum levels of BUN in wild-type mice were more
or less unchanged between age 6 and 12 weeks (data not
shown). Following 4–6 weeks of vehicle treatment, the

relative BUN levels in GSD-Ia mice increased to 146% of
the levels at age 6 weeks (Figure 5b), suggesting continued
deterioration in renal function. On the other hand, after
4- to 6 weeks of tempol treatment, the relative BUN
levels in GSD-Ia mice were 85% relative to the levels at age
6 weeks (Figure 5b). In support of this, western blot analysis
showed that although renal CAT protein expression was
still low following 6 weeks of vehicle treatment of GSD-Ia
mice, in tempol-treated GSD-Ia mice, CAT expression was
comparable to that in the age-matched wild-type mice
(Figure 5c).

We have previously shown that the kidneys of 6-week-old
GSD-Ia mice exhibit excessive glycogen storage, tubular
atrophy, tubular dilation, increased Bowman’s capsule spaces,
and multifocal interstitial fibrosis.12 Histological examination
of the kidneys in 12-week-old vehicle- and tempol-treated
GSD-Ia mice again showed similar histological abnormalities

Figure 3 Suppression of renal expression of SOD and CAT in GSD-Ia mice. The renal expression of antioxidant enzymes was examined in 4-week-old

(4W) and 6-week-old (6W) wild-type (þ /þ ) and GSD-Ia (�/�) mice. (a) Quantification of SOD1, SOD2, SOD3 mRNA in the kidneys of 4- to 6-week-old

control and GSD-Ia mice by real-time RT-PCR. Results are the mean±s.e.m. Each point represents the average of 12 animals. (b) Western blot analysis of

renal extracts from 6-week-old control (n¼ 6) and GSD-Ia (n¼ 6) mice using antibodies against SOD1, SOD2, SOD3, or b-actin. Data from two pairs of

littermates are shown and each lane contains 50 mg protein. (c) Quantification of SOD enzymatic activity in the kidneys of 4- or 6-week-old control and

GSD-Ia mice. Each point represents the average of eight animals. (d) Quantification of CAT mRNA in the kidneys of 4- to 6-week-old control and

GSD-Ia mice by real-time RT-PCR. Results are the mean±s.e.m. Each point represents the average of 12 animals. (e) Western blot analysis of renal

extracts from 6-week-old control (n¼ 6) and GSD-Ia (n¼ 6) mice using antibodies against CAT or b-actin. Data from two pairs of littermates are shown

and each lane contains 50 mg protein. (f) Quantification of CAT enzymatic activity in the kidneys of 4- or 6-week-old control and GSD-Ia mice. Each point

represents the average of eight animals. *Po0.05; **Po0.005.
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(Figure 6). However, the vehicle-treated GSD-Ia mice showed
increased renal damage, characterized by marked tubular
dilation and increased Bowman’s capsule spaces (Figure 6a).
Moreover, Masson’s trichrome staining revealed more
pronounced renal fibrosis in vehicle-treated GSD-Ia mice as
compared with tempol-treated GSD-Ia mice (Figure 6b). For
quantitative histochemical measurement of renal fibrosis,
collagen was imaged using von Gieson stain and converted
into pixel density units using Adobe Photoshop. Results in
Figure 6b showed that the density units in the kidneys of
the vehicle-treated GSD-Ia mice were 3.2-fold higher than
those in the tempol-treated GSD-Ia mice, confirming the
improvement in renal pathology after tempol treatment.

Taken together, these results indicate that tempol treatment
of GSD-Ia mice improved renal function and delayed renal
damage and fibrosis.

DISCUSSION
GSD-Ia patients under intensive dietary therapy continue to
suffer from the long-term complications of renal disease4–6

but the underlying mechanisms remain to be elucidated. We
have previously shown that the Ang II/TGF-b1 pathway is
upregulated in the GSD-Ia kidney and mediates renal fibrosis
in murine GSD-Ia.12 However, the molecular mechanisms
leading to renal dysfunctions in GSD-Ia are almost certain to
involve multiple pathways, suggesting that additional conse-

Figure 4 Enhanced oxidative stress in the kidneys of GSD-Ia mice. (a) Representative immunofluorescence of oxidized DHE staining (red fluorescence) and

DAPI nuclei staining (blue fluorescence) in kidney sections from 6-week-old wild-type (þ /þ , n¼ 4) and GSD-Ia (�/�, n¼ 4) mice at magnifications of

� 400. The nuclear colocalization of DHE with DAPI staining was indicated by purple in the merged image. (b) Representative immunohistochemical

analysis of 8-OHdG staining in the kidney sections from 6-week-old wild-type (þ /þ , n¼ 4) and GSD-Ia (�/�, n¼ 4) mice at magnifications from left

to right, � 25, � 200, � 200, and � 200.
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quences of the Ang II/TGF-b1 pathway14–16,22–25 may also be
important. The pathway is also a mediator of oxidative
stress, having roles in both promoting ROS production and
reducing ROS detoxification. In this study, we investigated
whether the Ang II/TGF-b1 pathway is causing oxidative
stress in the kidney of GSD-Ia mice and, if so, the mechanism
behind these processes.

Although phagocytes use ROS as part of the innate
immunity against pathogens,40 both Ang II14,15 and TGF-b1,16

can stimulate intracellular formation of ROS in non-phago-
cytic cells by activating NADPH oxidases. We show that renal
expression of Nox-2, p22phox and p47phox, proteins are
increased in the kidney of GSD-Ia mice compared with the
controls, consistent with a higher level of ROS production in
the GSD-Ia kidney. To control intracellular ROS levels, the
Nox family is counter-regulated by the antioxidant enzymes
SOD29,30 and CAT.31 This control pathway is mediated by the
FoxO transcription factors,27,28 which among other activities,
upregulate expression of the SOD and CAT genes, leading to
ROS metabolism. In turn, the FoxO proteins are regulated by
the serine/threonine kinase Akt.26 When phosphorylated
at Ser473,41 Akt can phosphorylate FoxO members.42 This
results in FoxO proteins binding to the chaperone molecule
14-3-3 and the translocation of the resulting FoxO complex
out of the nucleus,27,28 where it can no longer exert a regu-
latory effect on the expression of the SOD and CAT genes,
essentially suppressing the production of these antioxidant
enzymes. We show that the Akt/FoxO signaling pathway is
also activated, with the levels of p-Akt (Ser473) and total
Akt increased in GSD-Ia kidneys relative to controls. Although
the overall levels of FoxO proteins were not elevated, the
level of phosphorylated FoxO1 on Thr24 and Ser 256, and
FoxO3a and FoxO4 on equivalent sites were all upregulated
in the kidney of GSD-Ia mice compared with the controls.

Figure 5 Improved renal function in GSD-Ia mice after tempol treatment.

(a) Serum levels of BUN in 6-week-old (6W) wild-type (þ /þ ; n¼ 9) and

GSD-Ia (�/�; n¼ 9) mice. *Po0.05. (b) Relative serum levels of BUN in

10- and 12-week-old GSD-Ia (�/�) mice after 4- to 6-week tempol (þ ;

n¼ 8) or vehicle (�; n¼ 8) treatment. **Po0.005. (c) Western blot analysis

of protein extracts of perfused kidneys in 12-week-old wild-type (þ /þ ,

n¼ 4) and GSD-Ia (�/�) mice after 6 weeks of treatment with tempol

(þ , n¼ 4) or vehicle (�, n¼ 4), using antibodies against CAT or b-actin.
Data from two mice are shown for each treatment, and each lane contains

50 mg protein.

Figure 6 Histological analyses of the kidneys in tempol- or vehicle-treated GSD-Ia mice. (a) H&E analyses. (b) Masson’s trichrome staining and quantification

of renal fibrosis by von Gieson staining. Plates show kidney sections from 12-week-old wild-type (þ /þ , n¼ 4) and GSD-Ia (�/�) mice after 6-week of

vehicle (�/�, n¼ 4) or tempol (�/� Tempol, n¼ 4) treatment at magnifications from left to right, � 50, � 200, and � 200. Data from two vehicle-treated

and two tempol-treated GSD-Ia mice are shown. Interstitial fibrosis is shown by the blue colored Masson’s trichrome staining of the collagen fibers and

by quantification of von Gieson staining. Each point represents the average of four animals. Values represent mean±s.e.m. *Po0.05.
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Consistent with this, we show that renal expression of SOD
and CAT are downregulated at both the protein and activity
levels in GSD-Ia mice, relative to their control littermates.
As expected, this combination of increased NADPH oxidase
activity and decreased SOD and CAT activity resulted in
an increase in ROS. Oxidative stress was markedly increased
in the kidneys of GSD-Ia mice, relative to their controls,
as shown by the increase in both the oxidation of DHE
and oxidative damage of DNA. Moreover, treatment with
SOD mimetic tempol reversed the functional differences seen
between the wild-type and GSD-Ia kidneys, consistent with
the reversal of the intracellular ROS load and consequent
reduction of oxidative damage.

Renal disease in GSD-Ia shows a similar clinical course and
pathology to diabetic nephropathy.43 Both dysfunctions start
with a long period of silent disease during which glomerular
hyperfiltration is the only demonstrable renal abnormality.
This is followed by the development of microalbuminuria,
proteinuria, and ultimately, renal failure. Pathologically, both
show interstitial fibrosis, tubular atrophy, and glomerulo-
sclerosis with marked glomerular basement-membrane
thickening. In an earlier study, we showed that Ang II/TGF-
b1 mediates renal fibrosis in GSD-Ia12 in a manner similar to
that seen in diabetes.44,45 We now extend this observation by
showing that similar mechanisms of oxidative stress that
mediate diabetic nephropathy46,47 also mediate nephropathy
in GSD-Ia. Prior to our studies, an Ang-converting enzyme
(ACE) inhibitor therapy for renal disease had been evaluated
in a 10-year retrospective study with a cohort of 95 GSD-Ia
patients.48 That study showed that the progression from
glomerular hyperfiltration to microalbuminuria was signi-
ficantly delayed by ACE inhibitors. However, the progression
from microalbuminuria to proteinuria was not improved by
the ACE inhibitors. These findings suggested that although
ACE-inhibitor therapy could be beneficial, there was a need
for additional therapeutic approaches for the longer term
treatment of GSD-Ia. Our demonstration that antioxidant
treatment normalizes serum levels of BUN, improves renal
CAT expression, and delays renal damage and fibrosis
suggests that antioxidant therapy may also be beneficial for
the renal dysfunction in GSD-Ia.

In conclusion, we have investigated a murine model of
GSD-Ia, which accurately reflects the metabolic aspects of the
human disease, to elucidate potential mechanisms underlying
the renal dysfunction. We have shown that GSD-Ia kidney
exhibit enhanced oxidative stress that is mediated by activa-
tion of NADPH oxidase and suppression of antioxidant
enzymes, SOD and CAT, mediated by the Akt/FoxO pathway.
As the mice have proven to be a faithful model of human
GSD-Ia, our findings suggest that similar mechanisms might
be expected in the human GSD-Ia disorder.
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