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The redox sensitive glycogen synthase kinase 3β suppresses 
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ABSTRACT
The redox sensitive glycogen synthase kinase (GSK) 3 has been recently 

implicated in the pathogenesis of proteinuric glomerulopathy. However, prior studies 
are less conclusive because they relied solely on chemical inhibitors of GSK3, which 
provide poor discrimination between the isoforms of GSK3 apart from potential off 
target activities. In murine kidneys, the β rather than the α isoform of GSK3 was 
predominantly expressed in glomeruli and distributed intensely in podocytes. By 
employing the doxycycline-activated Cre-loxP site specific gene targeting system, 
GSK3β was successfully knocked out (KO) selectively in podocytes in adult mice, 
resulting in a phenotype no different from control littermates. Electron microscopy 
of glomeruli in KO mice demonstrated more glycogen accumulation in podocytes but 
otherwise normal ultrastructures. Upon oxidative glomerular injury induced by protein 
overload, KO mice excreted significantly less albuminuria and had much attenuated 
podocytopathy and glomerular damage. The anti-proteinuric and glomerular protective 
effect was concomitant with diminished accumulation of reactive oxygen species in 
glomeruli in KO mice, which was likely secondary to a reinforced Nrf2 antioxidant 
response in podocytes. Collectively, our data suggest that GSK3β is dispensable for 
glomerular function and histology under normal circumstances but may serve as a 
therapeutic target for protecting from oxidative glomerular injuries.

INTRODUCTION

Glycogen synthase kinase (GSK) 3 is a highly-
conserved, ubiquitously expressed, and constitutively 
active serine/threonine protein kinase that was originally 
identified in 1980 as a key cellular signaling transducer 
involved in glycogenesis and mediating inhibitory 
phosphorylation of glycogen synthase [1]. GSK3 takes 
center stage more than 20 years after its discovery, when 
interest in GSK3 expanded greatly well beyond glycogen 
metabolism to tumorigenesis, cell-cycle progression, 
cytoskeletal organization, development control, 
inflammation and immunity, mitochondria permeability 
transition, adaptive response to oxidative stress, and more 
[2-4]. In mammals, GSK3 exists as two isoforms, GSK3α 
(51 kDa) and GSK3β (47 kDa), which are encoded by 

separate genes that produce highly homologous proteins 
with significant difference only in their N- and C-terminal 
regions [5]. Although displaying 84% structural 
homology, GSK3α and GSK3β are not functionally 
interchangeable, and GSK3β possesses unique biological 
actions. In support of this, knockout of the GSK3β gene 
in mice proves to be lethal in the embryonic stage with 
no rescue by the intact α isoform of GSK3, leading to the 
notion that the β isoform may play an important role in 
cell growth and differentiation [6]. In accordance, GSK3β 
instead of GSK3α has been shown to regulate cardiac 
development and cardiomyocyte proliferation [7]. GSK3 
is situated at the nexus of numerous signaling pathways, 
and dictates the activity of many signaling transducers and 
transcription factors as its cognate substrate, such as RelA/
p65, β-catenin and cyclin D1 [1, 8-10]. Moreover, GSK3 
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is also a redox sensitive signaling molecule and plays a 
pivotal role in controlling the self-protective antioxidant 
defense. This effect is achieved through promoting the 
nuclear export and degradation of nuclear factor erythroid 
2-related factor 2 (Nrf2) upon oxidative stress, culminating 
in the switching off the Nrf2 antioxidant response [11-14]. 

Recent evidence suggests that GSK3β plays 
an important role in the pathogenesis of glomerular 
podocytopathy and proteinuria [15-18]. However, most of 
the previous findings relied on the use of small molecule 
inhibitors of GSK3β, which have poor selectivity between 
the α and β isoforms of GSK3; furthermore, use of 
chemical inhibitors in vivo is unable to discriminate a 
direct primary podocyte effect from that secondary to a 
systemic effect. Thus, previous studies are not adequate 
to conclusively evaluate the exact role of GSK3β in 
podocyte physiology and pathology. Genetic disruption of 
GSK3β would be more selective but unfortunately cause 
embryonic lethality [6]. To circumvent this limitation, it 
is imperative to establish a mouse model in which the 
podocyte-specific expression of GSK3β is selectively 
deleted. In view of the indispensable role of GSK3β 
related cell signaling in embryonic development, inducible 
deletion of GSK3β in mature glomerular podocytes will 
be an ideal approach to avoid potential congenital defects 
of the kidney.

The Cre/loxP site specific recombination system 
is a tool for tissue-specific and with the tet system, time-
specific, gene targeting that cannot be investigated by 
conventional knockout due to embryonic lethality. In 
this study, we employed the doxycycline inducible Cre/
loxP gene targeting system to specifically delete GSK3β 

in podocytes in adult mice. To restrict deletion of floxed 
GSK3β to mature podocytes in adult mice, we have 
utilized a conditional inducible expression system (Tet-
On) in which GSK3β can be deleted in a time- and cell-
specific manner. In this system, the reverse tetracycline-
controlled transcriptional activator (rtTA) is expressed 
under the control of the podocyte-specific podocin 
promoter (NPHS2), such that rtTA is only produced in 
kidney podocytes. A second transgene uses the tetO 
promoter elements upstream of a minimal CMV promoter 
to drive expression of Cre recombinase. The effects of 
podocyte-specific knockout of GSK3β were examined 
in mice under physiologic condition and in a murine 
model of protein overload induced podocyte injury and 
proteinuria.

RESULTS

The β isoform of GSK3 is predominantly 
expressed in glomerular podocytes in vivo and in 
vitro

GSK3 has been described as a ubiquitously 
expressed kinase involved in multiple cellular signaling 
pathways [1, 19, 20]. Nevertheless, its expression in the 
kidney has been understudied. Recent evidence suggests 
that the α and β isoforms of GSK3 are not equally 
expressed in certain fragments of distal nephrons [21]. 
However, the expression pattern of the two isoforms in 
glomerulus remains unknown. To this end, consecutive 

Figure 1: The β instead of the α isoform of GSK3 is predominantly expressed in glomeruli and mainly located to 
podocytes in mouse kidneys. A. Representative micrographs of peroxidase immunohistochemistry staining of mouse kidney specimens 
for GSK3α and GSK3β. Arrows indicate GSK3α- or GSK3β-positive tubular cells. Arrowheads show the staining of GSK3α or GSK3β in 
glomerular cells. As a negative control, the primary antibody was replaced by preimmune IgG and no specific staining was noted. Scale 
bar = 20μm. B. Homogenates of glomeruli isolated from mice and lysates of primary podocytes were subjected to immunoblot analysis 
for GSK3α/β and GAPDH. Relative abundance of GSK3 and GSK3β expressed in murine glomeruli and primary podocytes determined 
by densitometric analyses of immunoblot. *P <0.01, (n = 4, unpaired t-tes    t). C. Immunoblot analysis demonstrates that primarily cultured 
podocytes evidently express synaptopodin, a typical marker of podocytes. 
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sections of formalin fixed paraffin embedded murine 
kidney specimens were processed for peroxidase 
immunohistochemistry staining for GSK3α or GSK3β 
in parallel. Shown in Figure 1A, both the α and the 
β isoforms of GSK3 were noted to be expressed in 
parenchymal kidney tissues. In glomeruli, the β rather 
than the α isoform was intensely detected. High power 
light microscopy indicated that the staining of GSK3β 
was mainly distributed to the periphery of glomerular 
tufts, consistent with podocyte localization. To corroborate 
the morphologic findings, glomeruli were isolated from 
mouse kidneys by the magnetic beads based approach 
and homogenized (Figure 1B) or processed for primary 

culture of podocytes, which were characterized and 
verified to express typical podocyte marker proteins, 
like synaptopodin (Figure 1C). Immunoblot analysis of 
homogenates of isolated glomeruli or primary podocyte 
lysates demonstrated much more abundant expression 
of GSK3β than GSK3α (Figure 1B), as probed by a 
monoclonal antibody that recognizes both GSK3α and 
GSK3β. 

Figure 2: Mice with podocyte specific deletion of GSK3β are generated by the doxycycline inducible Cre/loxP mediated 
gene targeting system. A. Schematic diagram depicts the breeding strategy to generate the inducible podocyte-specific GSK3β gene 
knockout mice. The deletion of exon 2 (E2) in the event of recombination of the GSK3β gene is achieved with the addition of doxycycline 
(Dox). B. Representative images showing PCR analysis of the genomic DNA extracted from the clipped tail tissues. The PCR bands of 
wild-type (wt, 585 bp), floxed (fl, 685bp) GSK3β, Cre (411bp) and rtTA (196bp) are indicated. C. Breeding pedigrees to generate control 
(Cre-negative) and homozygous (triple transgenic) mice. D. Immunoblot analysis for GSK3α and GSK3β in primary podocytes derived 
from KO mice or Ctrl littermates (16 weeks old). Note that Ctrl podocytes express both GSK3α and GSK3β, whereas expression of GSK3β 
was successfully ablated in KO podocytes. Relative abundance of GSK3α and GSK3β expressed in primary podocytes determined by 
densitometric analyses of immunoblot. *P <0.01 (n = 3, unpaired t-tes    t). E. Dual color fluorescence immunohistochemistry staining of 
kidney sections from Ctrl or KO mice for SYNPO (red) and GSK3β (green). Sections were counterstained with DAPI (blue). *indicates 
the nucleus of a podocyte in the glomerulus of KO mice, where GSK3β has been completely ablated. Left panel, scale bar = 20μm. Right 
panel (Details), scale bar = 10μm. F. Protein expression of GSK3α and GSK3β was not affected in the heart, liver, lung, and whole kidney 
tissues in KO mice as compared with Ctrl mice (16 weeks old). Relative abundance of GSK3α and GSK3β expressed in heart, liver, lung 
and kidney from Ctrl (white bar) and KO (black bar) mice determined by densitometric analyses of immunoblot. Not statistically significant 
between Ctrl and KO mice (n = 3, unpaired t-tes    t).
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The doxycycline inducible deletion of GSK3β 
in mature glomerular podocytes in adult mice 
results in a healthy phenotype with normal kidney 
function

To understand the role of GSK3 in podocyte 
pathobiology, we next chose to knockout GSK3β, 
the major isoform of GSK3 expressed in glomerular 
podocytes. In line with the pivotal role of GSK3β 
in embryo development, systemic GSK3β knockout 
would cause embryonic lethality [6] and thus seems 
not to suit our purpose. The doxycycline-inducible Cre/
loxP mediated gene targeting (Figure 2A) permits both 
spatial and temporal control of the target gene expression 
and thus was employed to target GSK3β specifically in 
podocytes in adult mice. By crossing the GSK3β-floxed 
mice (GSK3βfl/fl) with transgenic mice expressing rtTA 
under the control of podocin promoter (NPHS2) and 
those expressing Cre driven by the tetO-CMV promoter 
(Figure 2A), progeny with the genotype of doxycycline-
inducible podocyte-specific GSK3β knockout on a FVB 
genetic background were successfully bred and confirmed 
by genotyping tail tissues (Figure 2B) to carry both Cre 
and rtTA transgenes and homozygous floxed-GSK3β 
(NPHS2rtTA/TRECre/GSK3βfl/fl), which were designated as 
knockout (KO) mice in subsequent studies. All littermates 
lacking the Cre transgene were designated as control mice 
(Figure 2C). After oral administration of doxycycline 
for 2 weeks, the expression of GSK3β in glomerular 
podocytes was substantially reduced in KO mice as 
proved by immunoblot analysis of primarily cultured 
podocytes for GSK3β (Figure 2D). Dual color fluorescent 
immunohistochemistry staining of frozen kidney 
specimens for synaptopodin and GSK3β demonstrated 
that the staining of GSK3β was evidently diminished 
in synaptopodin positive podocytes that were located 
mainly in the periphery of glomerular tufts (Figure 2E), 
indicative of a successful podocyte-specific knockout. 

Because glomeruli account for only ~2% of the total 
kidney mass [22], podocyte selective ablation of GSK3β 
barely affected the abundance of GSK3α or GSK3β in 
total kidney homogenates as estimated by immunoblot 
analysis (Figure 2F). Likewise, the expression profile of 
GSK3 isoforms in other organ systems, including heart, 
liver and lung, was not altered in KO mice (Figure 2F), 
confirming a glomerular podocyte specific ablation.

Except the deletion of GSK3β in glomerular 
podocytes at a molecular level, KO mice were otherwise 
not different from control littermates in terms of behavior 
and development (Figure 3A), as reflected by growth 
curves for body weight (Figure 3B). Moreover, KO and 
control mice also presented comparable gross kidney 
morphology (Figure 3C) and kidney to body weight ratios 
(Figure 3D). Podocytes are a crucial structural component 
of the glomerular filtration barrier. To determine the 
impact of podocyte loss of GSK3β on glomerular filtration 
barrier function, albuminuria was examined by urine 
electrophoresis (Figure 4A) and quantified by urinary 
albumin to creatinine ratios (Figure 4B). Under normal 
conditions, KO mice and control littermates excreted equal 
and scarce amounts of low-molecular-weight proteins in 
urine, which are consistent with the small-sized proteins 
normally secreted by tubular epithelia; no albumin or 
higher-molecular-weight proteins were observed in both 
control and KO mice at indicated ages under normal 
conditions, suggesting that KO mice are less likely to 
have glomerular sieving defect. Furthermore, the serum 
creatinine levels were also noted to be same in KO and 
control mice (Figure 4C), denoting a normal kidney 
function following GSK3β knockout in podocytes.

Figure 3: Loss of GSK3β in podocytes results in no noticeable difference in gross appearance of mice. A. Representative 
images of control (Ctrl) and podocyte-specific GSK3β knockout (KO) mice show no difference in gross appearance, development, and 
behavior at twenty weeks of age. B. Body weight curve for a representative litter of sex-matched (male) knockout mice (solid circle) and 
control littermates (solid square); not statistically significant at all observed time points (n = 6). C. A representative litter of sex-matched 
(male) KO and Ctrl mice had normal and comparable kidneys in terms of gross appearance, size, and color. D. KO mice and Ctrl littermates 
had similar and normal kidney weights and kidney to body weight ratios; not statistically significant between the two groups (n = 6).



Oncotarget39497www.impactjournals.com/oncotarget

Mice with podocyte specific ablation of GSK3β 
present normal kidney histology except an 
increase of glycogen accumulation in podocytes

Kidney specimens procured from KO and control 
mice were further processed for histological evaluation. 
In this regard, periodic acid-Schiff (PAS) staining 
showed normal and comparable histology of glomeruli 
and tubulointerstitium in kidneys from KO and control 
mice (Figure 5A). The expression patterns and levels of 
podocyte specific markers like podocin and Wilms’ tumor 
1 (WT1) were also not different in kidneys from control 
and KO mice, as assessed by immunoblot analysis of 
isolated glomeruli (Figure 5B) and immunofluorescence 
staining (Figure 5C). The number of podocytes per 
glomerulus, as estimated by absolute counting of 
WT1 positive podocytes in each glomerulus, was also 
comparable between control and KO mice (Figure 
5D). Transmission electron microscopy of glomeruli 
demonstrated an ultrastructure of glomeruli and podocytes 
similar in KO and control mice with normal glomerular 
filtration barrier and podocyte foot processes. Of note, 
compared with the control group, glomerular podocytes in 
KO mice contained significantly more glycogen particles, 
which were mainly located to the cellular body and major 
processes of glomerular podocytes, closely associated 
with the network of tubules of the smooth endoplasmic 
reticulum, and appeared as electron-dense particles 
ranging in size from 20 to 25 nm in diameter (Figure 5E). 
Absolute counting of glycogen particles corroborated the 
morphologic observations and showed that the amount 
of measurable glycogen particles was augmented in 
glomerular podocytes in KO mice (Figure 5F). 

Podocyte specific knockout of GSK3β attenuates 
proteinuria and ameliorates glomerular injury 
in murine models of glomerulopathy induced by 
protein overload

To evaluate the effect of podocyte specific knockout 
of GSK3β on podocyte pathology, we adopted the 
murine model of protein overload induced glomerular 
injury, which recapitulates key features of proteinuric 
glomerulopathy in human chronic kidney disease, 
including glomerular hyperperfusion, podocyte injury, 
massive proteinuria, and glomerulosclerosis [23, 24]. KO 
mice and control littermates received daily intraperitoneal 
(i.p.) injection of bovine serum albumin (BSA) 
consecutively for 7 days with increasing doses (2, 4, 6, 8, 
10, 10, 10 mg/g body weight) as a way of protein overload. 
In control mice, massive albuminuria was evident on day 
7, as estimated by urine protein electrophoresis followed 
by Coomassie Brilliant Blue staining (Figure 6A) and 
quantified by measuring the urine albumin to creatinine 
ratios (Figure 6B). This was associated with typical renal 
lesions of nephrotic glomerulopathy, including podocytic 
swelling and vacuolization, glomerular synechiae, 
mesangial matrix expansion and prominent protein 
casts in dilated cortical tubules, shown by PAS staining 
(Figure 6C) and quantitated by morphometric scoring of 
glomerular damage index (Figure 6D). Moreover, signs of 
podocytopathy were evidently observed in kidney tissues 
from control mice after protein overload, characterized 
by the loss of podocyte specific marker synaptopodin 
and by increased expression of podocyte injury marker 
Desmin, as shown by fluorescent immunohistochemistry 
staining (Figure 6E) and by immunoblot analysis of 
isolated glomeruli (Figure 6F). In stark contrast, KO mice 
excreted much less albuminuria (Figure 6A and 6B) and 
presented much less kidney injury, including glomerular 
damage and protein casts (Figure 6C and 6D). The loss 

Figure 4: Mice with podocyte-specific deletion of GSK3β have normal kidney physiology. A. Spot urine was collected at the 
indicated time points and was subjected to SDS-PAGE followed by Coomassie Brilliant Blue staining. BSA (10μg) served as a standard 
control. Urine samples (5μl) collected on the indicated time points from each group were loaded. B. Quantification of urine albumin levels 
adjusted with urine creatinine concentrations; not statistically significant between the two groups, KO (open triangle) versus Ctrl littermates 
(solid triangle) (n = 6). C. Blood sample from 16-week old KO and Ctrl mice was subjected to serum creatinine assay; not statistically 
significant between the two groups (n = 6).
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of podocyte marker synaptopodin was attenuated and 
increased expression of podocyte injury marker Desmin 
in glomerulus was mitigated in KO kidneys (Figure 6E 
and 6F), consistent with a lessened podocytopathy. 

Mice with podocyte specific ablation of GSK3β 
demonstrate a reinforced Nrf2 antioxidant 
response in glomerulus upon protein overload

Recent evidence suggests that GSK3β plays a 
key role in switching off the endogenous antioxidant 
self defense through facilitating nuclear exclusion and 
degradation of Nrf2 [11-13]. To explore if an altered Nrf2 
antioxidant response exists in glomerular podocytes in KO 
mice and is responsible for the beneficial effect of podocyte 
specific GSK3β knockout in protein overload induced 
glomerulopathy, the expression of Nrf2 was examined. 
Shown in Figure 7A, immunoperoxidase staining of Nrf2 

was very faint in glomerulus in KO and control mice under 
physiological condition. Following kidney injury induced 
by protein overload, Nrf2 staining was mildly elevated 
in glomeruli in control mice, concomitant with a robust 
oxidative stress in both glomerulus and renal tubules, 
as indicated by staining with the green fluorescence of 
the ROS marker, 2’, 7’-dichlorofluorescein-diacetate 
(DCF-DA) (Figure 7B) combined with morphometric 
analysis (Figure 7C), and quantitative measurement of the 
oxidative marker 8-isoprostane in urine (Figure 7D). In 
KO mice, glomerular staining and nuclear accumulation of 
Nrf2 was much more enhanced than in control littermates, 
with a pattern of nuclear distribution in the periphery of 
glomerular tufts, consistent with podocyte localization. 
This was accompanied with diminished ROS accumulation 
in glomeruli (Figure 7B, 7C) and less 8-isoprostane in 
urine (Figure 7D) in KO mice. The immunohistochemistry 
staining of Nrf2 was further validated by immunoblot 
analysis of isolated glomeruli for Nrf2. In parallel with the 

Figure 5: Specific ablation of GSK3β in mature glomerular podocytes does not affect kidney histology except an 
increase of glycogen accumulation in podocytes. A. Representative micrographs of PAS staining of kidney specimens procured 
from KO mice and Ctrl littermates at 16 weeks old; Scale bar = 20μm. B. Immunoblot analysis of glomeruli isolated from KO and Ctrl mice 
showed equal expression of podocin, WT1, and GAPDH. Relative abundance of WT1 and podocin expressed in isolated glomeruli from 
Ctrl (white bar) and KO (black bar) mice determined by densitometric analyses of immunoblot. Not statistically significant between Ctrl 
and KO mice (n = 3, unpaired t-tes    t). C. Representative micrographs of fluorescent immunohistochemistry staining of kidney cryosections 
for podocyte slit diaphragm protein podocin and the podocyte-specific marker WT1; Scale bar = 20μm. D. Absolute counting of WT1 
positive podocytes in each glomerulus demonstrated that the number of podocytes per glomerulus was comparable between control and 
KO mice. Not statistically significant between the two groups (n = 6, unpaired t-test). E. Representative transmission electron microscopic 
images of glomeruli showed that the ultrastructures of glomerulus and podocytes were similar in KO and Ctrl mice, whereas increased 
deposition of glycogen particles was found in glomerular podocytes in KO mice. White arrowheads indicate glycogen particles, which 
appear as electron-dense particles ranging in size from 20 to 25nm in diameter and closely associated with the network of tubules of the 
smooth endoplasmic reticulum. F. Computerized morphometric quantification of glycogen particles showed that the amount of measurable 
glycogen particles was augmented in glomerular podocytes in KO mice.*P <0.01 (n = 6, unpaired t-test).
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enhanced expression and nuclear accumulation of Nrf2 in 
glomeruli in KO mice upon albumin overload, glomerular 
expression of heme oxygenase-1 (HO-1), a typical Nrf2 
target molecule, was promoted, whereas glomerular 
expression of monocyte chemoattractant protein-1 (MCP-
1), a prototype of proinflammatory chemokines, was 
blunted in KO mice, inferring a reinforced antioxidant 
and anti-inflammatory response in glomeruli in KO mice 
(Figure 7E). In addition, concordant with the attenuated 
proteinuria and less tubular injury and less oxidative 

stress in KO mice after protein overload, Nrf2 staining 
in renal tubules was much less intense in KO mice as 
compared with their control littermates (Figure 7A). 
The potentiated Nrf2 response seems to be responsible 
for the attenuated proteinuria and improved glomerular 
injury in protein overloaded KO mice, because blockade 
of Nrf2 by trigonelline hydrochloride (Trig) worsened, 
whereas selective Nrf2 activation by L-sulforaphane (SF) 
ameliorated proteinuria in this model (Figure 7F). 

Figure 6: Podocyte specific knockout of GSK3β attenuates proteinuria and ameliorates oxidative glomerular injury 
in protein overloaded mice. A. Oxidative glomerular injury was induced in mice by daily i.p. injection of bovine serum albumin as a 
way of protein overload. Spot urine was collected on day 7 and urine samples (0.5μl) were subjected to SDS-PAGE followed by Coomassie 
Brilliant Blue staining. BSA 5, 10, 20 and 40μg, served as standard control. B. Quantification of urine albumin levels adjusted with urine 
creatinine concentrations. *P <0.01 (n = 6, unpaired t-test). C. Representative micrographs demonstrate PAS staining and fluorescent 
immunohistochemistry staining of mouse kidneys procured on day 7 for indicated molecules. PAS staining shows typical renal lesions 
of proteinuric glomerulopathy, including podocytic swelling and vacuolization, glomerular synechiae, mesangial matrix expansion and 
protein casts in dilated cortical tubules, which were found 7 days following protein overload. These lesions were significantly attenuated 
in kidneys from KO mice. Scale bar = 40μm. D. Morphometric scoring of glomerular damage index on PAS stained kidney sections 
prepared on day 7. *P <0.01 (n = 6, unpaired t-test). E. Frozen kidney sections procured on day 7 were subjected to immunofluorescence 
staining for podocyte specific markers, such as SYNPO, and podocyte injury marker Desmin. Scale bar = 40μm. F. Glomeruli were isolated 
from kidneys from differently treated animals by the magnetic beads-based approach and were homogenized for immunoblot analysis for 
SYNPO, Desmin, and GAPDH. Relative abundance of SYNPO (middle panel) and Desmin (right panel) expressed in isolated glomeruli 
from Ctrl and KO mice treated with vehicle (white bar) or BSA (black bar) as determined by densitometric analyses of immunoblot. *P 
<0.05 versus all other groups, (n = 3, ANOVA followed by LSD test).
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Figure 7: Mice with podocyte specific ablation of GSK3β demonstrate a reinforced Nrf2 antioxidant response in 
glomerulus upon protein overload. Mice were treated as stated in Figure 6. A. Representative micrographs of peroxidase 
immunohistochemistry staining of mouse kidneys procured on day 7 for Nrf2. Scale bar = 40μm. B. Fresh renal cortical tissues were 
obtained from the differently treated animals and prepared as frozen cryostat sections for staining of DCF-DA (green), a marker of ROS. 
Scale bar = 40μm. C. Computerized morphometric analysis of DCF-DA staining in the glomerulus in different groups. Data are expressed 
as the relative integrated pixel density of DCF-DA fluorescence in the glomerulus as fold induction over the control group. *P < 0.01 
versus all other groups (n = 3, ANOVA followed by LSD test). D. Spot urine was collected on day 0 and day 7 from the Ctrl and KO mice 
treated with BSA. Urine samples were subjected to the analysis of 8-isoprostane levels adjusted with urine creatinine concentrations. *P 
<0.05 (n = 4, unpaired t-test). E. Glomeruli were isolated from differently treated animals by the magnetic beads-based approach and 
were homogenized for immunoblot analysis for Nrf2, HO-1, MCP-1 and GAPDH. Relative abundance of podocin and Nrf2, HO-1 and 
MCP-1 expressed in isolated glomeruli from differently treated mice. *P <0.01 versus all other groups (n = 3, ANOVA followed by LSD 
test). F. Male wild type FVB mice were treated with BSA and received i.p. injection of Trig (1mg/kg), SF (12.5 mg/kg) or vehicle every 
the other day. Spot urine was collected on day 7 and urine samples were subjected to measurement of albumin levels adjusted with urine 
creatinine concentrations. *P <0.01 versus all other groups (n = 3, ANOVA followed by LSD test). G. Schematic diagram depicts the role 
of the GSK3β regulated podocyte Nrf2 antioxidant response in oxidative glomerular injury induced by protein overload. (Left panel) In 
progressive chronic kidney disease, proteinuria induces robust oxidative stress in glomerular podocytes, which switches on the endogenous 
antioxidant self-defense by activating the Nrf2 dependent response. GSK3β plays a key role in switching off the endogenous antioxidant 
self-defense through facilitating nuclear export and degradation of Nrf2. As a redox-sensitive signaling transducer, the activity of GSK3β 
will be amplified upon oxidative stress and GSK3β overactivity facilitates nuclear export and degradation of Nrf2, resulting in switch-off 
the Nrf2 antioxidant response and aggravated podocyte injury. (Right panel) Genetic targeting of GSK3β in podocytes intercepts nuclear 
export of Nrf2, reinforces the antioxidant self-defense and ameliorates glomerular injury.
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DISCUSSION

Glomerular podocytes are highly specialized 
cells with a complex cytoarchitecture [25]. They are 
equipped with interdigitated foot processes that envelop 
the capillaries of the glomeruli in the kidney and are 
bridged by the slit diaphragm [26]. As a cornerstone of the 
glomerular filtration barrier, podocytes play a pivotal role 
in controlling glomerular permselectivity, and preventing 
protein in the bloodstream from leaking into the urine [25, 
27-29]. Injury to podocytes leads to podocytopathy, such 
as minimal change disease and FSGS in clinical patients, 
which are commonly manifested as proteinuria, a hallmark 
of most glomerular diseases. The pathogenic mechanism 
of podocytopathy remains to be elucidated and has been 
an intense focus of research. Recent studies from our and 
other groups suggest that GSK3β might be involved in 
podocyte injury [15-18, 30]. GSK3β is a redox sensitive 
multitasking kinase, situated at the nexus of a multitude 
of signaling pathways, including Wnt, NFκB and more 
[1, 8-10]. However, the exact role of GSK3β in podocyte 
injury is still debated among researchers because various 
studies exploiting selective small molecule inhibitors of 
GSK3β reached conflicting conclusions. For instance, 
inhibition of GSK3β by the selective small molecule 
inhibitor 6-bromoindirubin-3′-oxime (BIO) at a low 
dose dramatically normalized proteinuria and attenuated 
histologic injury of glomeruli in rat models of diabetic 
nephropathy, although hyperglycemia was not corrected, 
implying direct antiproteinuric and renoprotective action 
[31]. However, Matsui et al. found that high-dose BIO 
exacerbated proteinuria and loss of glomerular nephrin 
in puromycin-injured rats [32]. Another study by Dai et 
al. reported that a transient and low level of proteinuria 
followed by a rapid spontaneous remission was provoked 
by an ultrahigh dose of lithium chloride (16mmol/kg), 
which is almost two times the median lethal dose of 
lithium chloride in mice [33]. In stark contrast, our study 
demonstrated that inhibition of GSK3β by low-dose 
lithium conferred prominent protection against podocyte 
injury in mice with adriamycin nephropathy [15, 16, 30]. 
The most likely explanation for these conflicting findings 
might be the drawbacks in the nature of the chemical 
inhibitors. As typical kinase blockades, GSK3β inhibitors, 
including lithium, 6-bromoindirubin-3’-oxime, SB216763, 
and 4-benzyl-2-methyl-1, 2, 4-thiadiazolidine-3, 
5-dione, raise concerns of selectivity, specificity and 
off target action, particularly at high doses. In addition, 
podocytopathy has a multifactorial etiology involving 
both podocyte direct injury and systemic immune related 
mediators. Recent evidence indicates that humoral factors, 
such as circulating permeability factors or lymphotoxins, 
are an important cause of podocytopathy in human [34]. 
In animal models of podocyte injury, manipulation of 
systemic immunity alters the risk and severity of podocyte 
injury and proteinuria, denoting the contribution of 

immune dysregulation to podocytopathy [35]. Therefore, 
putative systemic effects of GSK3β inhibitors might 
confound their direct and primary actions on podocytes 
in animal models of podocyte injury. To avoid the above 
concerns of systemic use of chemical inhibitors, podocyte 
specific knockout would be an ideal approach to decipher 
the role of GSK3β in podocyte injury and was successfully 
achieved in this study in adult mice by employing the 
doxycycline inducible Cre/loxP gene targeting system. 

Inducible deletion of GSK3β in mature glomerular 
podocytes seems to generate no gross phenotype and result 
in normal kidney physiology and histology, denoting 
that GSK3β is dispensable for podocyte function and 
structural integrity under physiologic condition. This 
is consistent with clinical observation that inhibition of 
GSK3β by lithium in human is largely safe and rarely 
causes glomerular injuries. As the mainstay of therapy for 
bipolar affective disorder in the past fifty years, lithium, 
a typical inhibitor of GSK3β, usually needs to be used 
at the psychiatric high dose for a long time (usually >10 
years). Although a few of case series of lithium related 
renal adverse effects have been reported, including 
proteinuria, nephrotic syndrome and glomerular disease, 
it remains controversial if the glomerulopathy is caused by 
lithium per se or by a coincident glomerular disease [36]. 
Moreover, according to a large-scale epidemiology study, 
the incidence of chronic kidney disease and proteinuria in 
psychiatric patients receiving long term lithium therapy 
is actually comparable with that in the general population 
[37], suggesting that the GSK3β inhibitor, lithium, is 
unlikely toxic to glomerular cells, like podocytes.

Under diseased state, GSK3β has been implicated 
in multiple pathogenic or self-defense pathways, such 
as the self-protective Nrf2 antioxidant pathway. Nrf2, 
is a transcription factor that upon oxidative stress 
transactivates a broad spectrum of enzymes involved 
in antioxidation, detoxification, cell survival, anti-
inflammatory response and more. Nrf2 serves as the master 
regulator of detoxification/antioxidant response as one of 
the most crucial endogenous measures for self-protection. 
Under normal conditions, Nrf2 is sequestrated in the 
cytoplasm by Keap1 and thereby is constantly degraded. 
In response to stress, Nrf2 is liberated and translocated 
into nucleus to initiate its transcriptional activity (Figure 
7G). Recent data from our and other groups indicate that 
Nrf2 antioxidant pathway is also regulated by the redox 
sensitive GSK3β [11-13, 38]. Nrf2 encompasses multiple 
GSK3β phosphorylation consensus motifs, serves as a 
cognate substrate for GSK3β and are subjected to GSK3β-
directed phosphorylation [14]. Phosphorylation of Nrf2 
by GSK3β facilitates Nrf2 nuclear exit and proteasomal 
degradation, thus represents a delayed mechanism that 
controls switching off Nrf2 activation (Figure 7G). The 
glomerular Nrf2 activity in normal kidneys is very low, 
as shown by immunohistochemistry staining in this and 
other [39] study, but following oxidative stress induced 
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by albumin overload is augmented in the periphery of 
glomerular tufts, indicative of a pattern of podocyte 
distribution. This injury induced Nrf2 expression was 
significantly reinforced in GSK3β knockout mice. Our 
findings suggest that targeted inhibition of GSK3β does 
not trigger Nrf2 activation under normal condition, but 
potentiate the inducibility of Nrf2 response upon oxidative 
stress. This action is totally different from that of the Nrf2 
activators like bardoxolone, which recently failed the 
clinical trial for treating chronic kidney disease in diabetic 
patients, due to severe adverse effects [40]. 

In summary, we have successfully developed a line 
of mice with somatic ablation of GSK3β in podocytes. The 
mice have no phenotype under physiological conditions, 
except augmented glycogen accumulation in podocytes. 
Upon oxidative glomerular injury elicited by protein 
overload, KO mice demonstrated less proteinuria and 
attenuated glomerular and podocyte injury, associated with 
a potentiated induction of the Nrf2 antioxidant response 
in glomerular podocytes. Our data suggest that GSK3β 
in podocytes is likely dispensable for the biophysiology 
of normal glomeruli, but might repress the endogenous 
antioxidant response upon oxidative glomerular injury. 

MATERIALS AND METHODS

Animal studies

Animal studies were approved by the institution’s 
Animal Care and Use Committee and they conformed to 
the United States Department of Agriculture regulations 
and the National Institutes of Health guidelines for 
humane care and use of laboratory animals.

Generation of the doxycycline-inducible podocyte-
specific GSK3β knockout mice and genotyping

Mice with the floxed GSK3β gene (GSK3βfl/+) 
were kindly provided by Dr James Woodgett (Samuel 
Lunenfeld Research Institute of Mount Sinai Hospital, 
Toronto, Canada) and had been generated by introducing 
loxP sites upstream and downstream of exons 2 on a 
genetic background of C57/B6J [41]. GSK3βfl/+ mice were 
backcrossed for ten generations into an FVB/N congenic 
background. TREcre mice on a genetic background of 
FVB/N (Jackson Laboratory, Bar Harbor, ME) contain 
a Cre recombinase cassette under control of the tet-
operator. NPHS2rtTA mice on a genetic background of 
FVB/N (Jackson Laboratory) produce the rtTA protein 
under control of a NPHS2 promoter fragment. To generate 
doxycycline-inducible podocyte-specific GSK3β knockout 
mice (NPHS2rtTA/TREcre/GSK3β-/-, KO), GSK3βfl/+ mice 
were crossed with TREcre mice and NPHS2rtTA mice, 
respectively. Then, TREcre/GSK3βfl/+ mice cross with 

NPHS2rtTA/GSK3βfl/+ mice. All littermates lacking the Cre 
transgene served as a control. At 8 to 10 weeks old, mice 
received doxycycline (TCI, Tokyo, Japan) treatment via 
drinking water (2mg/ml with 5% sucrose, protected from 
light) for a total of 14 days to induce podocyte-specific 
GSK3β deletion. A routine PCR protocol was used for 
genotyping tail DNA samples with the following primer 
pairs: rtTA transgene genotyping, forward: 5′-GAA-CAA-
CGC-CAA-GTC-ATT-CCG-3′ and reverse: 5′-TAC-GCA-
GCC-CAG-TGT-AAA-GTG-G-3′, which generated a 
196-bp fragment; and Cre transgene genotyping, forward: 
5′-AGG-TGT-AGA-GAA-GGC-ACT-TAG-C-3’ and 
reverse: 5′-CTA-ATC-GCC-ATC-TTC-CAG-CAG-G-3′, 
which generated a 411-bp fragment; and GSK3β 
genotyping, forward: 5′-GGG-GCA-ACC-TTA-ATT-
TCA-TT-3′ and reverse: 5′-GTG-TCT-GTA-TAA-CTG-
ACT-TCC- TGT-GGC-3′, which yielded 685- and 585-bp 
bands, respectively, for the floxed and wild-type alleles. 
All animals were born normally at the expected Mendelian 
frequency. 

Animal model of protein overload

The mouse model of protein overload was 
established by intraperitoneal (i.p.) injection of BSA 
as previously described [42, 43]. KO mice and control 
littermates received endotoxin-free BSA (Sigma, St. 
Louis, MO) (250mg/ml, dissolved in PBS) or an equal 
volume of PBS intraperitoneally for 7 consecutive days 
with increasing doses (2, 4, 6, 8, 10, 10, 10 mg/g body 
weight). Additional wild type FVB mice were treated with 
endotoxin-free BSA via i.p. injection as described above 
and received i.p. injection of Trig (1mg/kg, Sigma), SF 
(12.5 mg/kg, Sigma) or vehicle every the other day. Spot 
urine was collected before injection and 7 days after first 
injection and subjected to urinary albumin assay adjusted 
with urine creatinine concentrations. Proteinuria was 
confirmed by urine electrophoresis followed by Coomassie 
Brilliant Blue staining. Mice were sacrificed on day 7. 

Histology and immunohistochemical staining

Formalin-fixed mouse kidney were embedded in 
paraffin and prepared in 3μm-thick sections. Sections were 
processed for PAS staining. The morphologic features of 
all the sections were assessed by a single observer in a 
blinded manner. A semiquantitative glomerular damage 
index was used to evaluate the degree of glomerular 
damage [44]. The severity of injury for each glomerulus 
was graded from 0 to 5 as follows: 0 represents no lesions; 
1, damage of <20% of the glomerulus; and 2, 3, 4, and 
5, damage of 20% to 40%, >40% to 60%, and >60% to 
80%, and >80% of the glomerulus, respectively. A whole-
kidney average glomerular damage index was obtained 
by averaging scores from all glomeruli on one section 
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[45-47]. Immunoperoxidase staining was performed with 
a Vectastain ABC kit (Vector Laboratories, Burlingame, 
California, USA) by using of primary antibodies against 
GSK3α (Santa Cruz Biotechnology, Santa Cruz, CA), 
GSK3β (Cell Signaling, Danvers, MA), and Nrf2 (Santa 
Cruz). As a negative control, the primary antibody was 
replaced by preimmune IgG from the same species and no 
specific staining was noted.

Glomerular isolation and primary culture of 
podocytes

Isolation of glomeruli from the GSK3β KO mice 
and control mice was performed as described previously 
[48, 49]. In brief, mice were anesthetized and the kidney 
was perfused with 5ml of phosphate-buffered saline 
containing 8×107 Dynabeads M-450 (Dynal Biotech 
ASA, Oslo, Norway). The kidneys were then cut into 1 
mm3 pieces and digested in collagenase A. The tissue was 
then press gently through a 100μm cell strainer (Falcon, 
Bedford, MA,) and glomeruli-containing Dynabeads 
were gathered using a magnetic particle concentrator. The 
enriched glomeruli were plated on collagen type I-coated 
dishes at 37oC in RPMI 1640 medium (Life Technologies, 
Grand Island, NY) with 10% fetal bovine serum(Life 
Technologies), 0.075% sodium bicarbonate (Sigma), 
1mM sodium pyruvate (Sigma), 100U/ml penicillin 
and 100μg/ml streptomycin (Life Technologies) in a 
humidified incubator with 5% CO2. Subculture of primary 
podocytes was performed by detaching the glomerular 
cells with 0.25% trypsin-EDTA (Invitrogen, Carlsbad, 
CA), followed by sieving through a 40-μm cell strainer 
(Falcon), and culture on collagen type I-coated dishes. 
Podocytes of passages 1 or 2 were characterized by the 
expression of multiple podocyte specific markers and used 
in all experiments.

Western immunnoblot analysis

Cultured cells were lyzed and animal tissues 
homogenized in radioimmunoprecipitation assay 
supplemented with protease inhibitors and samples were 
processed for immunoblot analysis. The antibodies against 
GSK3α/β, podocin, WT1, synaptopodin (SYNPO), Nrf2, 
Desmin, HO-1, MCP-1, glyceraldehydes-3-phosphate 
dehydrogenase (GAPDH), were purchased from Santa 
Cruz Biotechnology.

Immunofluorescence staining

Cryosection of kidneys were fixed with 4% 
paraformaldehyde (Sigma), permeabilized and stained 
with primary antibodies against GSK3β (Cell Signaling), 
SYNPO (Santa Cruz), Podocin (Santa Cruz), WT1 

(Santa Cruz), Desmin (Santa Cruz), followed by Alexa 
fluorophore-conjugated secondary antibody staining (Life 
Technologies). Finally, sections were counterstained with 
4′,6-diamidino-2-phenylindole (DAPI), mounted with 
Vectashield mounting medium (Vector Laboratories), 
and visualized using a fluorescence microscope (BX43, 
Olympus, Tokyo, Japan) or a Zeiss LSM710 Meta 
confocal microscope (Carl Zeiss AG, Cologne, Germany). 
For dual-color staining, images were acquired sequentially 
to avoid dye interference. ImageJ software was used for 
post-processing of the images, e.g., scaling and merging.

Urinary and serum analyses

To discern the protein compositions in urine, equal 
amounts of urine samples were subjected to SDS-PAGE 
followed by Coomassie Blue (Sigma) staining. Urine 
albumin concentration was measured using a mouse 
albumin enzyme-linked immunosorbent assay quantitation 
kit (Bethyl Laboratories Inc., Montgomery, TX). Urine 
and serum creatinine concentration was measured by a 
creatinine assay kit (BioAssay Systems, Hayward, CA). 
Urinary 8-isoprostane levels were determined using a 
commercial kit as per the manufacture’s protocol (Cayman 
Chemical Company, Ann Arbor, MI).

Transmission electron microscopy

For transmission electron microscopy, kidney 
cortical tissues were cut into small pieces (1 mm3), 
fixed with 2.5% glutaraldehyde, and embedded in Epon 
812 (Polysciences Inc., Warrington, PA). Conventional 
electron micrographs were obtained using an EM-10 
microscope (Zeiss) operated at 60 kV. Absolute counting 
of total measurable glycogen particles was performed 
in 10 random electron microscopy fields of glomerular 
podocytes per mouse in 6 mice per group.

Detection of reactive oxygen species (ROS) 
generation by fluorescence

The production of ROS in the mouse kidney was 
evaluated by detecting the fluorescence intensity of DCF-
DA (Sigma) as described previously [50-53]. In brief, 
fresh kidney cryostat sections were incubated with 10μm 
DCF-DA in a light-protected humidified chamber at 37ºC 
for 30 min, subsequently washed twice with PBS for 5 
min, mounted with mounting medium and visualized 
with a fluorescence microscope. At least three fields were 
randomly chosen from each kidney sections and 5~10 
glomeruli in each field were analyzed for morphometric 
quantification of the fluorescence signal by using ImageJ 
software. Results were expressed as fold change relative 
to control.
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Statistical analysis

For immunoblot analysis, bands were scanned 
and the integrated pixel density was determined using a 
densitometer and the ImageJ analysis program. All data 
are expressed as means ± SD or as otherwise indicated. 
All immunoblot analyses were independently repeated 
three to four times. Statistical analysis of the data from 
multiple groups was performed by one-way analysis of 
variance (ANOVA) followed by Fisher’s Least Significant 
Difference (LSD) tests. Data from two groups were 
compared by Student’s t-test. P < 0.05 was considered 
significant.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. 
National Institutes of Health grant R01DK092485 and the 
Natural Science Foundation of China 81270136/H0111, 
and the International Society of Nephrology (ISN) Sister 
Renal Center Trio Program. The authors are indebted to 
Dr. Sijie Zhou for his technical assistance. Changbin Li is 
an ISN fellow and recipient of the ISN fellowship.

CONFLICTS OF INTEREST

All the authors declared no competing interests.

REFERENCES

1. Ali A, Hoeflich KP, Woodgett JR. Glycogen synthase 
kinase-3: properties, functions, and regulation. Chem Rev. 
2001;101:2527-2540.

2. Sun T, Rodriguez M, Kim L. Glycogen synthase kinase 
3 in the world of cell migration. Dev Growth Differ. 
2009;51:735-742.

3. Wu X, Shen QT, Oristian DS, Lu CP, Zheng Q, Wang HW, 
Fuchs E. Skin stem cells orchestrate directional migration 
by regulating microtubule-ACF7 connections through 
GSK3beta. Cell. 2011;144: 341-352.

4. Jope RS, Johnson GV. The glamour and gloom of glycogen 
synthase kinase-3. Trends Biochem Sci. 2004;29:95-102.

5. Kaidanovich-Beilin O, Woodgett JR. GSK-3: Functional 
Insights from Cell Biology and Animal Models. Front Mol 
Neurosci. 2011;4:40.

6. Hoeflich KP, Luo J, Rubie EA, Tsao MS, Jin O, Woodgett 
JR. Requirement for glycogen synthase kinase-3beta in cell 
survival and NF-kappaB activation. Nature. 2000;406:86-
90.

7. Kerkela R, Kockeritz L, Macaulay K, Zhou J, Doble BW, 
Beahm C, Greytak S, Woulfe K, Trivedi CM, Woodgett JR, 
Epstein JA, Force T, Huggins GS. Deletion of GSK-3beta 
in mice leads to hypertrophic cardiomyopathy secondary 
to cardiomyoblast hyperproliferation. J Clin Invest. 

2008;118:3609-3618.
8. Gong R, Rifai A, Ge Y, Chen S, Dworkin LD. Hepatocyte 

growth factor suppresses proinflammatory NFkappaB 
activation through GSK3beta inactivation in renal tubular 
epithelial cells. J Biol Chem. 2008;283:7401-7410.

9. Schwabe RF, Brenner DA. Role of glycogen synthase 
kinase-3 in TNF-alpha-induced NF-kappaB activation and 
apoptosis in hepatocytes. Am J Physiol Gastrointest Liver 
Physiol. 2002;283:G204-211.

10. Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen 
synthase kinase-3beta regulates cyclin D1 proteolysis and 
subcellular localization. Genes Dev. 1998;12:3499-3511.

11. Jain AK, Jaiswal AK. GSK-3beta acts upstream of Fyn 
kinase in regulation of nuclear export and degradation of 
NF-E2 related factor 2. J Biol Chem. 2007;282:16502-
16510.

12. Rada P, Rojo AI, Evrard-Todeschi N, Innamorato NG, 
Cotte A, Jaworski T, Tobon-Velasco JC, Devijver H, 
Garcia-Mayoral MF, Van Leuven F, Hayes JD, Bertho G, 
Cuadrado A. Structural and functional characterization of 
Nrf2 degradation by the glycogen synthase kinase 3/beta-
TrCP axis. Mol Cell Biol. 2012;32:3486-3499.

13. Rada P, Rojo AI, Chowdhry S, McMahon M, Hayes JD, 
Cuadrado A. SCF/{beta}-TrCP promotes glycogen synthase 
kinase 3-dependent degradation of the Nrf2 transcription 
factor in a Keap1-independent manner. Mol Cell Biol. 
2011;31:1121-1133.

14. Salazar M, Rojo AI, Velasco D, de Sagarra RM, Cuadrado 
A. Glycogen synthase kinase-3beta inhibits the xenobiotic 
and antioxidant cell response by direct phosphorylation and 
nuclear exclusion of the transcription factor Nrf2. J Biol 
Chem. 2006;281:14841-14851.

15. Bao H, Ge Y, Peng A, Gong R. Fine-tuning of NFkappaB 
by glycogen synthase kinase 3beta directs the fate 
of glomerular podocytes upon injury. Kidney Int. 
2015;87:1176-1190.

16. Xu W, Ge Y, Liu Z, Gong R. Glycogen synthase kinase 
3beta dictates podocyte motility and focal adhesion 
turnover by modulating paxillin activity: implications for 
the protective effect of low-dose lithium in podocytopathy. 
Am J Pathol. 2014;184:2742-2756.

17. Gong R, Ge Y, Chen S, Liang E, Esparza A, Sabo E, 
Yango A, Gohh R, Rifai A, Dworkin LD. Glycogen 
synthase kinase 3beta: a novel marker and modulator of 
inflammatory injury in chronic renal allograft disease. Am 
J Transplant. 2008;8:1852-1863.

18. Waters A, Koziell A. Activation of canonical Wnt 
signaling meets with podocytopathy. J Am Soc Nephrol. 
2009;20:1864-1866.

19. Doble BW, Woodgett JR. GSK-3: tricks of the trade for a 
multi-tasking kinase. J Cell Sci. 2003;116:1175-1186.

20. Rayasam GV, Tulasi VK, Sodhi R, Davis JA, Ray A. 
Glycogen synthase kinase 3: more than a namesake. Br J 
Pharmacol. 2009;156:885-898.



Oncotarget39505www.impactjournals.com/oncotarget

21. Tao S, Kakade VR, Woodgett JR, Pandey P, Suderman 
ED, Rajagopal M, Rao R. Glycogen synthase kinase-3beta 
promotes cyst expansion in polycystic kidney disease. 
Kidney Int. 2015;87:1164-1175.

22. Luippold G, Beilharz M, Muhlbauer B. Chronic renal 
denervation prevents glomerular hyperfiltration in diabetic 
rats. Nephrol Dial Transplant. 2004;19:342-347.

23. Simpson LO, Shand BI. Morphological changes in the 
kidneys of mice with proteinuria induced by albumin-
overload. Br J Exp Pathol. 1983;64:396-402.

24. Abbate M, Zoja C, Corna D, Rottoli D, Zanchi C, Azzollini 
N, Tomasoni S, Berlingeri S, Noris M, Morigi M, Remuzzi 
G. Complement-mediated dysfunction of glomerular 
filtration barrier accelerates progressive renal injury. J Am 
Soc Nephrol. 2008;19:1158-1167.

25. Pavenstadt H, Kriz W, Kretzler M. Cell biology of the 
glomerular podocyte. Physiol Rev. 2003;83:253-307.

26. Greka A, Mundel P. Cell biology and pathology of 
podocytes. Annu Rev Physiol. 2012;74:299-323.

27. Mundel P, Shankland SJ. Podocyte biology and response to 
injury. J Am Soc Nephrol. 2002;13:3005-3015.

28. Mundel P, Reiser J. Proteinuria: an enzymatic disease of the 
podocyte. Kidney Int. 2010;77:571-580.

29. Welsh GI, Saleem MA. The podocyte cytoskeleton—key 
to a functioning glomerulus in health and disease. Nat Rev 
Nephrol. 2012;8:14-21.

30. Xu W, Ge Y, Liu Z, Gong R. Glycogen synthase kinase 
3beta orchestrates microtubule remodeling in compensatory 
glomerular adaptation to podocyte depletion. J Biol Chem. 
2015;290:1348-1363.

31. Lin CL, Wang JY, Huang YT, Kuo YH, Surendran K, 
Wang FS. Wnt/beta-catenin signaling modulates survival of 
high glucose-stressed mesangial cells. J Am Soc Nephrol. 
2006;17:2812-2820.

32. Matsui I, Ito T, Kurihara H, Imai E, Ogihara T, Hori 
M. Snail, a transcriptional regulator, represses nephrin 
expression in glomerular epithelial cells of nephrotic rats. 
Lab Invest. 2007;87:273-283.

33. Dai C, Stolz DB, Kiss LP, Monga SP, Holzman LB, Liu Y. 
Wnt/beta-catenin signaling promotes podocyte dysfunction 
and albuminuria. J Am Soc Nephrol. 2009;20:1997-2008.

34. Musante L, Candiano G, Zennaro C, Bruschi M, Carraro 
M, Artero M, Ghiggeri GM. Humoral permeability factors 
in the nephrotic syndrome: a compendium and prospectus. 
J Nephrol. 2001;14 Suppl 4:S48-50.

35. Wang YM, Zhang GY, Wang Y, Hu M, Wu H, Watson 
D, Hori S, Alexander IE, Harris DC, Alexander SI. Foxp3-
transduced polyclonal regulatory T cells protect against 
chronic renal injury from adriamycin. J Am Soc Nephrol. 
2006;17:697-706.

36. Walker RG. Lithium nephrotoxicity. Kidney Int Suppl. 
1993;42:S93-98.

37. Bendz H, Schon S, Attman PO, Aurell M. Renal failure 
occurs in chronic lithium treatment but is uncommon. 

Kidney Int. 2010;77:219-224.
38. Jiang Y, Bao H, Ge Y, Tang W, Cheng D, Luo K, Gong 

G, Gong R. Therapeutic targeting of GSK3beta enhances 
the Nrf2 antioxidant response and confers hepatic 
cytoprotection in hepatitis C. Gut. 2015;64:168-179.

39. Jiang T, Huang Z, Lin Y, Zhang Z, Fang D, Zhang DD. The 
protective role of Nrf2 in streptozotocin-induced diabetic 
nephropathy. Diabetes. 2010;59:850-860.

40. de Zeeuw D, Akizawa T, Audhya P, Bakris GL, Chin M, 
Christ-Schmidt H, Goldsberry A, Houser M, Krauth M, 
Lambers Heerspink HJ, McMurray JJ, Meyer CJ, Parving 
HH, et al. Bardoxolone methyl in type 2 diabetes and stage 
4 chronic kidney disease. N Engl J Med. 2013;369:2492-
2503.

41. Patel S, Doble BW, MacAulay K, Sinclair EM, Drucker 
DJ, Woodgett JR. Tissue-specific role of glycogen synthase 
kinase 3beta in glucose homeostasis and insulin action. Mol 
Cell Biol. 2008;28:6314-6328.

42. Hartleben B, Godel M, Meyer-Schwesinger C, Liu S, 
Ulrich T, Kobler S, Wiech T, Grahammer F, Arnold SJ, 
Lindenmeyer MT, Cohen CD, Pavenstadt H, Kerjaschki 
D, et al. Autophagy influences glomerular disease 
susceptibility and maintains podocyte homeostasis in aging 
mice. J Clin Invest. 2010;120:1084-1096.

43. Morita H, Yoshimura A, Inui K, Ideura T, Watanabe H, 
Wang L, Soininen R, Tryggvason K. Heparan sulfate of 
perlecan is involved in glomerular filtration. J Am Soc 
Nephrol. 2005;16:1703-1710.

44. Raij L, Azar S, Keane W. Mesangial immune injury, 
hypertension, and progressive glomerular damage in Dahl 
rats. Kidney Int. 1984;26:137-143.

45. Iacobini C, Menini S, Oddi G, Ricci C, Amadio L, Pricci 
F, Olivieri A, Sorcini M, Di Mario U, Pesce C, Pugliese 
G. Galectin-3/AGE-receptor 3 knockout mice show 
accelerated AGE-induced glomerular injury: evidence for a 
protective role of galectin-3 as an AGE receptor. FASEB J. 
2004;18:1773-1775.

46. Zhang C, Hu JJ, Xia M, Boini KM, Brimson CA, 
Laperle LA, Li PL. Protection of podocytes from 
hyperhomocysteinemia-induced injury by deletion of the 
gp91phox gene. Free Radic Biol Med. 2010;48:1109-1117.

47. Boini KM, Xia M, Li C, Zhang C, Payne LP, Abais JM, 
Poklis JL, Hylemon PB, Li PL. Acid sphingomyelinase gene 
deficiency ameliorates the hyperhomocysteinemia-induced 
glomerular injury in mice. Am J Pathol. 2011;179:2210-
2219.

48. Tian X, Kim JJ, Monkley SM, Gotoh N, Nandez R, Soda K, 
Inoue K, Balkin DM, Hassan H, Son SH, Lee Y, Moeckel 
G, Calderwood DA, et al. Podocyte-associated talin1 is 
critical for glomerular filtration barrier maintenance. J Clin 
Invest. 2014;124:1098-1113.

49. Takemoto M, Asker N, Gerhardt H, Lundkvist A, Johansson 
BR, Saito Y, Saito Y, Betsholtz C. A new method for large 
scale isolation of kidney glomeruli from mice. Am J Pathol. 



Oncotarget39506www.impactjournals.com/oncotarget

2002;161:799-805.
50. Koya D, Hayashi K, Kitada M, Kashiwagi A, Kikkawa 

R, Haneda M. Effects of antioxidants in diabetes-induced 
oxidative stress in the glomeruli of diabetic rats. J Am Soc 
Nephrol. 2003;14:S250-253.

51. Zhu C, Huang S, Yuan Y, Ding G, Chen R, Liu B, 
Yang T, Zhang A. Mitochondrial dysfunction mediates 
aldosterone-induced podocyte damage: a therapeutic target 
of PPARgamma. Am J Pathol. 2011;178:2020-2031.

52. Takimoto E, Champion HC, Li M, Ren S, Rodriguez ER, 
Tavazzi B, Lazzarino G, Paolocci N, Gabrielson KL, Wang 
Y, Kass DA. Oxidant stress from nitric oxide synthase-3 
uncoupling stimulates cardiac pathologic remodeling from 
chronic pressure load. J Clin Invest. 2005;115:1221-1231.

53. Wang Z, Bao H, Ge Y, Zhuang S, Peng A, Gong R. 
Pharmacological targeting of GSK3beta confers protection 
against podocytopathy and proteinuria by desensitizing 
mitochondrial permeability transition. Br J Pharmacol. 
2015;172:895-909.


