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β-Catenin and Its Alteration in an Experimental Model of 
Diabetic Nephropathy

Se Jin Park,1 Eun-Mi Ahn,2 Tae-Sun Ha,2 Jae Il Shin3

Introduction. The aim of our study was to determine whether 
β-catenin, a subunit of the cadherin protein complex in the podocyte 
cytoskeleton, would be altered by hyperglycemia and advanced 
glycation endproducts (AGE) in glomerular epithelial cells and 
podocytes in vitro.
Materials and Methods. Rat glomerular epithelial cells and mouse 
podocytes on bovine serum albumin-coated or AGE-coated plates 
with normal (5 mM) and high (30 mM) glucose doses were cultured 
and examined for the distribution of β-catenin using confocal 
microscopy and changes in β-catenin production by western blotting 
and reverse transcription-polymerase chain reaction, at 48 hours, 
4 weeks, and 10 weeks.
Results. Immunofluorescent staining revealed that β-catenin and 
α-actinin were colocalized around the cell membrane, and that 
β-catenin staining was most intense along the capillary loops, but 
moved internally toward the inner actin filaments in the presence 
of AGE and hyperglycemia. In western blot analysis, AGE and 
hyperglycemia significantly decreased the amount of β-catenin 
proteins by 31.5% at 48 hours, compared with normal control 
conditions (P < .01). The expression for β-catenin mRNA in AGE 
and hyperglycemia was also decreased by 59.6% at 24 hours, 
compared with that of normal glucose conditions (P < .01). No 
significant changes were seen in the osmotic controls. 
Conclusions. Our results suggest that AGE and hyperglycemia may 
induce the cytoplasmic redistribution of β-catenin and inhibit the 
production of β-catenin at the transcriptional and posttranslational 
levels, which may result in the development of kidney dysfunction 
in diabetic conditions.
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INTRODUCTION
β-catenin, a subunit of the cadherin protein 

complex, is a multifunctional protein is encoded by 
the CTNNB1 gene that in humans.1 When β-catenin 
was sequenced, it was found to have an armadillo 
repeat domain (residues 141-664) composed of 
12 armadillo repeats, and an N-terminal and a 
C-terminal domain, which are specialized for 
protein-protein binding.2 This protein plays a 

crucial role in adherens junctions of the cell, where 
it interacts with the cytoplasmic region of cadherin 
and acts as an intracellular signal transducer in the 
Wnt signaling pathway.3-5 In the absence of Wnt 
signaling, cytosolic β-catenin binds the destruction 
complex, where it is phosphorylated by casein 
kinase 1α and glycogen synthase kinase-3β and 
thus labels it for ubiquitin-dependent degradation 
by the proteasome.6 When a Wnt signal is present, 
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however, β-catenin moves into the nucleus, where it 
binds to a DNA-binding member of the lymphocyte 
enhancer factor-1/T cell factor transcription factor 
family and other transcription factors, resulting in 
the activation of Wnt-target genes.7

The majority of β-catenin in the podocyte binds 
to P-cadherin and α-catenin at adherens junctions, 
and α-catenin binds to actin as a homodimer.8 
Recent evidence suggests that β-catenin anchors 
the actin cytoskeleton and may be responsible 
for transmitting the contact inhibition signal that 
causes cells to stop dividing once the epithelial 
sheet is complete.2 Importantly, the β-catenin-
binding site on α-catenin overlaps with the α-catenin 
homodimerization interface.8 Thus, α-catenin 
cannot simultaneously be bound to both actin 
and β-catenin in the cell, which is required for its 
interaction only with actin, or bound to P-cadherin 
through β-catenin.9

The distribution and changes of cytoskeletal 
and adherens junctions proteins in glomerular 
podocytes have been proposed to function as the 
key regulators in the pathophysiology of diabetic 
nephropathy9,10; however, to date, there have 
been few studies on the role of β-catenin in the 
pathogenesis of diabetic nephropathy. Therefore, we 
investigated through in vitro culture experiments 
whether there are any pathological changes in 
the β-catenin of glomerular podocytes in diabetic 
conditions.

MATERIALS AND METHODS
Cell Culture of Rat Glomerular Epithelial Cells 
and Mouse Podocytes

Rat glomerular epithelial cells (GECs), cloned 
from primary rat glomerular cultures, were 
characterized and provided by Kreisberg and 
coworkers.11 The cells were characterized by 
sensitivity to puromycin aminonucleoside, positive 
for Heymann antigen (gp330) and podocalyxin, 
and negative staining for factor VIII.11,12 The 
GECs were maintained in RPMI 1640 (Gibco BRL, 
Gaithersburg, MD, USA) supplemented with 10% 
heat-inactivated fetal bovine serum, 1 M Hepes, 
and antibiotics. Fetal bovine serum was reduced 
to 0.5% at least 24 hours before each experiment 
to reduce background. Fresh media was supplied 
once every 2 days, and for the subculture, 0.05% 
trypsin was used to detach cells from the culture 
dishes. 

Conditionally immortalized mouse podocytes 
were provided by Harvard University, Cambridge, 
MA, USA (Dr Peter Mundel) and were cultured 
and differentiated as described previously.10 
To stimulate podocyte proliferation, cells were 
cultivated at 33°C (permissive conditions) in 
a culture medium supplemented with 10 U/
mL mouse recombinant γ-interferon (Roche, 
Mannheim, Germany) to induce expression of 
temperature-sensitive large T antigens. To induce 
differentiation, the podocytes were maintained at 
37°C (nonpermissive conditions) for at least 2 weeks. 

Culture Additives
Cells were serum-deprived to reduce background 

24 hours before each experiment, then exposed 
to glucose or advanced glycation endproducts 
(AGE), or both. Rat GECs and mouse podocytes 
were incubated in culture media containing either 
5 mM (normal) or 30 mM (high) of glucose without 
insulin. The AGE were produced by the addition 
of glucose-6-phosphate to a final concentration 
of 0.2 M in a phosphate buffer solution (pH 7.4) 
containing 50 mg/mL of bovine serum albumin 
and protease inhibitors (100 mM 6-aminohexanoic 
acid, 10 mM benzamidine hydrogen chloride, and 
1 mM phenylmethylsulfonyl fluoride), and then 
incubated in the reaction tube at 37°C for 6 weeks 
under sterile conditions.13 The formation of AGE was 
confirmed by measuring the AGE emission peak at 
440 nm with a fluorescence spectrophotometer. To 
imitate long-term diabetic conditions, AGE (5 μg/
mL) was added, and controls were established using 
unmodified bovine serum albumin (5 μg/mL). To 
exclude the effect of additionally glycated proteins 
produced in culture conditions, an incubation 
period no longer than 48 hours was used. Fetal 
bovine serum was reduced to 0.5% on the last media 
change to reduce background before protein and 
RNA extraction. For the purpose of identification, 
AGE and bovine serum albumin are denoted as 
‘A’ and ‘B’, and glucose at 5 mM and 30 mM as 
‘5’ and ‘30’, respectively. In addition, the osmotic 
control with 5-mM glucose and 25-mM mannitol is 
expressed as ‘osm.’ With these combinations, the 
experimental conditions are expressed as A5, A30, 
Aosm, B5, and B30, defined as follows: (1) A5 (mM) 
represents the condition that may have a long-
term diabetic condition to form AGE but remains 
in normal range of glucose; (2) A30 (mM) means 
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long-term diabetes mellitus and hyperglycemia; 
(3) Aosm represents the osmotic control group; (4) 
B5 (mM) means no diabetic condition and normal 
glucose levels; and (5) B30 (mM) represents initial 
diabetic condition with hyperglycemia.

Confocal Microscopy for β-catenin Distribution
Rat GECs and mouse podocytes were grown on 

type I collagen-coated glass cover slips (Upstate 
Biotechnology Incorporation, Lake Placid, NY, 
USA) incubated for 24 hours and then fixed in 4% 
paraformaldehyde, permeabilized in phosphate 
buffered saline, blocked with 10% normal goat 
serum (GIBCO BRL, Rockville, MD, USA), and 
labeled with polyclonal rabbit anti-rat β-catenin 
(Santa Cruz Biotechnology Inc, Santa Cruz, CA, 
USA) or TRITIC-phalloidin (Sigma Chemical Co, 
St Louis, MO, USA) for F-actin staining. Primary 
antibody-bound specimens were incubated with 
1:500 (v/v) Alexa 594 for red conjugates (Molecular 
Probes, Invitrogen, Carlsbad, CA, USA) and Alexa 
488 for green, respective of secondary antibodies, 
at room temperature for 1 hour. Cover slips were 
mounted in aqueous mountant and viewed with 
a fluorescence microscope (TCS SP2 AOBS, Leica 
Microsystems, Wetzlar, Germany) at wavelengths 
of 496-534 nm (emission) and 488 nm (excitation) 
for Alexa 488-conjugated β-catenins, or at 555-635 
nm (emission) and 594 nm (excitation) for Alexa 
594-conjugated β-catenins. Differentiated mouse 
podocytes were also prepared as rat GECs for 
confocal images with the same antibody.

Western Blotting
The confluently grown cell layers were incubated 

with additives for 48 hr for β-catenin, and for 
various durations for AGE, and were extracted 
with a protein extraction solution (PRO-PREP, 
Intron Biotechnology Inc., Seongnam, Kyeonggi, 
Korea) at 4°C over night and stored at -20°C 
until further analysis. Protein concentrations 
were determined with a Bio-Rad kit (Bio-Rad 
Laboratories, Hercules, CA, USA).13 To perform 
western blotting for β-catenin, 30 μg of boiled 
extracts were applied on 10% SDS-PAGE gels and 
transferred to polyvinylidene fluoride membranes 
(Bio-Rad Laboratories, Hercules, CA, USA). The 
membranes were air-dried and blocked in 5% 
fat-free milk before incubation with anti-β-catenin 
antibody. After incubation with goat anti-rabbit 

IgG-HRP (Santa Cruz Biotechnology Inc, Santa 
Cruz, CA, USA), bands were detected using the 
LAS-3000 imaging system (Fujifilm Life Science 
Inc, Minato-ku, Tokyo, Japan). The actin bands 
confirmed the loading of comparable amounts of 
extracted protein. Three independent experiments 
were performed.

Reverse Transcriptase-Polymerase Chain 
Reaction Analysis of β-catenin

Total RNA was extracted from cultured rat 
GECs and mouse podocytes. After estimating its 
concentration by ultraviolet spectrophotometry, 
5 μg of total RNA was used for first-strand 
cDNA synthesis. Aliquots of the cDNA were 
amplified using primers: (1) CTNNB1:  sense 
5’-TGGACTACCACGCAGCGAAC-3’, antisense 
5’-GCTCTGGCTTAGGCAACGC-3’; (2) GAPDH: 
sense 5’-CTCTACCCACGGCAAGTTCAA-3’, 
antisense 5’-GGATGACCTTGCCCACAGC-3’ 
(Bionics Inc, Seoul, Korea). The housekeeping gene 
GAPDH served as an internal control. Polymerase 
chain reaction products were visualized on 1.5% 
agarose gels, and band density was measured using 
a densitometry program (Labworks 4.0, UVP Inc, 
Upland, CA, USA). Standard polymerase chain 
reaction assays were normalized to GAPDH mRNA 
band densities. Three independent experiments 
were performed.

Statistical Analysis
The results were presented as mean ± standard 

deviat ion,  as  appropriate  under  di f ferent 
conditions. Statistical significance was evaluated 
by the nonparametric Kruskal-Wallis analysis or 
Mann-Whitney U test. P values less than .05 were 
considered significant.

RESULTS
β-catenin Distribution on Confocal Microscopy

The podocytes for β-catenin and F-actin were 
double-stained and the cell nucleus was stained 
with 4’-6-diamidino-2-phenylindole. β-catenin as 
well as α-actinin was located along the glomerular 
capillary walls (Figure 1). Staining for β-catenin 
was most intense in the capillary walls. From 48 
hours in diabetic conditions to 4 weeks and 10 
weeks, β-catenin staining became blurry, indicating 
a reduction in β-catenin. In vitro, β-catenin and 
F-actin did not overlap and were located at 
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different sites on the confocal image. In the diabetic 
condition with rat GECs, β-catenin moved toward 
the cytoplasm from the cell membrane at A5 and 
A30, compared with B5 (Figure 2). A similar 
redistribution of β-catenin was also observed in 
the differentiated mouse podocytes, especially at 
A30 (Figure 3). In the merged views, β-catenin 
was distributed at the cell membrane at B5 but 
redistributed into the cytoplasm at A5, B30, and 
A30, suggesting that high glucose and AGE may 
have an impact on the redistribution of β-catenin 
molecules in GECs and podocytes with F-actin.

β-catenin Protein Assayed by Western Blotting
A major band of β-catenin protein was found at 

90 kDa and the results were compared with B5. In 
both GECs and podocyte, density values for the 
β-catenin protein of representative immunoblots 
from each condition tended to decrease in the 
presence of high glucose and AGE levels in a 
dose- and time-dependent manner. Densitometric 
analysis of western blots showed 23.7% and 27.7% 
decreases in A5 and A30 at 24 hours (P < .05; 
P < .01; n = 3) and 20.5% and 31.5% decreases in 
B30 and A30 at 48 hours (P < .05; P < .01; n = 3), 
respectively, compared with B5 in rat GECs 
(Figure 4 Top). In mouse podocytes, the density 
values of β-catenin were also decreased in a 
dose-dependent manner. High doses (30 mM) 
of glucose and AGE decreased cellular β-catenin 

Figure 1. Immunofluorescent staining of α-actinin and β-catenin. Double-staining of α-actinin and β-catenin show a decrease in the foot 
processes of podocytes around capillary loops in rat glomeruli at 10 weeks after diabetic condition (× 400).
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Figure 2. Confocal microscopy with β-catenin and F-actin in rat glomerular epithelial cells. The merged views show that β-catenin is 
relocalized inside the cytoplasm in B30, A5, and A30. Advanced glycation endproducts and bovine serum albumin are denoted as ‘A’ 
and ‘B’, and glucose at 5 and 30 mM by ‘5’ and ‘30’, respectively (× 1000).
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Figure 3. Confocal microscopy with β-catenin and F-actin in mouse podocytes. The overlap shows that β-catenin was redistributed from 
the sites of cell-cell contact areas between adjacent podocytes into the cytoplasm in B30, A5, and A30. The intensity of β-catenin is 
decreased in B30 and A30 (× 1000).
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protein levels by 23.7% at 24 hours and 13.7% at 
48 hours in B30 (both P < .05; n = 3), and by 42.1% 

at 24 hours and 27.3% at 48 hours in A30 (both 
P < .01; n = 3; Figure 4 Bottom). However, these 

Figure 4. Effects of glucose and advanced glycation endproducts (AGE) on β-catenin protein in cultured rat glomerular epithelial cells 
(Top) and mouse podocytes (Bottom) assayed by Western blotting. β-catenin levels were significantly decreased in B30, A5, and A30, 
compared with that of B5 condition. The density values for β-catenin protein of the representative immunoblots from each group showed 
a decrease in cellular β-catenin protein levels in B30, A5, and A30, compared with the value for B5. Data on the densitometric analysis 
of the β-catenin-β-tubulin ratio are expressed as mean ± standard deviation. Control (100%) is shown as “(-).” 
*P < .05
**P < .01



β-Catenin and Diabetic Nephropathy—Park et al

306 Iranian Journal of Kidney Diseases | Volume 8 | Number 4 | July 2014

changes were not found in the osmotic control 
(Aosm). The β-catenin reduction in A30 was 
more than that in B30, suggesting that AGE may 
have a more substantial impact on the amount 
of β-catenin protein in GECs and podocytes than 
high glucose levels.

β-catenin mRNA Assayed by Reverse 
Transcriptase-polymerase Chain Reaction

In both rat GECs and mouse podocytes, bands 
of mRNA for β-catenin were observed at 300 bp 
and the expression levels of β-catenin mRNA in 
each condition were compared with that of B5 
after adjusting for the amount of polymerase chain 
reaction products relative to GAPDH. Values for 
mRNA expression of β-catenin and representative 
gels showed a significant decrease in rat reverse 
transcriptase-polymerase chain reaction products 
of β-catenin in B30 and A30 at 48 hours (25.6%, 
P < .05 and 20.8% P < .05; n = 3; Figure 5 Top). 
In addition, the expression of mouse β-catenin 
mRNA was also suppressed by 35.0% and 59.6% 
at 24 hours in B30 and A30 (P < .05; P < .01, 
respectively), and by 26.3% and 25.7% at 48 hours 
in A5 and A30 (both P < .05; Figure 5 Bottom). 
As in the western blot analysis, the expression 
of β-catenin mRNA was much less in A30 than 
in B30, and these changes were not observed in 
the osmotic condition. These outcomes of reverse 
transcriptase-polymerase chain reaction analysis 
indicate that genetic regulation of the β-catenin 
molecule may be more influenced by AGE and 
hyperglycemia than hyperglycemia alone at both 
the transcriptional level and posttranslational 
phase. 

DISCUSSION
The purpose of this study was to investigate 

whether there are any pathological changes in 
β-catenin in diabetic conditions. We demonstrated 
the redistribution, relocation, and reduction of 
β-catenin in GECs and podocytes. The exposure 
of β-catenin to AGE and hyperglycemia caused 
β-catenin to move internally toward the cytoplasmic 
actin filament, suggesting that the disintegration of 
the β-catenin complex at the podocyte membrane 
may be one of the proteinuric causes in the 
pathogenesis of diabetic nephropathy. These 
results are in line with a previous study by one 
of our authors that found that the expression of 

α-actinin was also affected and suppressed by 
high glucose and AGE levels either individually 
or in combination.14 

Proteinuria in diabetic nephropathy has a variety 
of causes,15,16 including glomerular basement 
membrane changes, retraction and effacement of 
the interdigitating foot processes of podocytes, 
disruption of charge and size selectivity, and 
alteration of the slit diaphragm and cytoskeletal 
molecules.17,18 Recent structural and biochemical 
studies have revealed how β-catenin acts as a 
crucial regulator of cell adhesion19,20 and is the 
central effector of the canonical Wnt signaling 
pathway.21-23 The N terminal domain of β-catenin 
harbors glycogen synthase kinase-3 and casein 
kinase 1α phosphorylation sites for transducin 
repeats-containing proteins ubiquitin ligase and the 
binding site for α-catenin.24-26 The central domain 
of the armadillo repeat is the binding site for most 
β-catenin-binding partners, including adenomatous 
polyposis coli protein, inhibitor of β-catenin and 
TCF4 (ICAT), axin, and B-cell CLL/lymphoma 9 
(BCL9) gene.21 The cytoplasmic domain of cadherin 
interacts with the groove of the β-catenin armadillo 
repeat domain. The 3-dimensional structure of the 
β-catenin complex in the β-catenin destruction 
complex and transcriptional complex has also 
been revealed.21 

Upon binding with a ligand, the phosphorylation 
of β-catenin is inhibited, leading to cytoplasmic 
accumulation and subsequent nuclear translocation.27 
In the nucleus, β-catenin binds to the lymphocyte 
enhancer factor-1/T cell factor transcription factor 
family and other associated transcription factors 
to mediate gene transcription. This results in 
the activation of Wnt-target genes, causing the 
development of diabetes, chronic kidney disease, 
and diabetic kidney disease.28 In the absence of 
Wnt signaling, β-catenin binds to the destruction 
complex, where it is phosphorylated by casein 
kinase 1α and glycogen synthase kinase-3β, which 
causes it to be ubiquitylated by the β-transducin 
repeats-containing proteins ubiquitin ligase and 
subsequently degraded by the proteasome.29,30 

Recently, Kato and colleagues reported that mice 
with podocyte-specific expression of stabilized 
β-catenin showed proteinuria and glomerular 
basement membrane abnormalities, whereas 
deletion of β-catenin in cultured podocytes increased 
the expression of podocyte differentiation markers 
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and enhanced susceptibility to apoptosis, suggesting 
that Wnt/β-catenin signaling in podocytes plays a 

critical role in integrating cell adhesion, motility, 
differentiation, and cell death.22 Unlike that study, 

Figure 5. Effects of glucose and advanced glycation endproducts (AGE) levels on the mRNA expression of β-catenin in cultured rat 
glomerular epithelial cells (Top) and mouse podocytes (Bottom) assayed by reverse transcription-polymerase chain reaction. The 
mRNA expression levels of β-catenin and a representative gel show that AGE and hyperglycemia significantly decreased the reverse 
transcriptase-polymerase chain reaction products of β-catenin in B30, A5, and A30, compared with the B5 condition. Data on the 
densitometric analysis of the β-catenin-β-tubulin ratio are expressed as mean ± standard deviation. Control (100%) is shown as “(-).” 
*P < .05
**P < .01
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we focused not on the Wnt/β-catenin signaling, but 
on the distribution, translocation, and quantity of 
β-catenin in the cadherin-catenin complex in the 
adherens junctions of podocytes after exposure to 
diabetic conditions.

As one of the linking molecules in cytoskeletal 
organization,  β-catenin is  located between 
P-cadherin and an actin filament through α-actinin. 
The extracellular domain of P-cadherin, involved in 
hemophilic calcium-dependent cell-cell adhesion, 
acts as a zipper-like structure on both sides of 
the foot process in the slit diaphragm.31,32 The 
intracellular domain of P-cadherin plays the role 
of a structural and functional molecule of the 
podocyte by binding to the actin cytoskeleton 
via catenins.33 The catenin complex is composed 
of α-catenin (102 kDa) located on chromosome 
5q31, β-catenin (92 kDa) on chromosome 3p21, and 
γ-catenin/plakoglobin (83 kDa) on chromosome 
17q21.34 P-cadherin binds to β-catenin and/or 
γ-catenin, whereas α-catenin only binds to β-catenin 
or γ-catenin and F-actin via α-actinin.34 

In a previous study, β-catenin showed distinct 
down-regulation at 3 days of induction in rat 
models of puromycin aminonucleoside nephrosis.35 
In cultured human podocytes, β-catenin was 
dislocated from and relocated back to plasma 
membranes in a similar fashion during cell-cell 
contact disruption and reformation.36 However, 
there was few report on the changes in β-catenin 
related to the P-cadherin complex, particularly in 
diabetic conditions. In the present study, β-catenin 
expression was reduced by diabetic conditions in 
rat GECs and mouse podocytes. A lack of previous 
reports limits comparisons of our results with 
those of other animal models or human models; 
however, our previous findings from a study of 
α-actinin and zonula occludens-1 exhibited similar 
results in vitro: high glucose and AGE may induce 
pathological changes in multiple molecular proteins 
composing podocytes.14,37 We speculated that 
the irreversible AGE used in this study reacted 
with receptors on the podocyte surface to cause 
changes in the structure and quantity of β-catenin 
and subsequent cellular pathways to glomerular 
damage. However, as the precise pathomechanism 
remains elusive, further studies are necessary to 
improve our knowledge of the pathophysiology 
of β-catenin changes caused by AGE through in 
vivo diabetic nephropathy.

CONCLUSIONS
Our study provides one of  the bases for 

understanding β-catenin molecule in the podocyte. 
Both AGE and hyperglycemia induced the 
redistribution, translocation, and decrease of 
β-catenin at transcriptional and translational levels 
in diabetic conditions, suggesting that these in vitro 
changes may be one of the major causes in the 
cytoskeletal and functional alteration of podocytes 
in long-term diabetic nephropathy. Based on these 
findings, it should be possible to find additional 
proteins that cause diabetic nephropathy and to 
better understand kidney diseases in which a loss 
of glomerular molecules results in the development 
of proteinuria.
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