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Abstract: Inflammation and fibrosis are essential elements of diabetic nephropathy (DN). We tested the hypothesis 
that these elements are dependent upon Toll-like receptor 2 (TLR2) signalling by examining WT and TLR2-/- mice 
in an experimental model of DN. Diabetes was induced in WT and TLR2-/- mice by i.p. injection of streptozotocin. 
Kidney injury was assessed at 6, 12 and 24 weeks after induction of diabetes. Gene expression of TLR2, its endog-
enous ligands and downstream cytokines, chemokines and fibrogenic molecules were upregulated in kidneys from 
WT mice with streptozotocin diabetes. TLR2-/- mice were protected against the development of DN, exhibiting less 
albuminuria, inflammation, glomerular hypertrophy and hypercellularity, podocyte and tubular injury as compared 
to diabetic WT controls. Marked reductions in interstitial collagen deposition, myofibroblast activation (α-SMA) and 
expression of fibrogenic genes (TGF-β and fibronectin) were also evident in TLR2 deficient mice. Consistent with our 
in vivo results, high glucose directly promoted TLR2 activation in podocytes and tubular epithelial cells (TECs) in 
vitro, resulting in NF-κB activation, inflammation and TGF-β production. We conclude that TLR2 was required for the 
full development of inflammation, kidney damage and fibrosis in this model of DN. As TLR2 is known to be expressed 
by intrinsic kidney cells and as high concentration glucose stimulated podocytes and TECs in vitro to express TLR2 
and TLR2 ligands, pro-inflammatory and pro-fibrotic cytokines in a TLR2 dependent manner in the present study, it 
appears likely that TLR2 signalling in intrinsic kidney cells contributes to the pathogenesis of diabetic nephropathy.
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Introduction

Diabetic nephropathy is a progressive disease 
which affects 25% to 40% of people with type 2 
diabetes [1]. Given the global prevalence of 
type 2 diabetes, it is not surprising that diabetic 
nephropathy is the most common cause of 
both chronic kidney disease and end-stage kid-
ney disease in the world [2]. Despite reason-
able uptake of current management strategies 
for diabetic nephropathy including use of 
agents to block the renin-angiotensin axis, the 
prevalence and burden of diabetic nephropathy 
in the USA continues to increase [3]. Dissection 
of the pathogenesis to enable discovery of new, 
more effective therapies is urgently required. 

Diabetic nephropathy is structurally character-
ised by changes within the glomerulus includ-

ing podocyte injury and loss, basement mem-
brane thickening, loss of endothelial cell 
fenestration and mesangial cell hypertrophy, 
coupled with tubulointerstitial changes of myo-
fibroblast accumulation and fibrosis [4]. Clini-
cally, albuminuria and progressive loss of GFR 
reflect these changes.

The role of inflammation in DN is increasingly 
recognised. Human and experimental studies 
suggest inflammation, both systemically and 
within the kidney, are characteristic of the dia-
betic state and harbingers of nephropathy. 
Resident kidney cells and infiltrating monocytes 
secrete proinflammatory cytokines, chemo-
kines and growth factors [5] in response to 
hyperglycaemia [6]. Understanding how hyper-
glycaemia triggers inflammation in this context 
may enable strategies to prevent or delay pro-
gression of DN. 
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TLRs are germline-encoded innate immune 
receptors that are utilized by the host immune 
system to detect the presence of invading 
pathogens [7-10]. TLRs recognise specific 
molecular patterns that are present on invad-
ing microorganisms. They also recognise 
endogenous ligands expressed by or released 
from damaged cells or disrupted extracellular 
matrix and thereby mediate “sterile inflamma-
tion” [11, 12]. These ligands include heat-shock 
proteins (HSPs), high-mobility group box 1 
(HMGB1), fibronectin, biglycan, hyaluronic acid 
and heparan sulphate, which all bind to TLR2 
and 4 [13-15]. Upon activation TLRs (except 
TLR3) signal via MyD88 leading to transloca-
tion of NF-κB and the activation of mitogen acti-
vated protein kinases (MAPKs) with conse-
quent up-regulation of pro-inflammatory 
cytokines, chemokines and co-stimulatory mol-
ecules, in turn initiating inflammation [16-18]. 
TLRs are expressed by a variety of immune cell 
types, such as macrophages, dendritic cells, T 
and B cells and NK cells, and also by a number 
of non-immune cells, including kidney tubular 
epithelial cells, endothelial, podocytes and 
mesangial cells [19, 20].

Experimental studies have provided compelling 
evidence that TLRs are actively involved in the 
development of kidney diseases in a sterile 
environment. TLR4 and/or 2 are required for 
the development of kidney damage in response 
to ischaemia-reperfusion injury [21], cisplatin 
induced nephrotoxicity [22], transplant rejec-
tion [23] and crescentic glomerulonephritis 
[24, 25]. In animal models of Streptozocin 
(STZ)-induced diabetes, both TLR2 and TLR4 
expression are increased co-incident with acti-
vation of their downstream pathways [26-28]. 
In human studies, TLR2 and TLR4 expression 
and activity were found to be significantly great-
er in diabetic patients with microvascular com-
plications, suggesting that TLR-signalling could 
be involved in the pathogenesis of nephropathy 
[29]. Endotoxin activity, a known activator of 
TLR4, was predictive of progression to diabetic 
nephropathy in a Finnish study of patients with 
type 1 diabetes [30]. Studies in experimental 
models of diabetic nephropathy have recently 
demonstrated that TLR4 promotes tubulointer-
stitial inflammation in DN [6] and that TLR2 
deficiency protected against renal injury with 
reductions in albuminuria, podocyte injury, 
macrophage infiltration and production of 
inflammatory mediators [27]. Given the poten-

tial importance of TLR signalling in DN, we 
sought to determine how TLR2 signalling is acti-
vated in experimental DN and whether the 
pathway is required for the development of 
fibrosis.

Materials and methods

Experimental animals

Wild-type (WT) Balb/c mice were obtained from 
the Animal Resource Centre (Perth, Australia). 
TLR2-deficient mice on a Balb/c background 
were provided by the Animal Service of 
Australian National University with permission 
from Professor S Akira (Osaka University, 
Osaka, Japan). The mice were housed in a spe-
cific pathogen-free facility in the University of 
Sydney. Male mice aged 7-8 weeks were used 
in all experiments. All animal experiments were 
performed with the approval of the animal eth-
ics committee of the University of Sydney.

Induction of diabetes

Male WT and TLR2-/- mice were fasted for 4 
hours then injected i.p. with 55 mg/kg STZ 
(Sigma-Aldrich, St. Louis, MO) or vehicle for 5 
consecutive days. Mice with a blood glucose 
level above 16 mmol/L were considered to be 
diabetic. Animals were sacrificed at week 6 (WT 
n=12; TLR2-/- n=9), week 12 (WT n=10; TLR2-/- 
n=8) and week 24 (WT n=12; TLR2-/- n=8) after 
STZ injection. The control mice were 5 per 
group.

Sample harves

Urine was collected over 16 hours on the day 
prior to sacrifice. Blood and kidney tissues were 
harvested at sacrifice. Tissue slices were fixed 
with 10% neutral-buffered formalin for paraffin 
embedding, frozen in OCT compound (Sakura 
Finetek Inc., Torrance, CA) and snap frozen in 
liquid nitrogen for mRNA extraction. 

Quantification of albuminuria and urine creati-
nine

Urine albumin was quantified using the Mouse 
Albumin ELISA Quantitation Set according to 
the manufacturer’s instructions (Bethyl 
Laboratories, Montgomery, TX, USA). Briefly, 
plates (BD Biosciences) were coated with a 
goat anti-mouse albumin antibody, then rinsed 
and blocked with assay diluent. Diluted urine 
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samples were applied in triplicate to the plate, 
along with a reference serum albumin standard 
dilution series, and incubated for 1 hour. The 
plate was rinsed and incubated with HRP-
conjugated mouse albumin antibody for 1 hour. 
Once washed, the plate was incubated with 
substrate solution for 10 min and then with 
stop solution. Urine albumin concentration was 
analysed by microplate reader software (BMG 
Labtech). Urine creatinine was measured enzy-
matically by the Biochemistry Department of 
Royal Prince Alfred Hospital, Sydney, Australia.

Real-time RT-PCR

Total RNA was extracted from frozen kidney tis-
sues and cells using TRIzol (Invitrogen). cDNA 
was synthesized using oligo(dT)16 (Applied 
Biosystems, Foster City, CA) and the SuperScript 
III reverse transcriptase kit (Invitrogen) accord-
ing to the manufacturer’s instructions. cDNA 
was amplified in Universal Master Mix (Applied 
Biosystems) with gene-specific primers and 
probes, using the Rotor-Gene 6000 (Corbett 
Life Science). Specific TaqMan primers and 
probes for IL-6, TGFβ, CCL2, CXCL10 and glyc-
eraldehyde-3-phosphate dehydrogenase (GAP-
DH) were previously described [21]. Specific 
Taqman primers and probes for TGF-β1 
(Mm01178820_m1), fibronectin (Mm01328-
142_m1) and KIM-1 (Mm00506686_m1) were 
obtained from Applied Biosystems. All of the 
results are expressed as ratio to GAPDH. 

Histology 

Periodic acid-Schiff’s (PAS) and Picrosirius red 
(PSR) staining were performed on 3 µm forma-
lin-fixed kidney sections. Glomerular tuft area 
(AG) was measured by microscopy using DP2-
BSW software V2.2, OLYMPUS. Mean glomeru-
lar volume (VG) was calculated using the formu-
la described by Nagata et al. [31]; VG=(β/k) × 
(AG)3/2, where k=1.1 (size distribution coeffi-
cient) and β=1.38 (shape coefficient for sp-her-
es). Total glomerular cellularity was determined 
by tallying nuclei in hilar glomerular cross-sec-
tion using Image J. Interstitial collagen on PSR-
stained sections was assessed by point count-
ing using an ocular grid as described by 
Mc-Whinnie et al [32] in at least 20 consecutive 
fields (× 400 magnification). Only interstitial col-
lagen was counted, and vessels and glomeruli 
were excluded. The result was expressed as 
percentage of the interstitial area with positive 
staining. 

Immunohistochemistry

Staining for CD68 was performed on acetone-
fixed frozen sections (7 μm) and endogenous 
biotin was blocked using a biotin blocker sys-
tem (DAKO, Carpinteria, CA). Sections were 
then incubated with 10% normal horse serum 
followed by 60-minute incubation with primary 
antibody; a rat anti-mouse CD68 antibody (ABD 
Serotec Inc., Oxford, UK), or concentration-mat-
ched IgG as an isotype negative control. The 
sections were exposed to H2O2 for 5 min and 
then incubated with biotinylated anti-rat IgG 
(BD Biosciences, Pharmingen) or anti-rabbit 
IgG (BD Biosciences, Pharmingen) or anti-goat 
IgG (Vector Laboratories Inc.). A Vector stain 
ABC kit (Vector Laboratories Inc.) was applied 
to the tissue followed by DAB solution (DAKO). 
The slides were counterstained with Harris’ 
hematoxylin. Immunostaining for α-SMA was 
performed on formalin-fixed paraffin sections 
using Dako ARK™, Peroxidase for Mouse 
Primary Antibodies (DAKO) according to the 
manufacturer’s instructions. Briefly, tissue sec-
tions were deparaffinised and rehydrated. 
Endogenous peroxidise was quenched using 
Peroxidase Block. Mouse anti-α-SMA antibody 
(Sigma-Aldrich, St. Louis, MO) was incubated 
with biotinylated anti-mouse IgG Fab for 15 min 
and then applied to the tissue sections. Tissue 
sections were then incubated for 15 min with 
streptavidin-peroxidase followed by standard 
DAB procedure. 

Immunofluorescence

Podocin staining was performed on 7 μm ace-
tone-fixed frozen sections. After blocking with 
10% normal horse serum, sections were incu-
bated with a rabbit anti-NPHS2 antibody 
(Abcam.) at 4°C overnight. For detection, sec-
tions were incubated with an Alexa Fluor® 
488-conjugated anti-rabbit antibody for 1 hour. 
Sections were then mounted in ProLong® Gold 
antifade reagent (Invitrogen). 

Quantification of immunostaining

α-SMA immunostaining was assessed using 
ImageJ in the periglomerular area (between 
Bowman’s capsule and surrounding tubules) 
around hilar glomerular cross-sections (× 400 
magnification) and expressed as the percent-
age of staining around the perimeter of 
Bowman’s capsule as described by Lim et al. 
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[33]. Glomerular CD68+ cells were counted in 
hilar glomerular cross-sections (× 400 magnifi-
cation). Analysis of interstitial CD68+ cells were 
performed by assessing twenty consecutive 
high-power fields (HPFs; magnification, × 400) 
of the cortex in each section. Using an ocular 
grid, the number of cells staining positively for 
each antibody was counted and expressed as 
cells per field. The glomerular area expressing 
podocin was assessed in glomerular cross-sec-
tion using ImageJ and expressed as the per-
centage of positive staining of glomerular 
areas.

Primary culture of mouse tubular epithelia 
cells (TEC) and podocytes 

Mouse primary TECs were isolated and cultured 
according to the method as described previ-
ously [21]. The isolation of mouse glomeruli 
was performed using the Dynabeads perfusion 
method [34], with modifications. The kidneys 
were perfused with 107 Dynabeads and har-
vested. The cortex was dissected, cut into small 
pieces (~1-2 mm3) and digested in 2 mg/mL 
collagenase in HBSS at 37°C for 30 min. The 
collagenase-digested tissue was gently pres-
sed through a 100 µm stainless steel sieve and 
centrifuged at 200 xg for 5 min. The pellet was 
resuspended and glomeruli-containing Dyna-
beads were gathered in a magnetic field and 
washed with HBSS. Collected glomeruli were 
finally resuspended in HBSS and pipetted onto 
a 40 µm nylon sieve to remove free Dynabeads. 
Finally the glomeruli were collected by washed 
through an inverted nylon sieve. 

Isolated glomeruli were seeded on type I colla-
gen-coated culture dishes (BD Biosciences) in 
the DMEM/F-12 medium containing 5% FBS 
supplemented with 0.5% ITSS, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Invitrogen) 
and incubated in a 37°C humidified incubator. 
The primary cellular outgrowth from isolated 
glomeruli was identified to be podocytes. The 
experiments were commenced after the cells 
had reached about 80% confluence. The cul-
tured cells were examined for the podocyte 
markers podocin and nephrin by immunofluo-
rescent staining with anti-podocin or anti-neph-
rin antibodies. Cells were 98% to 100% 
positive. 

High glucose stimulation of podocytes or TEC 
in vitro 

Cultured podocytes or TECs at 80% confluence 
were rinsed with PBS and incubated with 
serum-free DMEM/F12 medium with 0.5% ITSS 
supplement for podocytes or serum free K1 
medium for TECs for 48 hours. The cells were 
exposed to 30 mM D-glucose (Invitrogen) or 
mannitol (5.5 mM glucose + 24.5 mM manni-
tol) as osmotic controls in fresh 0.5% ITSS-sup-
plemented DMEM/F12 medium for podocytes 
or K1 medium for TECs for 12 hours. After stim-
ulation, the cells were washed with PBS and 
harvested by adding 1 mL of TRIzol (Invitrogen) 
for mRNA extraction, or processed with Nuc-
Buster™ Protein Extraction Kit (Novagen, 
Darmstadt, Germany) for nuclear protein 
extraction.

Electrophoretic mobility shift assay (EMSA) 

NF-κB DNA binding activity was measured by 
EMSA as described previously [35]. Nuclear 
extracts from podocytes were prepared using a 
NucBuster™ Protein Extraction Kit (Novagen, 
Darmstadt, Germany) as per the manufactur-
er’s instructions. EMSA was performed using 
the DIG Gel Shift Kit (Roche Applied Science, 
Indianapolis, IN). In brief, 20 µg of nuclear 
extract was incubated with poly[d(I-C)] as the 
nonspecific competitor, poly L-lysine in a bind-
ing buffer and digoxigenin-labeled NF-κB (5’-
AGT TGA GGG GAC TTT CCC AGG C-3’) consen-
sus oligonucleotide for 30 min. The reaction 
mixture was electrophoresed through a 6% 
polyacrylamide gel, transferred onto a nylon 
membrane (Roche Applied Science), and then 
cross-linked using a UV-transilluminator. The 
membrane was subjected to immunological 
detection using anti-digoxigenin-AP conjugate 
and chemiluminescence. The results were ana-
lyzed using Image J software.

Statistical analysis 

All data are presented as mean ± SD or mean ± 
SEM, as appropriate. The statistical differences 
between two groups were analyzed by unpaired, 
two-tailed t tests, and multiple groups were 
compared using one- or two-way ANOVA with 
post-hoc Bonferroni’s correction (Graph Pad 
Prism 5.0 software, San Diego, CA), where 
appropriate. P values less than 0.05 were con-
sidered statistically significant.
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Results

WT and TLR2-/- mice were equally susceptible 
to STZ induced diabetes 

WT and TLR2-/- mice displayed similar profiles in 
the development of hyperglycaemia and chang-
es in body weight (Figure 1) over the 24 weeks 
following administration of streptozotocin. 
Although the WT mice tended to re-gain weight 
more rapidly than TLR2-/- mice, the differences 
were not statistically significant.

diabetic nephropathy. UACR increased further 
by week 12 (373.9 ± 25.5 mg/mmol) and 
remained at that level at week 24 (Figure 3). 
Albuminuria was halved in TLR2-/-+STZ mice at 
weeks 6 and 24 (p<0.001).

TLR2 deficiency provided protection against 
the development of kidney hypertrophy and 
glomerular injury from diabetes 

Kidney hypertrophy is one of the early anatomi-
cal changes of diabetic nephropathy [36]. In 

Figure 1. Both WT and TLR2-/- mice developed diabetes. STZ treatment induced diabetes to WT and TLR2-/- mice with 
similar severity as indicated by changes in blood glucose (A) and body weight (B) over a period of 24 weeks where 
WT n=12 and TLR2-/- n=9 for week 6 time point; WT n=10 and TLR2-/- n=8 for week 12 time point and WT n=12 
and TLR2-/- n=8 for week 24 time point in diabetic groups, while age matched non-diabetic controls were 5 mice per 
group. Data are shown as mean ± SD.

Figure 2. Up-regulation of TLR2 and endogenous ligands in diabetic nephropa-
thy. Gene expression of TLR2 and its ligands were up-regulated in kidney at 10 
weeks after initiation of diabetes with STZ (A, B). Data are shown as mean ± SD; 
†P<0.05 WT diabetic vs. non-diabetic; ††P<0.01 WT diabetic vs. non-diabetic; 
†††P<0.001 WT diabetic vs. non-diabetic n=7 per group.

Evidence of TLR2 activa-
tion early in the course of 
diabetic nephropathy 

Gene expression of TLR2 
and its endogenous ligands 
HSP70, HMGB1 and bigly-
can were elevated in wild 
type mice with diabetic 
nephropathy (WT-DN) com-
pared with WT non-diabetic 
controls (Figure 2).

Albuminuria in diabetic 
nephropathy is attenuated 
by TLR2 deficiency

Six weeks after the initia-
tion of diabetes, WT+STZ 
mice displayed significantly 
increased urine albumin to 
creatinine ratio (UACR) 
(208.5 ± 25.8 mg/mmol), 
indicating development of 
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STZ-diabetic mice, WT mice developed sub-
stantial kidney hypertrophy as indicated by a 
20% increase in kidney to body weight ratio at 
week 24 (Figure 4A, p<0.001), whereas TLR2-/- 
mice showed no increase. 

As compared to age-matched, non-diabetic 
controls, glomerular volume increased progres-
sively in WT mice with diabetes. No increase in 
volume was evident in TLR2-/- mice with diabe-
tes until week 24, where minor increases only 
were observed, significantly less than WT 
(Figure 4B, 4E).

Glomerular cellularity was assessed at week 
24, disclosing a mean 30% increase in WT mice 
with diabetes as compared to non-diabetic con-
trols (p<0.001), whereas TLR2 deficient mice 
with diabetes displayed no significant increase 
in glomerular cell number (Figure 4C). 

Albuminuria is typically associated with podo-
cyte damage, loss, or reorganization of podo-
cyte-associated molecules [37]. Podocin is a 
conventional marker for podocytes and expres-
sion of podocin is a sensitive maker of injury to 
this cell type and a correlate of albuminuria 
[38]. Immunofluorescent staining indicated a 
significant reduction in podocin expression in 
glomeruli from WT mice with diabetes as com-
pared to WT controls and this was progressive 
over the experimental time course (p<0.001). 
By comparison, podocin loss was less apparent 

in TLR2-/- diabetic mice, significantly so at week 
24 (p<0.001, Figure 4D, 4E).

TLR2 deficiency attenuated kidney fibrosis and 
tubular injury 

The degree of interstitial fibrosis is strongly 
associated with prognosis in patients with dia-
betic nephropathy, with significant fibrosis pre-
dicting a high probability of progression and 
kidney failure. Accumulation of myofibroblasts 
within the glomerulus and interstitium, indicat-
ed by the appearance of α-smooth muscle 
actin (α-SMA), and interstitial deposition of 
matrix components, such as collagen, are his-
tological indicators of fibrosis. Immunostaining 
for α-SMA revealed significant periglomerular 
and interstitial accumulation of myofibroblasts 
in WT-DN at week 24 compared to non-diabetic 
WT controls (Figure 5A, 5C, p<0.001). This 
increase was not observed in TLR2-/- diabetic 
kidneys. Collagen deposition was also observed 
in WT-DN, increased 3-fold at week 12 and fur-
ther at week 24 (p<0.001). Collagen staining 
was significantly less than WT-DN in TLR2-/- dia-
betic kidneys at both time points (Figure 5B, 
5D).

We also examined kidney mRNA expression of 
KIM-1 as an early marker for tubular injury. 
Gene expression of KIM-1 was significantly ele-
vated in WT diabetic kidneys at week 24 com-
pared to WT controls (Figure 5E). KIM-1 expres-
sion was not increased in diabetic TLR2-/- kidneys 
at any time-point, suggesting that TLR2 might 
be involved in the initiation of diabetic tubular 
injury.

In vitro, primary TECs displayed up-regulated 
expression of TLR2 and its ligands (HMGB1, 
HSP70 and biglycan) under high glucose condi-
tions (Figure 5F, 5G). High-glucose stimulation 
also increased gene expression of pro-inflam-
matory chemokines and cytokines as well as 
pro-fibrotic genes (Figure 5H). By comparison, 
expression of CCL2, IL6, TGF-β and fibronectin 
were significantly attenuated in TLR2-deficient 
podocytes exposed to high glucose media.

TLR2 deficiency reduced macrophage accu-
mulation in diabetic kidneys 

A 2-fold increase in the number of interstitial 
CD68+ macrophages was evident in kidneys 
from WT diabetic mice throughout the time 

Figure 3. TLR2 deficiency provides partial protec-
tion against albuminuria in diabetic nephropathy. 
Progressive albuminuria was seen in diabetic mice 
as compared to controls, however among mice with 
diabetes, TLR2-/- mice developed significantly less 
albuminuria than WT. Data are shown as mean 
± SD; **P<0.01 WT diabetic vs. TLR2-/- diabetic; 
***P<0.001 WT diabetic vs. TLR2-/- diabetic. The 
number of animals per group was defined in Figure 
1.
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course (Figure 6A). This increase was not seen 
in TLR2-/- diabetic kidneys. At week 24, glomer-

ular accumulation of macrophages was evident 
diabetic WT but not TLR2-/- mice (Figure 6B).

Figure 4. Glomerular enlargement and podocyte injury caused by diabetes were attenuated in the absence of TLR2. 
TLR2-/- mice with diabetes were relatively protected from development of diabetic nephropathy as compared to WT 
mice with diabetes, as assessed by glomerular hypertrophy indicated by increased kidney to bodyweight ratio (A) 
glomerular hyper-cellularity (B) and glomerular volume (C). Podocyte damage was also less severe in TLR2-/- mice 
with diabetes, as assessed by decreased podocin staining (D, F). (E) Representative sections of glomeruli from WT 
and TLR2-/-, diabetic and non diabetic mice (PAS stained, × 400). (F) Representative sections of glomeruli stained 
for podocin at different time points are shown, with the top panels showing reduction of podocin in WT mice with 
diabetes, which was less pronounced in TLR2-/- mice with diabetes (bottom panels). The data shown are the means 
± SEM; ***P<0.001 WT diabetic vs. TLR2-/- diabetic; †††P<0.001 WT diabetic vs. non-diabetic. The number of 
animals per group was defined in Figure 1.
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Figure 5. TLR2 deficiency was protective against diabetic tubular injury and fibrosis. TLR2 deficiency protected 
diabetic kidneys from interstitial fibrosis and tubular injuries. (A) As compared to non-diabetic controls, α-SMA ex-
pression was increased in WT but not TLR2-/- kidneys as assessed by IHC. (C) Representative sections are shown 
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TLR2 deficiency suppressed expression of 
inflammatory and fibrotic genes in diabetic 
kidneys 

TLR2 engagement initiates a signalling cas-
cade leading to activation of transcription fac-
tor NFκB, which up-regulates multiple inflam-
matory genes. To investigate the impact of 
TLR2 signalling, mRNA expression of TLR2 
downstream cytokines, chemokines and fibro-
sis-related genes in the kidney were examined 
by real-time PCR. IL-6 mRNA expression was 
up-regulated in WT diabetic kidney with a peak 
at week 6 compared with WT non diabetic con-
trols, however up-regulation was not observed 
in TLR2-/- diabetic kidneys (Figure 7A). TNF-α 
was progressively elevated in WT diabetic kid-
ney but not in TLR2-/- diabetic kidney (Figure 
7B). Gene expression of chemokines in WT dia-
betic kidney was substantially increased: 20 to 
35 fold for CCL2 and 7 to 15 fold for CXCL10 
compared with WT non diabetic controls (p< 
0.001). This was greatly attenuated in TLR2-/-

diabetic kidneys at all time-points (Figure 7C, 
7D). TGF-β and fibronectin were also significant-
ly upregulated in WT diabetic kidney, though 
not in TLR2-/- diabetic kidneys (Figure 7E, 7F).

TLR2 mediates inflammatory and pro-fibrotic 
responses in podocytes under high-glucose 
conditions 

To determine whether the impact of high glu-
cose on podocytes is mediated via TLR2, we 
stimulated primary podocyte cultures with 
either high-concentration glucose or physiolog-
ical-concentration glucose plus mannitol, to 
control for osmolality, in vitro. The podocyte 
purity was tested by immunofluorescent stain-
ing with anti-podocin or anti-nephrin antibod-
ies. Cells were 98% to 100% positive (Figure 
8E). After 12 hours stimulation with high-con-
centration glucose, WT podocytes exhibited a 
3-fold increase in TLR2 mRNA above osmotic 
controls (Figure 8A). High-glucose elicited a 2 
to 4-fold increase in CXCL10 and CCL2 expres-
sion, a 3-fold increase in TNFα and 2 to 3-fold 

with α-SMA over-expression in WT diabetic kidney (top panels), which was reduced in TLR2-/- diabetic kidney (bottom 
panels). (B) Interstitial collagen expression was significantly up-regulated at 12 and 24 weeks in diabetic WT kidneys 
compared with diabetic TLR2-/- kidneys. (D) Representative sections of PSR staining in WT (top panels) and TLR2-/- 
(bottom panels) diabetic kidney. (E) Significant up-regulation of KIM-1 in WT diabetic kidney indicated tubular injury, 
which was attenuated in TLR2-/- diabetic kidneys. Primary TECs from WT mice and TLR2-/- mice were cultured with 
normal glucose (NG) (5.5 mM glucose + 24.5 mM mannitol) or high glucose (HG) (5.5 mM glucose + 24.5 mM glu-
cose) for 12 hours. Under high glucose conditions TECs displayed up-regulation of TLR2 (G), its endogenous ligands 
(F) and downstream effectors, among which CCL2, IL6 and TGF-β were significant supressed by TLR2 deficiency (H). 
Data are shown as mean ± SEM; *P<0.05 WT HG vs. TLR2-/- HG; **P<0.01 WT HG vs. TLR2-/- HG; ***P<0.001 WT 
diabetic vs. TLR2-/- diabetic; †P<0.05 WT NG vs. HG; ††P<0.01 WT NG vs. HG; †††P<0.001 WT diabetic vs. non-
diabetic. The number of animals per group was defined in Figure 1.

Figure 6. TLR2 deficiency ameliorated macrophage accumulation in diabetic kidneys (A) Interstitial and (B) glo-
merular CD68+ macrophage accumulation was evident in WT but not TLR2 deficient mice with diabetes. Data are 
present as mean ± SEM. *P<0.05 WT diabetic vs. TLR2-/- diabetic; ***P<0.001 WT diabetic vs. TLR2-/- diabetic; 
††P<0.01 WT diabetic vs. non-diabetic. The number of animals per group was defined in Figure 1.
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increases in TGF-β and fibronectin in WT podo-
cytes over controls, and these increases were 
markedly diminished in TLR2-/- podocytes 
(p<0.05) (Figure 8B). Furthermore, we exam-
ined NF-κB activity by EMSA and found that 
NF-κB DNA binding activity was promoted in WT 
podocytes but not in TLR2-/- podocytes by 12 
hour high glucose stimulation (Figure 8C, 8D).

Discussion

An important role for inflammation in the devel-
opment and progression of diabetic complica-
tions has recently been established [39-41]. 
Previous reports have observed activation of 
innate immunity in patients with diabetic com-
plications [5, 29, 42, 43] and experimental 

Figure 7. TLR2 deficiency reduced inflammatory and fibrotic gene expression in diabetic kidneys. RT-PCR demon-
strated substantial up-regulation of mRNA expression of IL6 (A), TNF-α (B), CCL2 (C), CXCL10 (D), TGF-β (E) and 
fibronectin (F) in WT diabetic kidneys, all of which were markedly diminished by deficiency of TLR2. Data are shown 
as means ± SEM. *P<0.05 WT diabetic vs. TLR2-/- diabetic **P<0.01 WT diabetic vs. TLR2-/- diabetic; ***P<0.001 
WT diabetic vs. TLR2-/- diabetic. The number of animals per group was defined in Figure 1.
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data have demonstrated that TLR-pathway sig-
nalling in kidney triggers inflammation and inju-

ry during the development STZ-induced diabet-
ic nephropathy [6, 27, 44, 45]. The present 

Figure 8. High concentration glucose induces activation of pro-inflammatory pathways in podocytes via TLR2. Prima-
ry podocytes from WT mice and TLR2-/- mice were cultured with normal glucose (5.5 mM glucose + 24.5 mM man-
nitol) or high glucose (5.5 mM glucose + 24.5 mM glucose) for 12 hours. (A) Real-time PCR analysis demonstrated 
that high glucose concentration induced up-regulation of TLR2 (A) and its downstream molecules (B). High-glucose-
induced up-regulation of these molecules was significantly reduced in podocytes derived from TLR2-/- mice. (C, D) 
NF-κB DNA binding activity was increased in WT podocytes after high glucose stimulation for 12 hours compared 
with osmotic controls, but not in TLR2-/- podocytes. Primary podocyte cultures were defined by positive staining for 
the podocyte markers podocin and nephrin (E). Data are shown as means ± SEM; *P<0.05 WT HG vs. TLR2-/- HG 
**P<0.001 WT HG vs. TLR2-/- HG; †P<0.05 WT NG vs. HG.
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study confirms a role for TLR2 in the develop-
ment of diabetic nephropathy and extends this 
by demonstrating mechanistic involvement of 
this pathway in critical aspects of progression, 
namely podocyte damage and tubulointerstitial 
fibrosis. 

TLR2 is present on both immune cells and kid-
ney parenchymal cells, and recognizes endog-
enous ligands including HSPs, HMGB1 and big-
lycan expressed within damaged tissue, which 
trigger “sterile inflammation”. TLR2 activation 
recruits the adaptor molecule MyD88 and 
leads to translocation of NF-κB and/or the acti-
vation of MAPKs, resulting in up-regulation of 
proinflammatory cytokines and chemokines 
and thereby initiation of inflammation. Activ-
ation of the TLR2-MyD88 signalling pathway 
has previously been demonstrated in diabetic 
kidneys [27]. In our study, we confirmed a role 
for the TLR2 pathway as kidneys obtained from 
WT mice with diabetes expressed TLR2, endog-
enous TLR2-ligands and TLR2-downstream 
chemokines and cytokines. These mice exhib-
ited albuminuria and typical histological chang-
es of diabetic nephropathy, including glomeru-
lar hypertrophy and hypercellularity, macro- 
phage accumulation and fibrosis at later time 
points. As compared to WT mice, TLR2-/- mice 
were significantly protected from all aspects of 
diabetic nephropathy. 

Albuminuria is recognised as both a hallmark of 
diabetic nephropathy and as a marker of podo-
cyte injury [37, 46]. Podocytes have been 
shown to express TLRs and activation of the 
TLR4-pathway by endogenous ligands has 
recently been found to drive inflammation in 
experimental membranoproliferative glomeru-
lonephritis [20]. In our study, primary cultures 
of podocytes displayed up-regulation of TLR2 
and its endogenous ligands in response to 
high-glucose conditions. Increased NF-κB bind-
ing activity and upregulation of TLR2-
downstream cytokines (TNF-α and TGF-β) and 
chemokines (CXCL10 and CCL2) were also 
observed, but not when podocytes isolated 
from TLR2-/- mice were examined under the 
same conditions. These in vitro findings dem-
onstrate the potential for TLR2-pathway activa-
tion in podocytes in response to high ambient 
glucose. Consistent with that, WT mice with dia-
betes developed significant albuminuria and 
depletion of podocin, indicating podocyte dam-
age, whereas TLR2-/- diabetic mice were par-

tially protected. Taken together, these findings 
strongly suggest a role for TLR2 activation in 
podocytes in the pathogenesis of DN.

Macrophage recruitment is a well-recognised 
feature of inflammation in DN [47]. Macrophages 
induce injury in experimental models of 
immune-mediated kidney disease, and corre-
late with renal impairment in human glomerulo-
nephritis [48, 49]. Macrophage accumulation 
has been observed in early stages of DN in 
human [50] and this has been associated with 
overexpression of CCL2 [45]. Hyperglycaemia 
is known to promote monocyte TLR2 expres-
sion in patients with diabetes and elevated 
mRNA levels of TLR2 and its ligands have been 
found in circulating monocytes of Type 2 dia-
betic subjects [51]. In keeping with this human 
data, kidneys in WT diabetic mice in our study 
strongly expressed CCL2 and were rich in 
endogenous TLR2 ligand expression, thus pro-
viding ample signals to recruit and activate 
macrophages through TLR2. Macrophage accu-
mulation in glomerular and tubulointerstitial 
compartments was strikingly absent in TLR2-/- 
mice with diabetes, confirming one previous 
report [27] and implicating TLR2 as an impor-
tant instigator of macrophage mediated kidney 
damage in DN. 

Fibrosis is the final common pathway in pro-
gressive kidney disease and DN in particular. 
Diabetic TLR2-/- mice in our study were substan-
tially protected from the upregulation of TGF-β 
and fibronectin and accumulation of α-SMA(+) 
myofibroblasts and collagen that were evident 
in diabetic WT mice. Whether TLR2 is a specific 
mediator of fibrosis in DN, or simply a driver of 
inflammation which secondarily results in heal-
ing by fibrosis, was not specifically determined. 
TLR4 has been implicated in fibrotic responses 
in liver and heart in a TGF-β-dependent manner 
[52, 53], and in experimental kidney disease 
[54, 55]. Our in vitro results demonstrating that 
podocytes upregulated TGF-β and fibronectin in 
response to high concentration glucose in a 
TLR2-dependent manner support a direct role 
for TLR2 in driving fibrosis. 

We conclude that TLR2 was required for the full 
development of inflammation, kidney damage 
and fibrosis in this model of diabetic nephropa-
thy. As TLR2 is known to be expressed by 
mesangial and TECs and as the current study 
showed that high concentration glucose stimu-
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lated podocytes and TECs in vitro to express 
TLR2 and TLR2 ligands, as well as pro-inflam-
matory and pro-fibrotic cytokines in a TLR2 
dependent manner, it appears likely that TLR2 
signalling in intrinsic kidney cells contributes to 
the pathogenesis of diabetic nephropathy.
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