
 DN is characterized by hypertrophy of the glomeru-
lar and tubular structures of the kidneys, thickening of 
the basement membrane, glomerular hyperfi ltration 
and accumulation of extracellular matrix components 
in the glomerular mesangium and tubular intersti-
tium [5,6]. Several researchers have implicated the 
involvement of the renin-angiotensin system (RAS), 
oxidative stress and fi brosis during the DN. The RAS 
is known to play a central role in the control of blood 
pressure, fl uid volume and sodium balance and the over-
activity of this system contributes to the pathogenesis 
of various clinical conditions, including mainly DN. 
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Abstract
 The benefi cial effects of telmisartan on Angiotensin (Ang)-II mediated oxidative stress and renal fi brosis in streptozotocin 
(STZ)-induced diabetic nephropathy (DN) were studied. Thirty mice were divided into normal (NG), STZ-induced diabetic 
(DG) and telmisartan-treated diabetic (TG) groups. Compared with NG mice, DG mice showed signifi cant up-regulations 
of AT-1R, TGF-  β  1, p-p38MAPK, p-MAPKAPK-2, p-Akt, p47phox, p67phox, gp91phox protein and collagen-III and all 
of these were signifi cantly reversed in TG mice. The down-regulated protein expression of Ang-(1 – 7)  mas  receptor, ACE-2, 
PPAR-  γ   and PGC-1  α   were observed in DG mice and a signifi cant up-regulation effect of telmisartan has been seen in the 
TG mice. Furthermore, TG mice showed reduced expression of fi bronectin, production of superoxide radical as well as renal 
hypertrophy and fi brosis when compared with DG mice. These fi ndings suggest that Ang-II plays a signifi cant role in DN 
and telmisartan would be benefi cial in reducing oxidative stress and fi brosis in STZ-induced DN.  
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  Introduction 

 Diabetic nephropathy (DN) is a common complication 
of diabetes mellitus (DM) and represents one of the 
major challenges for modern nephrology as the most 
common cause of end-stage renal disease (ESRD), 
accounting for  ∼  40% of new cases [1,2]. The mortal-
ity of DN patients is high and a marked increase in 
cardiovascular risk accounts for more than one-half 
of the excess deaths seen in these patients. Once overt 
DN is present, ESRD can be postponed, but usually 
not prevented, even by effective anti-hypertensive 
treatment and careful glycemic control [3,4]. 
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 Angiotensin (Ang)-II is the most important active 
factor in the RAS and it exerts many haemodynamic 
as well as non-haemodynamic effects on renal cells 
that may contribute to the progression of the DN 
[7]. It produces nephrotoxic reactive oxygen species 
(ROS) and stimulates cell proliferation and tissue 
remodelling by enhancing the synthesis of pro-
fi brotic cytokines such as transforming growth fac-
tor (TGF)-  β  1 and other growth factors. Collagen – III 
deposition is also enhanced through the inhibition 
of proteases that normally function to degrade 
abnormal tissue proteins [8,9]. The ROS also play 
an important role in oxidative stress and, thus, mod-
ifying the extracellular matrix proteins by convert-
ing nitric oxide (NO) to cytotoxic peroxynitrite is 
the key point of extracellular matrix (ECM) degra-
dation by the ROS [10,11]. Increased ROS during 
DM further activate various pathways including 
advanced glycation end-products (AGEs) and pro-
tein kinase C-dependent activation of NAPDH oxi-
dase [12,13]. Taken together, based on the 
homeostatic effects of RAS on the kidney, it is evi-
dent that a proper function of this cascade is required 
to maintain the normal renal function. Anti-hyper-
tensive medications that modulate the RAS do so 
by angiotensin converting enzyme (ACE), angio-
tensin receptor blockade (ARB) or aldosterone 
receptor antagonism. The angiotensin receptor 
blockers (ARBs) are showing similar effects like 
ACE inhibitor, in controlling the blood pressure 
and in treating the DN [14]. Recently, randomized 
clinical trials have demonstrated that the angio-
tensin-II type 1 receptor (AT-1R) antagonist, losar-
tan, has signifi cant renoprotective effects on 
non-diabetic [15] as well as DN. Sugiyama et al. [16] 
have reported that another AT-1R antagonist, telm-
isartan, inhibited oxidant-mediated tissue injury 
and NADPH oxidase sub-units (p22phox, p47phox 
and p67phox). Additionally, Ang-II has been reported 
to play critical roles in the pathogenesis of renal 
interstitial fi brosis [17]. Satoh et al. [18] have 
reported that renal fi brosis was signifi cantly reduced 
in the AT-1Ra gene knockout mice after unilateral 
ureteral obstruction (UUO). Seeland et al. [19] have 
reported that telmisartan reduces myocardial hyper-
trophy and interstitial fi brosis in TGF-  β  1 transgenic 
mice. Furthermore, Yao et al. [20] have reported that 
telmisartan inhibited TGF-  β  1-induced alpha-smooth 
muscle actin expression and collagen IV secretion in 
mesangial cells via the activation of peroxisome pro-
liferator activating receptor-  γ   (PPAR-  γ  ) [20]. 

 Despite the signifi cant roles of Ang-II in the patho-
genesis of DN, the roles of AT-1R antagonist in 
Ang-II mediated renal tissue injury are largely 
unknown. Therefore, we investigated whether the 
AT-1R antagonist, telmisartan, could inhibit the Ang-
II mediated oxidative stress, renal tissue injury and 
renal fi brosis in STZ-induced DN mice.   

 Materials and methods  

 Materials 

 Unless otherwise stated all reagents were of analytical 
grade and purchased from Sigma (Tokyo, Japan). 
Telmisartan was generously provided by Boehringer 
Ingelheim GmbH (Ingelheim am Rhein, Germany).   

 Diabetes induction 

 Diabetes was induced by a single intraperitoneal (i.p.) 
injection of STZ (Sigma, St Louis, MO) at a dose of 
150 mg/kg body weight (BW) to 8 – 10-weeks-old male 
C57BL/6 JAX mice which was obtained from Charles 
River Japan Inc. (Kanagawa, Japan). STZ was dis-
solved in 20 mM sodium citrate saline buffer (pH 4.5) 
and injected within 5 min of preparation. Age matched 
male C57BL/6 JAX mice were injected with 100  μ l of 
citrate buffer and they were used as non-diabetic nor-
mal mice. Mice were maintained with free access to 
water and chow throughout the period of study and 
they were treated in accordance with the guidelines 
from animal experimentation of our institute.   

 Experimental protocol 

 After 3 days of STZ injection, the blood glucose (BG) 
levels were measured using Medi-safe chips (Terumo 
Inc., Tokyo, Japan). The mice showing blood glucose 
level  �  300 mg/dL were considered as diabetic and 
included in this study. Thirty mice were divided into 
the following three groups: (1) Vehicle-treated normal 
(non-STZ induced) group (NG;  n   �  10); (2) vehicle-
treated diabetic group (DG;  n   �  10); (3) telmisartan-
treated diabetic group (TG;  n   �  10). Telmisartan was 
dissolved into 0.5% hydroxy ethyl cellulose (HEC) 
and given orally for 28 days at a dose of 5 mg/kg BW. 
The NG and DG mice received 0.5% HEC alone. 
After 28 days of STZ injection or telmisartan treat-
ment, mice were anaesthetized with a single i.p. injec-
tion of pentobarbital (50 mg/kg BW) and the kidneys 
were excised and decapsulated. The kidney weight 
(KW) and the ratio of KW to BW (KW/BW) were 
determined for each animal. Half of the kidney was 
immediately snap-frozen in liquid nitrogen and stored 
at  – 80 ° C for subsequent protein analysis. The remain-
ing excised kidneys were fi xed in 10% formalin and 
frozen for histopathological studies.   

 Western blotting 

 Protein lysate was prepared from the kidney as 
described previously [21]. The total protein concen-
tration in samples was measured by the bicinchoninic 
acid (BCA) method [22]. For the determination of 
protein levels of AT-1R, angiotensin-II type 2 recep-
tor (AT-2R), Ang-(1 – 7)  mas  receptor, angiotensin 
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converting enzyme (ACE)-2 and NADPH oxidase 
sub-units (p47phox, p67phox and gp91phox) and 
nephrin, peroxisome proliferator activating receptor-  γ   
(PPAR-  γ  ), transforming growth factor (TGF)-  β  1, 
phospho p38 MAPK (p-p38 MAPK), phospho 
mitogen activated protein kinase-activated protein 
kinase-2 (p-MAPKAPK-2), protein kinase B (p-Akt), 
collagen-III and PPAR-  γ   co-activator-1  α   (PGC-1  α  ) 
equal amounts of protein extracts (30  μ g) were 
separated by sodium dodecyl sulphate (SDS) poly-
acrylamide gel electrophoresis (Bio-Rad, CA) and 
transferred electrophoretically to nitrocellulose mem-
branes. Membranes were blocked with 5% non-fat 
dry milk in Tris buffered saline Tween (20 mM Tris, 
pH 7.6, 137 mM NaCl and 0.1% Tween 20). Primary 
antibodies against AT-1R, AT-2R, ACE-2 (PPAR-  γ  ), 
p47phox, p67phox, gp91phox, nephrin, PGC-1  α   and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
were obtain from Santa Cruz Biotechnology (Santa 
Cruz, CA). Primary antibodies against p-p38 MAPK, 
p-MAPKAPK-2 and p-Akt were obtained from Cell 
Signaling Technology Inc. (Beverly, MA). 

 Primary antibodies against Ang-(1 – 7)  mas  receptor 
were obtained from Alomone Labs Ltd. (Jerusalem, 
Israel). Primary antibody against TGF-  β  1 was 
obtained from Promega (Madison, WI). Primary anti-
body against collagen-III was obtained from Abcam 
(Cambridge, UK). All the antibodies were used at a 
dilution of 1:1000. The membrane was incubated 
overnight at 4 ° C with the primary antibody and the 
bound antibody was visualized using the respective 
horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology Inc.) and chemilu-
minescence developing agents (Amersham Biosciences, 
Buckinghamshire, UK). The level of GAPDH was 
estimated in every sample to check for equal loading 
of samples. Films were scanned and band densities 
were quantifi ed with densitometric analysis using 
Scion Image program (Epson GT-X700, Tokyo, Japan). 
All values were normalized by setting the density of 
normal samples as 1.0.   

 Light microscopy morphological study 

 The kidney tissue was cut into 2-mm-thick transverse 
slices and fi xed in 10% formalin. After being embed-
ded in paraffi n, several transverse sections were 
obtained from kidney and stained with HE. Also, the 
samples were stained with Azan-Mallory to demon-
strate fi brosis in the kidney. The frequency and sever-
ity of kidney lesions were assessed semi-quantitatively, 
as previously reported [23,24]. 

 Formalin-fi xed, paraffi n-embedded kidney tissue 
sections were used for immunohistochemical stain-
ing. After deparafi nization and hydration, the slides 
were washed in Tris-buffered saline (TBS; 10 mmol/l 
Tris-HCl, 0.85% NaCl, pH 7.5) containing 0.1% 
bovine serum albumin (BSA). Endogenous peroxidase 

activity was quenched by incubating the slides in 
methanol and 0.6% H 2 O 2 /methanol. To perform anti-
gen retrieval, the sections were pre-treated with 
trypsin for 15 min at 37 ° C. Blocking was done with 
normal goat serum for fi bronectin. After overnight 
incubation with anti-fi bronectin antibodies (1:50 
dilution) at 4 ° C, the slides were washed in TBS buf-
fer and HRP conjugated secondary antibody (Santa 
Cruz) was added and incubated at room temperature 
for 45 min. The immuno-staining was visualized using 
diamino benzidine tetrahydrochloride (DAB), the 
slides were counterstained with hematoxylin. Mea-
surements of fi brosis and endothelial function were 
made by counting the average number of stained cells 
under 400-fold magnifi cation using a light micro-
scope. For all, 50 random fi elds representing the 
whole section were examined per section and three 
animals were used per group.   

 In situ detection of superoxide production in kidney 

 To evaluate  in situ  superoxide production from 
kidney, unfi xed frozen cross-sections of the specimens 
were stained with dihydroethidium (DHE; Molecular 
Probes, Eugene, OR) according to the previously 
validated method [25]. In the presence of superoxide, 
DHE is converted to the fl uorescent molecule ethid-
ium, which can then label nuclei by intercalating with 
DNA. Briefl y, the unfi xed frozen tissues were cut into 
10- μ m-thick sections and incubated with 10  μ M 
DHE at 37 ° C for 30 min in a light-protected humid-
ifi ed chamber. Fluorescence images were obtained 
using a fl uorescence microscope equipped with a 
rhodamine fi lter.   

 Statistical analysis 

 Data are represented as means  �  standard error of 
mean (SEM). Statistical analysis of differences 
between groups was performed by student ’ s  t -test 
using GraphPad Prism 5.0 software. Differences were 
considered signifi cant at  p   �  0.05.    

 Results  

 Effect of telmisartan on BW, hyperglycemia 
and KW/BW ratio 

 A signifi cant increase of BG level was observed in the 
DG mice at 3 days after i.p. injection of STZ when 
compared with NG mice. The BW of the DG mice 
was signifi cantly reduced when compared with the 
NG mice. There were no signifi cant changes in BW 
and BG level in the TG mice when compared with 
the DG mice. There was no change in KW/BW ratio 
among the groups (Table 1).   
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Figure 1.     Effect of telmisartan on the renal expression of AT-1R, AT-2R, Ang-(1 – 7)  mas  receptor and ACE-2 in the DG mice. Representative 
Western blots (A) showing specifi c bands for AT-1R, AT-2R, Ang-(1 – 7)  mas  receptor, ACE-2 and GAPDH as an internal control and quantifi ed 
by using densitometric analysis (B – E). An equal amount of protein sample obtained from kidney homogenate was applied to each lane. In 
the DG mice, telmisartan treatment signifi cantly reduced the protein expression of AT-1R and no change in the expression of AT-2R. In DG 
mice, telmisartan treatment signifi cantly up-regulated the protein expression of Ang-(1 – 7) masR and ACE-2. NG, vehicle only treated group; 
DG, STZ induced diabetic group; TG, telmisartan (5 mg/kg BW) treated diabetic group. All values are expressed as the mean  �  SEM;  n   �  5;  
  ∗  ∗   p   �  0.01 and   ∗  ∗  ∗   p   �  0.001 vs NG,  #  p   �  0.05 and  ##  p   �  0.01 vs DG,   $   p   �  0.05 vs NG.  

  Table 1. Changes in body weight, blood glucose, kidney weight and KW/BW ratio after STZ treatment alone or in combination with 
telmisartan (5 mg/kg BW).  

Group Body weight (g)
Blood glucose 

concentration (mg/dL) Kidney weight (g) KW/BW ratio

NG
DG
TG

31.33  �  0.59
25.60  �  1.14∗∗

24.90  �  0.88$$

163  �  19.90
472  �  23.60∗∗

484  �  14.37$$

0.173  �  0.004
0.199  �  0.007
0.185  �  0.010

0.005  �  0.002
0.007  �  0.003
0.007  �  0.003

∗∗p<0.01 vs NG, $$p<0.01 vs NG

 Effect of telmisartan on the protein expression of AT-1R, 
AT-2R, Ang-(1 – 7) mas receptor and ACE-2 in DN 

 Induction of diabetes by STZ elevated the renal protein 
expression of AT-1R and AT-2R in the DG mice when 
compared with that of the NG mice. Renal protein expres-
sion of AT-1R was signifi cantly reduced in the TG mice 
when compared with the DG mice. The levels of Ang-
(1 – 7)  mas  receptor and ACE-2 were lowered in DG mice 
in comparison to NG mice and signifi cantly elevated in 
the TG mice in comparison to the DG mice (Figure 1).   

 Effect of telmisartan on NADPH subunits in DN 

 In the DG mice, the renal protein expression of 
NADPH sub-units including p47phox, p67phox and 
gp91phox was increased when compared with the 
NG mice. In the TG mice we could see the signifi cant 
reduction in the expression of NADPH oxidase sub-
units when compared with the DG mice (Figure 2).   

 Effect of telmisartan on free radical production 
in STZ-induced diabetic kidney 

 In the DG mice, there was an increased production 
of free radical when compared with the NG mice. 
Treatment with telmisartan signifi cantly attenuated 
the production of free radical in diabetic kidney 
(Figure 3A).   

 Effect of telmisartan on the expression of PPAR- γ , 
p-p38 MAPK, p-MAPKAPK-2, p-Akt and nephrin 

 In the DG mice we could see the increased phos-
phorylation of p38 MAPK, MAPKAPK-2 and Akt and 
decreased expression of PPAR-  γ   protein in comparison 
to the NG mice. Conversely, the TG mice showed 
reduced phosphorylation of renal p38 MAPK, MAP-
KAPK-2 and Akt and increased PPAR-  γ   protein expres-
sion. There was no signifi cant change in the expression 
of nephrin among the groups (Figures 4A and 5).   
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Figure 2.     Effect of telmisartan on the renal expression of NADPH sub-units like p47-phox, p67-phox and gp91-phox in DN mice. 
Representative Western blots (A) showing specifi c bands for p47-phox, p67-phox and gp91-phox and GAPDH as an internal control and 
quantifi ed by using densitometric analysis (B – D). An equal amount of protein sample obtained from kidney homogenate was applied to 
each lane. In DN mice, telmisartan treatment signifi cantly reduced the protein expression of p47-phox, p67-phox and gp91-phox. NG, 
vehicle only treated group; DG, STZ induced diabetic group; TG, telmisartan (5 mg/kg BW) treated diabetic group. All values are expressed 
as the mean  �  SEM;  n   �  5;       ∗  ∗   p   �  0.01 and   ∗  ∗  ∗   p   �  0.001 vs NG,  ##  p   �  0.01 and  ###  p   �  0.001 vs DG.  

 Effect of telmisartan on hypertrophy 
and fi brosis in DN 

 The western blot analysis has also shown the increased 
expression of  TGF-  β  1 and collagen-III in the DG 
mice than in the NG mice (Figures 4B and 6C). HE 
and Azan Mallory staining showed increased renal 
hypertrophy and fi brosis ( ∗  ∗  p   �  0.01 vs NG; # p   �  0.05 
vs DG). There was also an increased expression of 
fi bronectin in the DG mice when compared to the NG 
mice (Figure 3B). In addition, the TG mice showed 
signifi cant reduction in the renal hypertrophy (DG, 
46.26  �  4.6 vs TG, 27.65  �  2.9) and renal fi brosis 
(DG, 4.04  �  0.21 vs TG, 2.21  �  0.01) when com-
pared with the DG mice (Figures 3C and D).    

 Discussion 

 The RAS is playing an important role in the patho-
physiology of DM-related complications, mainly in 
the DN. Maladaptive up-regulation of RAS increases 
the production of Ang-II and aldosterone, which fur-
ther leads to the progression of kidney damage through 
the excessive production of nephrotoxic ROS and the 
stimulation of cell proliferation [10,11]. The INNO-
VATION and AMADEO studies have explained the 
benefi cial role of the AT-1R antagonist in the manage-
ment of DN, which is widely proved to act through 
the RAS [26]. Nakao et al. [15] have reported the 
positive role of AT-1R antagonists in the protection 
of renal damage. However, still the mechanism 
whereby the reduction of nephrotoxic ROS and 

fi brosis by AT-1R antagonist in STZ-induced DN is 
unclear. We investigated the benefi cial effects of telm-
isartan on Ang-II mediated oxidative stress and fi brosis 
in mice with DN induced by i.p. injection of STZ. 

 Recent studies have clearly explained the involve-
ment of ang-II in kidney disease for the activation of 
oxidative stress, fi brosis and infl ammatory process. 
Several receptors and enzymes of RAS, such as AT-1R, 
AT-2R, Ang-(1 – 7)  mas  receptor and ACE-2, are play-
ing an important role in the modulation of RAS func-
tion. In STZ-induced DN, there would be an increased 
protein expression of AT-1R and AT-2R. The enzyme 
chemically related to ACE, known as ACE-2, showed 
signifi cant involvement in modulating RAS by regu-
lating number of angiotensins, including angiotensin 
(Ang)-I, Ang-II, Ang-(1 – 7)  mas  receptor and Ang-
(1 – 9). ACE-2 produces its vasodilatory action mainly 
by converting Ang-II to Ang-(1 – 7) [27], probably 
through the  mas  receptor [28], and the ratio of Ang-
(1 – 7) to Ang-II formed from Ang-I was lower in 
glomeruli of diabetic rats [29]. Hyperglycemia caused 
by STZ leads to decreased protein expression of 
ACE-2 through the activation of Ang-II and increased 
pro-oxidant effects in kidney, which might ultimately 
reduce the protein expression of Ang-(1 – 7)  mas  recep-
tor. This is well supported by the fi ndings of Tikellis 
et al. [30], who reported that the renal ACE-2 is 
reduced in the proximal tubules of the STZ-induced 
diabetes and the attenuation of renal injury by ACE 
inhibition is associated with increased ACE-2 expres-
sion. All these Ang-II mediated effects were expected 
to reverse by treatment with telmisartan. We also 
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Figure 3.     (A and B) DHE staining and immunohistochemistry for fi bronectin in normal, STZ-induced diabetic and telmisartan-treated 
diabetic mice, respectively. In DN mice, telmisartan treatment effectively reduced expression of free radical production and fi bronectin. NG, 
vehicle only treated group; DG, STZ-induced diabetic group; TG, telmisartan (5 mg/kg BW) treated diabetic group. Representative 
photomicrographs of neutral formaldehyde (10%)-fi xed and unfi xed frozen sections from kidney. Magnifi cation  �  400. (C and D) Azan-
Mallory staining for fi brosis and HE staining for renal hypertrophy of cross-sectional kidney tissue slices (A) NG, vehicle only treated group; 
(B) DG, STZ-induced diabetic group; (C) TG, telmisartan (5 mg/kg BW) treated group; TG mice showed signifi cant reduction in the area 
of fi brosis in comparison to the DG mice. Furthermore, TG mice showed reduced renal hypertrophy when compared with DG mice. 
Magnifi cation  �  400 and quantitative analysis of fi brosis in kidney. Fibrosis is indicated by the blue area as opposed to the red area.  

found that the DG mice showed increased renal 
expression of AT-1R and decreased expression of 
ACE-2 and Ang-(1 – 7)  mas  receptor when compared 
with the NG mice. The TG mice in comparison to the 
DG mice showed signifi cant reduction of renal pro-
tein expression of AT-1R and signifi cant up-regulation 
of ACE-2 and Ang-(1 – 7)  mas  receptor (Figure 1), 
which suggest that the telmisartan treatment might 
increase the production of Ang-(1 – 7)  mas  receptor 
from Ang-II through the up-regulation of ACE-2. 
This increased formation of Ang-(1 – 7)  mas  receptor 
would have benefi cial effects in STZ-induced renal 
dysfunction in mice. 

 The induction of hyperglycemia by STZ activates 
the renal RAS which leads to oxidative damage 
through the production of ROS by NADPH oxidase 
[31]. It has been reported that the enhanced NADPH 
oxidase activity is associated with oxidative damage 
to DNA in diabetic glomeruli [32,33]. Several differ-
ent studies have demonstrated the role for ROS in the 
development of different diseases, especially in kidney 

and heart, in which Ang-II is a central component. 
Since the formation of ROS is dependent on multi-
level pathways, recent studies indicate that NADPH 
oxidase is a major source of ROS in renal cells such 
as tubular epithelial cells and glomerular mesangial 
cells (MCs) [34 – 36]. The cytosolic p47phox plays an 
important role in Ang-II and tumour necrosis factor-
  α   (TNF-  α  ) induced NADPH oxidase activation. The 
post-phosphorylation of cytosolic p47phox will gen-
erate various free radicals like superoxide, hydrogen 
peroxide and hydroxyl radicals [18,37], which are 
leads to renal tissue injury. Onozato et al. [38] have 
reported that blockade of AT-1R causes decreased 
expression of p47phox and production of O 2  

 -   in the 
kidney. Several reports stated that gp91phox were also 
up-regulated in the diabetic rats [39]. Consistent with 
previous results, in the present study, the renal expres-
sion of p47phox, p67phox and gp91phox were sig-
nifi cantly increased in the DG mice in comparison to 
NG mice and the expression of those proteins were 
signifi cantly reduced in the TG mice when compared 
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Figure 4.     Effect of telmisartan on the renal expression of nephrin and TGF-  β  1 in DN mice. Representative Western blots (A and C) 
showing specifi c bands for nephrin and TGF-  β  1, respectively, and GAPDH as an internal control and quantifi ed by using densitometric 
analysis (B and D). An equal amount of protein sample obtained from kidney homogenate was applied to each lane. In DN mice, 
telmisartan treatment signifi cantly reduced the protein expression of TGF-  β  1 and no change in the expression of nephrin. NG, vehicle 
only treated group; DG, STZ-induced diabetic group; TG, telmisartan (5 mg/kg BW) treated diabetic group. All values are expressed as 
the mean  �  SEM;  n   �  5;   ∗   p   �  0.05 vs NG,  #  p   �  0.05 vs DG.  

with the DG mice (Figure 2), suggesting that the ben-
efi cial effect of telmisartan treatment in STZ-induced 
oxidative stress could be mainly by suppressing the 
NADPH oxidase system through the down-regulation 
of AT-1R. 

 Numerous studies have reported the involvement 
of Ang-II in fi brosis in STZ-induced DN. Activation 
of Ang-II in kidney would stimulate the protein syn-
thesis in mesangial cells (MCs) and tubular cells 
[40,41], leading to hypertrophy and synthesis of 
extracellular components, mainly fi bronectin [42,43], 
collagen and TGF-  β   [44,45] which are contributed to 
the pathogenesis of fi brosis [46]. We also found that 
the DG mice showed a signifi cant increase in renal 
hypertrophy as well as the expressions of fi brosis 
markers, such as TGF-  β  1, fi bronectin and collagen-
III in comparison to NG mice, and the telmisartan 
treatment signifi cantly attenuated the renal hypertro-
phy and those fi brotic markers in comparison to DG 
mice (Figures 4C and 6). 

 In addition, we could not rule out the possible 
involvement of PPAR-  γ   in all the benefi cial effects of 
telmisartan, since it has been proved to be a partial 
agonist for PPAR-  γ   [47]. Furthermore, it has been 
demonstrated that telmisartan suppressed the AT-1R 
expression in both mRNA and protein levels through 
the PPAR-  γ  -mediated pathway [48]. In this study, 
we have already shown that telmisartan treatment 
would increase the protein expressions of ACE-2 as 
well as Ang-(1 – 7)  mas  receptor, which suggests that 
telmisartan might increase the PPAR-  γ   protein as 
well as its downstream protein PGC-1  α   expressions 

through the up-regulation of Ang-(1 – 7)  mas  receptor. 
Our fi ndings are well supported by the fact that the 
treatment of Ang-(1 – 7) would prevent diabetes-
induced attenuation of PPAR-  γ   in kidney [49]. Numer-
ous studies have reported that the activation of 
PPAR-  γ   exerts anti-oxidative, vasculo-protective effects 
[50] and reduced NADPH oxidase sub-units protein 
expressions [51]. In addition to this, telmisartan has 
been proved to inhibit the renal fi brosis by attenuating 
TGF-  β  1 and the downstream production of ECM 
[52]. Now it is clearly evident that the telmisartan 
would lbe benefi cial in reducing renal hypertrophy and 
fi brosis mainly through its antagonistic action of 
Ang-II as well as its PPAT-g agonist action in STZ-
induced DN. 

 Furthermore, several studies have implicated the 
involvement of mitogen activated protein kinase 
(MAPK), including p38 MAPK in kidney diseases. A 
recent report states that the STZ injection would 
cause the signifi cant activation of p38 MAPK due to 
the increased mRNA levels of MKK3 and MKK6 in 
diabetic glomeruli rats [53]. In addition, this increased 
p38 MAPK activity might play an important role in 
the development of early hypertrophy and ECM 
accumulation during STZ-induced DN [54]. Our 
results showed that the treatment of DN complica-
tions, such as fi brosis with telmisartan, might be 
effective, because the telmisartan could prevent the 
Ang-II mediated p38 MAPK activation, thereby it 
would provide the benefi cial effects on fi brosis. Reddy 
et al. [55] reported that the treatment of Ang-II in 
rats could activate the p38 MAPK, leading to the 
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induction of fi bronectin expression in MCs. Oudit 
et al. [56] have reported that ACE-2  – / –   mice showed 
increased oxidative stress and infl ammation, as well 
as MAP kinase activation, which indicates the relation 
between the RAS and MAPK indirectly. Furthermore, 

we already reported that the activation of p38 MAPK 
during STZ injection could activate its downstream 
effector p-MAPKAPK-2 in dominant negative p38  α   
mice in heart [25]. Consistent with previous data, 
attenuation of p38 MAPK by telmisartan treatment, 
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Figure 6.     Effect of telmisartan on the renal expression of collagen-III and PGC-1  α   in DN mice. Representative Western blots (A) showing 
specifi c bands for collagen-III and PGC-1  α  , respectively, and GAPDH as an internal control and quantifi ed by using densitometric analysis 
(B and C). An equal amount of protein sample obtained from kidney homogenate was applied to each lane. In DN mice, telmisartan 
treatment signifi cantly reduced the renal collagen-III and up-regulated the expression of PGC-1  α  . NG, vehicle only treated group; DG, 
STZ-induced diabetic group; TG, telmisartan (5 mg/kg BW) treated diabetic group. All values are expressed as the mean  �  SEM;  n   �  5; 
  ∗   p   �  0.05 vs NG.  #  p   �  0.05 vs DG.  
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Figure 5.     Effect of telmisartan on the renal expression of PPAR-  γ  , p-MAPKAPK-2, p-p38 MAPK and p-Akt in DN mice. Representative 
Western blots (A) showing specifi c bands for PPAR-  γ  , p-MAPKAPK-2, p-p38 MAPK and p-Akt, respectively, and GAPDH as an internal 
control and quantifi ed by using densitometric analysis (B – E). An equal amount of protein sample obtained from kidney homogenate was 
applied to each lane. In DN mice, telmisartan treatment signifi cantly reduced the renal phosphorylation of p-MAPKAPK-2, p38 MAPK 
and p-Akt and up-regulated the protein expression of PPAR-  γ  . NG, vehicle only treated group; DG, STZ-induced diabetic group; TG, 
telmisartan (5 mg/kg BW) treated diabetic group. All values are expressed as the mean  �  SEM;  n   �  5;   ∗   p  � 0.05 and   ∗  ∗   p  � 0.01 vs NG, 
 #  p  � 0.05 and  ##  p  � 0.01 vs DG.  $  p  � 0.05 vs NG.   
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suggesting that it could inhibit the signifi cant increase 
in collagen level as well as the increased expression of 
TGF-  β  1 in diabetic glomeruli which are known to 
mediated by the Ang-II. (Figure 5). Furthermore, 
studies focused on the involvement of Akt in diabetic 
complications suggest both increased as well as 
decreased activity in Akt. Zdychova and Komers [57] 
reported the reason for the variability in Akt is highly 
dependent on the type of diabetes as well as cell type. 
We found that the increased phosphorylation of Akt 
in DG mice was decreased signifi cantly by telmisar-
tan treatment [55]. Furthermore, in contrast, we did 
not observe any signifi cant up-regulation or down-
regulation in the protein expression of nephrin among 
the groups (Figure 4A). The reason for this activity is 
largely unknown. 

 Our results are consistent with previously reported 
data, suggesting that the modulation of Ang-II would 
play an important role in the development of DN 
through the down-regulation of ACE-2 dependent 
Ang-(1 – 7)  mas  receptor which in turn leads to an 
increased oxidative stress and fi brosis. Treatment with 
telmisartan might reduce the development of early 
DN, possibly by up-regulating the ACE-2 dependent 
Ang-(1 – 7)  mas  receptor associated with its PPAR-γ 
agonistic action.           
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