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A B S T R A C T

Aims: The heterodimerization of angiotensin II receptors (AT1R and AT2R) with adiponectin receptor AdipoR1
and AdipoR2 may instigate high glucose (HG)-induced renal tubulointerstitial injury. This study examined the
effect of telmisartan on diabetic nephropathy (DN) and its underlying mechanism.
Main methods: Diabetes was induced in rats through a single intraperitoneal injection of streptozotocin. Diabetic
rats treated with or without the intravenous injection of AdipoR1 siRNA were intragastrically administered with
5mg/kg/d telmisartan or a vehicle for 12weeks. The rat proximal tubular epithelial cell line NRK-52E was
treated with HG (30mmol/L) with or without telmisartan (10 μM) for 48 h.
Key findings: In streptozotocin-induced diabetic rats, telmisartan treatment could decrease the inulin clearance
rate, restore the glomerular surface area and mesangial area, alleviate renal fibrosis, and decrease urinary al-
bumin excretion. Furthermore, diabetic rats exhibited increased AT1R-AdipoR1 heterodimers in the renal tub-
ular compartment, which could be attenuated by telmisartan treatment, accompanied by a decrease in the
expression level of cytokines MIP-1α, ICAM-1 and MCP-1. In vitro, HG promoted the dimerization formation of
AT1R-AdipoR1 in cultured NRK-52E cells, but this effect was not found in NRK-52E cells transfected with the
AdipoR1-G269E,G273E mutant. Telmisartan could inhibit HG-induced AT1R-AdipoR1 dimerization, down-
regulate the expression levels of inflammatory cytokines, and alleviate cell apoptosis in NRK-52E cells.
Furthermore, AdipoR1 knockdown could abate the renoprotective benefits of telmisartan.
Significance: The heterodimerization of AT1R-AdipoR1 probably contributes to the renal injury of DN, and
provides an additional mechanistic insight into how telmisartan prevents the development and progression of
DN.

1. Introduction

Diabetic nephropathy (DN) is one of the most threatening diseases
worldwide, and is characterized by proteinuria and the progressive
decline in renal function [1,2]. It has been reported that multiple fac-
tors are involved in the pathogenesis of DN, including the formation of
advanced glycation end products, endoplasmic reticulum stress, the
activation of protein kinase C, epigenetic regulations, oxidative stress,
inflammation, the activation of fibroblasts, and lipid accumulation
[3–8]. However, the molecular mechanisms leading to DN are multi-
factorial, complex, and not yet fully understood.

The activation of the renin angiotensin system, especially the an-
giotensin II (Ang II) type-1 receptor (AT1R) pathway, has been de-
monstrated to play a detrimental role in the progression of DN [9].
Adiponectin is an adipose tissue–derived secreted cytokine, which has
insulin-sensitizing, anti-inflammatory and vasculoprotective actions

through binding to its receptors, AdipoR1 and AdipoR2. These two
adiponectin receptors have been previously shown to mediate the in-
crease in AMPK activities, as well as the fatty acid oxidation and glu-
cose uptake by adiponectin [10,11]. There is a growing body of evi-
dence demonstrating the renoprotective functions of adiponectin and
its receptors, which protects against the development of albuminuria
[12–14]. In recent years, interactions between Ang II and adiponectin,
as well as their receptors, have been investigated. Evidence has shown
that adiponectin acts against Ang II-mediated inflammation and Ang II-
accelerated atherosclerosis [15]. In addition, adiponectin attenuates
Ang II-induced oxidative stress in renal tubular cells probably through
the AMPK and cAMP-Epac signal transduction pathways [16].

The dimerization of receptors may influence receptor activation
mechanisms and functional consequences [17]. The heterodimerization
of receptors incurs a more profound biological significance, since it
increases the complexity of cross-talk between different receptor
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systems. Receptor dimerization has been considered to play a role in the
function of several members of the 7TM receptor family, including the
GABA receptor, melanocortin receptor, and dopamine D2 receptor
[18,19]. The disturbed dimerization has been implicated in several
diseases, such as hypertensive cardiovascular disorders [20]. The pre-
vious in vitro experiments conducted by the investigators have revealed
that high glucose induces the formation of differential heterodimers
between Ang II receptors (AT1R and AT2R) and adiponectin receptors
(AdipoR1 and AdipoR2) in renal tubular epithelial cells, contributing to
renal tubular interstitial injury [21]. However, the determination of the
kind of and manner on how adiponectin and Ang II receptors affect
renal functions in DN, as well as the cross-talk of these two systems,
remain unclear.

Telmisartan is an AT1R blocker that has been widely used to treat
hypertension or other cardiovascular diseases. Aside from its blood
pressure-lowering and cardioprotective actions, telmisartan exhibits
beneficial effects against renal disease progression, and in particular, it
has direct defensive action on diabetic kidneys [22]. Telmisartan has
been known to have functions of anti-oxidative stress, anti-inflamma-
tion, and the inactivation of PPARγ-mediated insulin sensitization by
blocking AT1R signaling in DN [23,24]. In addition, Ang II has been
reported to inhibit the expression of cardiac AdipoR1 through the
AT1R/ROS/ERK1/2/c-Myc pathway, while telmisartan upregulates the
levels of myocardial adiponectin and AdipoR1 [25,26]. It was hy-
pothesized that telmisartan might exert a renoprotective effect against
DN through some unknown mechanisms, such as the interaction of
AT1R and AdipoR1. The present study explored the effect of telmisartan
on an early-stage DN rat model, and elucidated the possible molecular
mechanisms through the crosstalk between AT1R and AdipoR1.

2. Materials and methods

2.1. Reagents

Mouse AT1 monoclonal antibody (ab9391), rabbit AdipoR1 mono-
clonal antibody (ab126611), mouse intercellular cell adhesion molecule
(ICAM) monoclonal antibody (ab171123), and rabbit α-smooth muscle
actin (α-SMA) polyclonal antibody (ab5694) were purchased from
Abcam (Cambridge, MA, USA). Rabbit monocyte chemoattractant
protein-1 (MCP-1) polyclonal antibody (sc-28879), rabbit AT1 poly-
clonal antibody (sc-579), goat AdipoR1 polyclonal antibody (sc-46748),
mouse macrophage inflammatory protein-1α (MIP-1α) monoclonal
antibody (sc-365691), and AdipoR1 siRNA (sc-156024) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit nuclear
factor-kappa B (NF-кB) monoclonal antibody (#8242), rabbit mono-
clonal phospho-AMPK antibody (#2535), and rabbit monoclonal AMPK
antibody (#5832) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Mouse β-actin monoclonal antibody (A5316),
streptozotocin (STZ, S0130), G418 (PP2374), and telmisartan (T8949)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit fi-
bronectin monoclonal antibody (NBP1-91258) was purchased from
NOVUS Biologicals (Littleton, CO, USA). The Albuwell M Test kit
(#1011) was purchased from Exocell Inc. (Philadelphia, PA, USA). The
QuantiChrom™ Creatinine Assay Kit (#DICT-500) was purchased from
BioAssay System (Hayward, CA). Inulin (FIT-0408) and the inulin EIA
kit (FIT-0415) were purchased from BioPhysics Assay Laboratory
(BioPAL; Worcester, MA, USA). The Annexin-FITC Apoptosis Detection
Kit was purchased from BD Bioscience (San Diego, CA, USA). The X-
tremeGENE HP DNA Transfection Reagent was purchased from Roche
(Basel, Switzerland). Angiotensin II was purchased from Enzo Life
Science (Netherlands).

2.2. Animals

A total of 60 male specific pathogen-free Wistar rats (200–220 g of
body weight, eight weeks old) were obtained from the Hubei Research

Center of Experimental Animals, the Disease Prevention and Control
Centers of Hubei Province, China. These rats were randomly divided
into three groups: control group, diabetic mellitus (DM) group, and
DM+ telmisartan group. Diabetes was induced in rats through a single
intraperitoneal injection of STZ (60mg/kg). Rats with blood glu-
cose> 16.67mmol/L were deemed to have developed DM. Natrium
citricum buffer solution of the same volume were intraperitoneally in-
jected in rats in the control group. The diabetic rats were treated with
or without the intravenous injection of AdipoR1 siRNA (50 nmol, three
days), followed by intragastric administration with telmisartan (5mg/
kg/d) or distilled water (vehicle) for 12 weeks. Blood and urine samples
were collected before rats were sacrificed after 12 weeks.

The present study was conducted according to the Guide for the
Care and Use of Laboratory Animals [27], and was approved by the
Animal Ethics Committee of Wuhan University.

2.3. Measurement of albuminuria

Urinary albumin was measured using a murine microalbuminuria
ELISA kit. Urinary creatinine was determined using a QuantiChrom™
Creatinine Assay Kit. Urinary albumin and creatinine were analyzed
using SoftMax pro 6.4 (Molecular Devices, Sunnyvale, CA, USA).

2.4. Inulin clearance rate

All rats were intraperitoneally injected with 0.5ml/kg of inulin
before sacrifice. Serum or urinary inulin was measured using an inulin
EIA kit, according to manufacturer's instructions. Blood and urinary
inulin concentrations were analyzed using SoftMax pro 6.4. The inulin
clearance rate was calculated using the formula: urinary inulin con-
centration×24-hour urinary volume / serum inulin concentration.

2.5. Histopathology

The kidney was fixed in 10% formaldehyde and embedded in par-
affin. The deparaffinized sections were stained with periodic acid-Schiff
(PAS), or Masson's trichrome or Picrosirius red. The glomerular surface
area was calculated in 10 PAS-stained glomeruli from each rat using
ImageJ software (Research Services Branch, NIH, USA). Ten randomly
selected Masson's trichrome-stained or Picrosirius red-stained visual
areas per rat were analyzed, and the fibrotic area of the analyzed field
was measured using ImageJ software.

2.6. Immunohistochemistry

The paraffin-embedded sections of kidney tissues were depar-
affinized and dehydrated, followed by microwave antigen retrieval for
five minutes. After peroxidase quenching with 3% H2O2 in phosphate-
buffered saline (PBS) for 15min, the sections were blocked with 5%
bovine serum albumin (BSA) for 30min, and incubated with primary
antibodies (1:100) overnight at 4 °C. After washing in PBS for three
times, the sections were incubated with biotinylated secondary anti-
bodies for 30min, and stained with 3,3′-diaminobenzidine (DAB) for
three minutes. After counterstaining with hematoxylin for 2–3min, the
sections were mounted and analyzed.

2.7. Double-label immunofluorescence

The frozen sections were fixed in 4% formaldehyde for 20min at
room temperature. After blocking with 5% BSA for 30min, the sections
were incubated with mouse AT1 monoclonal antibody (1:100) and
rabbit adipoR1 monoclonal antibody (1:100) overnight at 4 °C. Then,
the sections were re-warmed for 45min at 37 °C, and incubated with
Cy3-labbeled goat anti-mouse IgG or FITC-conjugated goat anti-rabbit
IgG for 90min, respectively. The immunological reactions were imaged
by fluorescence microscopy (BX53TR-32FB3F0, OLYMPUS Corporation,
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Japan).

2.8. Cell culture and treatment

The rat proximal tubular epithelial cell line (NRK-52E) was pur-
chased from the Shanghai Academy Cell Bank, China. NRK-52E cells
were cultured in DMEM medium (Gibco, Grand Island, NY, USA),
supplemented with 10% fetal calf serum (Gibco) and 100 U/ml of pe-
nicillin/streptomycin, in an incubator with 5% CO2 at 37 °C. Cells at
passages 15–20 were used. The cultured cells were treated with high
glucose (30mmol/L) with or without telmisartan (10 μM) for 48 h.

Human renal tubular epithelial cell line (HK-2) cells (CRL-2190™;
ATCC) were cultured in Keratinocyte Serum Free Medium (K-SFM; Cat#

17005-042, Invitrogen, Carlsbad, CA, USA), supplemented with
0.05mg/ml of bovine pituitary extract (BPE) and 5 ng/ml of human
recombinant epidermal growth factor. Then, these cultured cells were
treated with high glucose (30mmol/L) with or without telmisartan
(10 μM) for 48 h.

2.9. Transfection

The pcDNA3.1-AT1R was constructed by Wuhan Biofavor
Biotechnology, China. The transfection of the AT1R plasmid was

performed using the X-tremeGENE HP DNA Transfection Reagent, ac-
cording to manufacturer's instructions. Briefly, 6× 105 cells were
seeded in a 100-mm dish, and incubated with transfection complexes
containing 4, 8 and 12 μg of AT1R plasmid or a vector, and 15 μl of X-
tremeGENE transfection reagent for 72 h. G418 (Sigma-Aldrich) was
used for the selection of stably-transfected cells.

NRK-52E cells were transfected with complexes containing the
AdipoR1-G269E,G273E mutant or control vector for 48 h at 37 °C. The
AdipoR1-G269E,G273E mutant transfection was performed using the X-
tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland),
according to manufacturer's instructions.

AdipoR1 siRNA was transfected according to the Santa Cruz trans-
fection reagent handbook. Briefly, 6×105 cells were seeded in a 100-
mm dish and transfected with 20 nM of AdipoR1 siRNA or a scrambled
siRNA (negative control). Then, cells were incubated with the trans-
fection complexes at 37 °C for 48 h.

2.10. Confocal microscopy

After washing twice with PBS, NRK-52E cells were fixed in me-
thanol for 10min and cold acetone for one minute at −20 °C. Then,
cells were blocked with 2% BSA in PBS, and incubated with mouse AT1
monoclonal antibody (1:100) and rabbit adipoR1 monoclonal antibody

Fig. 1. Effect of telmisartan on physical and biochemical parameters: (A) Systolic and diastolic blood pressure; (B) Blood glucose; (C) Body weight; (D) Kidney weight
(per gram of body weight); (E) Heart rate; (F) Inulin clearance rate. Data were expressed as mean ± standard error of the mean (SEM); n=5 in each group;
⁎P < 0.05, ⁎⁎P < 0.001.
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(1:100) overnight at 4 °C. The Cy3-labeled goat anti-mouse IgG and
FITC-conjugated goat anti-rabbit IgG secondary antibodies (1:200)
were incubated for 30min at room temperature. Then, the confocal
sections were analyzed using the Openlab Confocal Imaging software
(Improvision, Coventry, England).

2.11. Western blot

Kidney tissues and cells were lysed in lysis buffer (containing
PMSF). The protein lysates were centrifuged at 13,000 rpm for 15min
at 4 °C. After centrifugation, bicinchonic acid (BCA) protein assay was
used to assess the protein concentration in the supernatant. The lysate
samples with Laemmli sample buffer were denatured by boiling at 95 °C
for five minutes. Then, 20 μg of proteins were separated by 12% sodium
dodecyl sulfate-polyacrylamide gels (SDS-PAGE), and transferred elec-
trophoretically onto a nitrocellulose membrane. Next, the membranes
were blocked in 5% skimmed milk and incubated overnight with the
primary antibodies at 4 °C. Rabbit anti-MCP-1 (1:200), rabbit anti-NF-
κB (1:1000), mouse anti-AT1 (1:200), goat anti-AdipoR1 (1:200),
mouse anti-MIP-1α (1:200), rabbit anti-ɑ-SMA (1:800), rabbit anti-fi-
bronectin (1:500), mouse anti-ICAM (1:500), and mouse anti-β-actin
(1:10000) were used as the primary antibodies. After washing with

Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST), the
membranes were incubated with the corresponding secondary anti-
bodies for one hour. Immunoreactive bands were detected using the
Super Signal enhanced chemiluminescence (ECL) system and LAS-4000
imaging system. The quantification of results obtained from the im-
munoblotting was analyzed by scanning densitometry.

2.12. Co-immunoprecipitation

Kidney tissues or cells were lysed in immunoprecipitation buffer and
centrifuged at 15,000 rpm for 15min at 4 °C. Then, the supernatant was
mixed with rabbit IgG and protein A/G agarose for two hours at 4 °C,
and centrifuged at 2500 rpm for five minutes. Afterwards, the super-
natant was incubated with rabbit AT1 monoclonal antibody or rabbit
AdipoR1 monoclonal antibody overnight at 4 °C, followed by mixing
with protein A/G agarose for three hours to couple the antibodies to the
protein A/G agarose. Next, the mixtures were centrifuged at 2500 rpm
for five minutes. Then, the supernatant was discarded, and the pre-
cipitate was washed for five times with PBS. The complex was mixed
with 1× Lane Marker Sample Buffer and heated at 100 °C for five
minutes. Then, the samples were separated by SDS-PAGE and analyzed
by immunoblotting with goat AdipoR1 and mouse AT1 antibodies,

Fig. 2. Effect of telmisartan on STZ-induced diabetic rats. (A) Periodic Acid-Schiff staining of glomeruli in the indicated groups; Original magnification, ×400; Scale
bar= 50 μm. (B) Quantification of the glomerular surface area. Ten glomeruli from each rat were analyzed to calculate the glomerular surface area using ImageJ
software. (C) Masson's trichrome staining (MTS) of kidneys in the indicated groups; Original magnification, ×400; Scale bar= 50 μm. (D) Quantification of the
relative fibrotic area by MTS. A total of 10 Masson's trichrome-stained visual areas were analyzed from each rat to calculate the fibrotic area using ImageJ software.
(E) Quantification of the mesangial area in the indicated groups. A total of 10 glomeruli were analyzed from each rat to calculate the glomerular surface area using
ImageJ software. (F) Urinary albumin excretion was analyzed using the albumin/creatinine ratio. (G) Quantification of 24-hour urinary protein in the indicated
groups. Data were expressed as mean ± standard error of the mean (SEM); n=5 in each group; ⁎P < 0.05, ⁎⁎P < 0.001.
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respectively.

2.13. Flow cytometry

Cells were collected with 0.25% trypsin after washing for three
times with PBS. The cell suspension was mixed with 1× binding buffer.
The mixture was added with Annexin V-FITC and PI, and incubated for
10min at room temperature. The cell apoptosis rate was detected by
flow cytometry. The total of early apoptotic cells in the lower right
quadrant and late apoptotic cells in the upper right quadrant were used
for analysis.

2.14. Statistical analysis

All data were expressed as mean ± standard error of the mean
(SEM). Statistical differences among groups were tested by one-way
analysis of variance (ANOVA), followed by Tukey's HSD test. The dif-
ferences were considered significant at P < 0.05. Statistical analyses
were performed using the SPSS software (version 18.0; SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. The effect of telmisartan on physical and biochemical parameters

There was no difference in blood pressure between STZ-induced
diabetic rats and control rats (Fig. 1A). Diabetic rats had significantly
higher blood glucose, kidney weight (per gram of body weight), heart
rate and inulin clearance rate, but had lower body weight, when
compared with control rats (Fig. 1B–F). Telmisartan could decrease the
inulin clearance rate in diabetic rats (Fig. 1F). However, there were no
statistical differences between the DM group and DM+ telmisartan
group with regard to blood pressure, blood glucose, body weight,
kidney weight and heart rate (Fig. 1A–E).

3.2. Telmisartan restored the histological changes in kidney tissues in STZ-
induced diabetic rats

All rats were sacrificed at 12 weeks after the induction of diabetes.
Diabetic rats exhibited an increased glomerular surface area and me-
sangial area by PAS staining, when compared with control rats.
Telmisartan could restore the glomerular surface area and mesangial

Fig. 3. The effect of telmisartan on streptozotocin-induced diabetic rats is dependent on AdipoR1. (A) Periodic Acid-Schiff staining of glomeruli in the indicated
groups; Original magnification, ×400; Scale bar= 50 μm. (B) Quantification of the glomerular surface area. A total of 10 glomeruli were analyzed from each rat to
calculate the glomerular surface area using ImageJ software. (C) Masson's trichrome staining (MTS) of kidney tissues in the indicated groups; Original magnification,
×400; Scale bar= 50 μm. (D) Quantification of the relative fibrotic area by MTS. A total of 10 Masson's trichrome-stained visual areas were analyzed from each rat
to calculate the fibrotic area using ImageJ software. (E) Quantification of the mesangial area in the indicated groups. A total of 10 glomeruli were analyzed from each
rat to calculate the mesangial area using ImageJ software. (F) Urinary albumin excretion was analyzed using the albumin/creatinine ratio. (G) Quantification of 24-
hour urinary protein in the indicated groups. ⁎P < 0.05, ⁎⁎P < 0.001.
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area in diabetic rats to a level similar to that of the control group
(Fig. 2A, B and E). Similarly, diabetic rats displayed a greater fibrotic
area by Masson trichrome staining, while telmisartan alleviated renal
fibrosis in diabetic rats to a level comparable to the control group
(Fig. 2C and D). In addition, diabetic rats exhibited a remarkable in-
crease in urinary albumin/creatinine ratio, as well as 24-hour urinary
protein, when compared to control rats. However, telmisartan was able
to significantly decrease urinary protein in diabetic rats (Fig. 2F and G).

3.3. The effect of telmisartan on STZ-induced diabetic rats is dependent on
AdipoR1

In order to determine whether the absence of AdipoR1 could at-
tenuate the renoprotective effect of telmisartan, diabetic rats treated
with the intraperitoneal injection of AdipoR1 siRNA were used. When
compared with diabetic rats treated with telmisartan, rats with the
knockdown of AdipoR1 had a larger glomerular surface area and me-
sangial area by PAS staining, as well as a greater fibrotic area by
Masson trichrome staining (Fig. 3A–E). In addition, the knockdown of
AdipoR1 resulted in a remarkable increase in 24-hour urinary protein,
as well as urinary albumin/creatinine ratio (Fig. 3F–G). These data
suggest that AdipoR1 knockdown could abate the renoprotective role of
telmisartan.

3.4. Telmisartan inhibits AT1R-AdipoR1 heterodimerization

Western blot analysis revealed that AT1R expression increased and
AdipoR1 expression decreased in diabetic kidney tissues (Fig. 4A and
B). Furthermore, the co-immunoprecipitation analysis revealed the
enhanced interaction of AdipoR1 and AT1R in diabetic kidneys
(Fig. 4C–F). The expression and co-expression of AdipoR1 and AT1R in
the renal tubular compartment was measured by confocal microscopy.
The present results revealed that the expression of AdipoR1 remained
unchanged, while the expression of AT1R, as well as the co-expression
of AdipoR1 and AT1R, was enhanced in the renal tubular compartment
of diabetic rats (Fig. 4G). In addition, the enhanced interaction of
AdipoR1 and AT1R was independent of the increased expression of
AT1R in cultured NRK-52E cells (Fig. 4H and I). These data are sug-
gestive of the increased AT1R-AdipoR1 heterodimers in diabetic kid-
neys, especially in the renal tubular compartment. Interestingly, the
treatment of telmisartan for 12 weeks attenuated the heterodimeriza-
tion of AT1R-AdipoR1 in diabetic kidneys (Fig. 4C–G).

3.5. Telmisartan inhibits inflammation programming in diabetic kidneys

In parallel with the increased heterodimerization of AT1R-AdipoR1
in diabetic kidneys, diabetic rats had significantly higher levels of in-
flammatory cytokines, including MIP-1α (Fig. 5A and B), ICAM-1
(Fig. 5C and D), and MCP-1 (Fig. 5E and F), in kidneys by im-
munohistochemistry. In addition, telmisartan inhibited the expression
of inflammatory cytokines MIP-1α, ICAM-1 and MCP-1 in diabetic
kidneys (Fig. 5A–F).

3.6. The high glucose-induced heterodimerization of AT1R-AdipoR1
promotes cellular damage in cultured NRK-52E cells

Although the increased dimerization formation of AT1R-AdipoR1 in
diabetic kidneys was found, its effects on DN remain unclear. It has
been reported that AdipoR1 possesses a GxxxG dimerization motif, and
the homodimerization and heterodimerization of AdipoR1 depends on a
glycophorine-A-like dimerization motif in TMD5 [28]. Gly269 and
Gly273 have been reported as key domains to produce the homodimers
and heterodimers of AdipoR1. The AdipoR1-G269E,G273E mutant
transfection inhibited all homodimer and heterodimer formations of
AdipoR1 [28]. Therefore, the wild-type AdipoR1 plasmid was first
constructed, and Gly269 and Gly273 were subsequently mutated to

Fig. 4. Telmisartan inhibited the AT1R-AdipoR1 heterodimerization in diabetic
kidneys. (A) Western blot analysis of AdipoR1 and AT1R expression in kidneys,
and (B) the densitometry of the respective blots are shown. (C–F) The co-im-
munoprecipitation analysis of AT1R-AdipoR1 interaction in kidneys (C and E),
and the densitometric analysis of the dimerization of AT1R-AdipoR1 (D and F)
are presented. (G) Representative images of the co-expression of AT1R-AdipoR1
in the renal tubular compartment by confocal microscopy. Original magnifi-
cation, ×630; Scale bar= 20 μm. (H) Co-immunoprecipitation analysis of
AT1R-AdipoR1 interaction in cultured NRK-52E cells stimulated by high glu-
cose (HG) with or without the different concentrations pcDNA3.1-AT1R plas-
mids (con1, 4 μg; con2, 8 μg; con3, 12 μg). (I) The densitometric analysis of the
dimerization of AT1R-AdipoR1 is presented. ⁎P < 0.05, ⁎⁎P < 0.001.
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construct the AdipoR1-G269E,G273E mutant. The co-im-
munoprecipitation analysis revealed that high glucose promoted the
dimerization formation of AT1R-AdipoR1 in NRK-52E cells, while
AT1R-AdipoR1 heterodimers were almost undetectable in NRK-52E
cells transfected with the AdipoR1-G269E,G273E mutant (Fig. 6A–D),
suggesting that the AdipoR1-G269E,G273E mutant might facilitate the
depolymerization of AT1R-AdipoR1 heterodimers.

Next, the expression of inflammatory factors and fibrotic factors was
measured in the absence or presence of AT1R-AdipoR1 dimerization.
The western blot results revealed that high glucose instigated the ex-
pression of MCP-1, ICAM-1 and NF-κB (Fig. 6E and F), and induced
apoptosis in NRK-52E cells (Fig. 6G and H). However, the expression of
inflammatory factors, such as MCP-1, ICAM and NF-κB, significantly
decreased in NRK-52E cells transfected with the AdipoR1-
G269E,G273E mutant (Fig. 6E and F). In addition, transfection with the
AdipoR1-G269E,G273E mutant remarkably inhibited the high glucose-
induced cell apoptosis in NRK-52E cells (Fig. 6G and H). These results
suggest that the high glucose-induced AT1R-AdipoR1 dimerization ac-
celerated the inflammatory response and cell apoptosis in renal tubular
epithelial cells, and the depolymerization of AT1R-AdipoR1 hetero-
dimers protected against high glucose-induced renal tubular damage.

3.7. The high glucose-induced heterodimerization of AT1R-AdipoR1
promotes cellular damage through AMPK inactivation in cultured NRK-52E
cells

In parallel with the increased heterodimerization of AT1R-AdipoR1
in NRK-52E cells induced by high glucose, the western blot results re-
vealed that high glucose inhibited the activation of AMPK signaling in
NRK-52E cells (Fig. 7A and B). In addition, the depolymerization of
AT1R-AdipoR1 could restore the expression of p-AMPK in NRK-52E
cells exposed to high glucose. In order to analyze the specific signaling
of the heterodimerization of AT1R-AdipoR1, NRK-52E cells were
treated with 10−7 M of angiotensin II for 48h. It was found that an-
giotensin II could decrease the expression of AdipoR1 and increase the
expression of AT1R in NRK-52E cells (Fig. 7C and D). Interestingly,
angiotensin II could not enhance the heterodimerization of AT1R-
AdipoR1 (Fig. 7E–H). These results suggest that the high glucose-in-
duced heterodimerization of AT1R-AdipoR1 promoted cellular damage
through AMPK inactivation in cultured NRK-52E cells.

3.8. Telmisartan inhibited the dimerization formation of AT1R-AdipoR1
and cellular damage in cultured NRK-52E cells

Confocal microscopy and immunoprecipitation revealed that

Fig. 5. Telmisartan inhibited the inflammation programming in diabetic kidneys. (A) Representative immunohistochemical staining images, and (B) quantification of
the average optical density (AOD) of MIP-1α in kidney sections. (C) ICAM-1 staining and (D) quantification. (E) MCP-1 staining and (F) quantification. Original
magnification, ×400; Scale bar= 50 μm; ⁎P < 0.05, ⁎⁎P < 0.001.
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Fig. 6. High glucose-induced hetero-
dimerization of AT1R-AdipoR1 pro-
moted cellular damage in NRK-52E cells.
(A–D) The co-immunoprecipitation ana-
lysis of AT1R-AdipoR1 heterodimeriza-
tion in NRK-52E cells treated by high
glucose with the AdipoR1-G269E,G273E
mutant or control vector transfection (A
and C), and the densitometric analysis of
the heterodimerization of AT1R-AdipoR1
(B and D). (E) Western blot analysis of
the expression of MCP-1, ICAM-1 and
NF-κB in NRK-52E cells treated with high
glucose, with or without the AdipoR1-
G269E,G273E mutant or control vector
transfection. (F) Densitometric analysis
of MCP-1, ICAM-1 and NF-κB expression
normalized with β-actin in the indicated
groups. (G) Flow cytometric analysis of
apoptosis in NRK-52E cells treated with
high glucose, with or without the
AdipoR1-G269E,G273E mutant or con-
trol vector transfection. (H) Quantitative
analysis of apoptosis cells from at least
three independent experiments;
⁎P < 0.05, ⁎⁎P < 0.001.
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telmisartan inhibited the formation of AT1R-AdipoR1 dimerization in-
duced by high glucose in NRK-52E cells (Fig. 8A–E). These results were
proven in another cell line, HK-2 cells, in which immunoprecipitation
also revealed the enhanced formation of AT1R-AdipoR1 dimerization
induced by high glucose. However, telmisartan diminished the high
glucose-induced AT1R-AdipoR1 dimer (Fig. 8F–I).

In paralleled with these results, it was also found that telmisartan
suppressed the expression of inflammatory cytokines, such as ICAM-1,
NF-κB and MCP-1 (Fig. 8J and K), and alleviated the cell apoptosis
induced by high glucose in NRK-52E cells (Fig. 8L and M). Interestingly,
the knockdown of AdipoR1 could abate the suppressive effect of tel-
misartan on inflammatory cytokines, leading to increased expression
levels of ICAM-1, NF-κB and MCP-1, when compared with their coun-
terparts in NRK-52E cells (Fig. 8N–O).

4. Discussion

Although several available therapeutic interventions have been re-
ported to retard the progression of DN, morbidity associated with this
disease remains high, which raises an urgent need to develop novel and
effective therapeutic strategies. The inhibition of renal fibrosis and re-
storation of normal kidney structure are fundamental processes for
exploring therapeutic approaches to combat chronic kidney diseases,
including DN [29]. Given that DN is an irreversible and progressive
disorder, it is critical to prevent the onset of this disease by targeting
specific mechanisms [30,31]. In the present study, telmisartan (5mg/
kg/day) alleviated renal fibrosis and reduced urinary albumin excretion
in an experimental rat model of diabetes, and exhibited its re-
noprotective role in DN independent actions of lowering blood pressure
and blood glucose. Although the benefits of telmisartan on DN have

Fig. 7. The high glucose-induced heterodimerization of AT1R-AdipoR1 promoted cellular damage in NRK-52E cells. (A) The western blot analysis of the expression of
p-AMPK and AMPK in NRK-52E cells treated with high glucose, with or without the AdipoR1-G269E,G273E mutant or control vector transfection. (B) The densi-
tometric analysis of p-AMPK expression normalized with AMPK in the indicated groups. (C) The western blot analysis of the expression of AdiooR1 and AT1R in NRK-
52E cells treated with angiotensin II. (D) The densitometric analysis of AdiooR1 and AT1R expression normalized with β-actin in the indicated groups. (E–H) The co-
immunoprecipitation analysis of AT1R-AdipoR1 heterodimerization in NRK-52E cells treated by angiotensin II (E and F), and densitometric analysis of the het-
erodimerization of AT1R-AdipoR1 (G and H). ⁎P < 0.05.
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been reported [24,32], the underlying mechanisms remain largely un-
known. The previous study conducted by the investigators explored the
cross-talk interaction between Ang II and adiponectin receptors by
detecting the naturally occurring receptor-receptor heterodimerization
between AdipoR1 and AT1R, AdipoR1 and AT2R, and AdipoR2 and

AT2R [21]. High glucose facilitated the formation of these hetero-
dimers, and resultantly instigated tubulointerstitial injury by inhibiting
the cytoprotective actions of adiponectin receptors [21]. These results
inspired the investigators to further explore the role of AT1R-AdipoR1
heterodimerization in the pathogenesis of DN, and importantly, the
effect of telmisartan on the dimerization formation of AT1R-AdipoR1
during DN.

Normally, adiponectin can bind to its receptor to exert protective
effects, such as anti-inflammatory and alleviating insulin resistance
[10,13,33,34]. However, serum adiponectin level has been reported to
be elevated in type-1 diabetes with or without DN [13,35–37]. In a
cross-sectional study, elevated serum adiponectin levels are associated
with increased albuminuria and worse renal function in diabetic pa-
tients [38]. The above-mentioned evidence suggests that abnormally
elevated serum adiponectin may play a role in the development of DN.

In previous in vitro experiments conducted by the investigators,
AdipoR1 expression remained unchanged in renal tubular epithelial
cells after exposure to high glucose. However, high glucose boosted the
heterodimers between Ang II receptors and adiponectin receptors,
which was in parallel with the upregulation of NF-κB and MCP-1 ex-
pression [21]. Consistently, the present study revealed the increase in
AT1R-AdipoR1 heterodimers in diabetic kidneys, especially in the renal
tubulointerstitial compartment, as well as in renal tubular epithelial
cells exposed to high glucose. The enhanced formation of AdipoR1-
AT1R dimer was independent of the increased expression of AT1R in
cultured NRK-52E cells, indicating that the increase in AdipoR1-AT1R
dimer formation was not a result of the change in AT1R protein. It was
also found that the inactivation of AMPK in NRK-52E cells exhibited the
heterodimerization of AT1R-AdipoR1 under high glucose conditions. In
contrast, the depolymerization of AT1R-AdipoR1 could restore the ex-
pression of p-AMPK in NRK-52E cells. A defect in AMPK function has
been found in a variety of metabolic diseases [39–42]. In obesity and
diabetes, AMPK activation is compromised, which may trigger the
proinflammatory response and exacerbate the disease condition [41].
These evidences suggest that the high glucose-induced hetero-
dimerization of AT1R-AdipoR1 promoted cellular damage probably
through AMPK inactivation, but this still needs to be further in-
vestigated.

In parallel with higher serum adiponectin and the unchanged
AdipoR1 expression, diabetic rats displayed increased inflammatory
cytokines in the renal tubulointerstitial compartment [21]. These
findings reveal the existence of adiponectin resistance in diabetic renal
tubular epithelial cells. Given the prominent role of inflammation in the

Fig. 8. Telmisartan inhibited the heterodimerization of AdipoR1-AT1R and
cellular damage in cultured NRK-52E cells. (A) Representative images of AT1R-
AdipoR1 interaction in NRK-52E cells treated with high glucose, with or
without telmisartan, by confocal microscopy; Original magnification, ×630;
Scale bar= 50 μm. (B–E) The co-immunoprecipitation analysis of AT1R-
AdipoR1 interaction in NRK-52E cells treated with high glucose, with or
without telmisartan (B and D), and the densitometric analysis of the hetero-
dimerization of AT1R-AdipoR1 (C and E) are presented. (F–I) The co-im-
munoprecipitation analysis of AT1R-AdipoR1 interaction in HK-2 cells treated
with high glucose, with or without telmisartan (F and G), and the densitometric
analysis of the heterodimerization of AT1R-AdipoR1 (H and I). (J) The western
blot analysis of ICAM-1, NF-κB and MCP-1 expression in NRK-52E cells treated
with high glucose, with or without telmisartan. (K) The densitometric analysis
of ICAM-1, NF-κB and MCP-1 expression normalized with β-actin in the in-
dicated groups. (L) The flow cytometric analysis of apoptosis in NRK-52E cells
treated with high glucose, with or without telmisartan. (M) Quantitative ana-
lysis of apoptosis cells from at least three independent experiments. ⁎P < 0.05,
⁎⁎P < 0.001. (N) Western blot analysis of the expression of ICAM-1, NF-κB and
MCP-1 in NRK-52E cells treated with high glucose and telmisartan, with or
without AdipoR1 siRNA or control vector transfection. (O) The densitometric
analysis of ICAM-1, NF-κB and MCP-1 expression normalized with β-actin in the
indicated groups. Data were expressed as mean ± standard error of the mean
(SEM); n=5, in each group; ⁎P < 0.05, ⁎⁎P < 0.001.
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pathogenesis of DN via the recruitment of proinflammatory cytokines,
the effect of AT1R-AdipoR1 dimerization in the DN model has been
speculated to be associated with inflammation [43–45].

In order to investigate the effect of AT1R-AdipoR1 hetero-
dimerization on DN, AT1R-AdipoR1 heterodimers were depolymerized
via the AdipoR1-G269E,G273E mutant transfection in vitro [28]. It was
found that the depolymerization of AT1R-AdipoR1 heterodimers alle-
viated high glucose-induced inflammation and cell apoptosis in renal
tubular epithelial cells, suggesting that AT1R-AdipoR1 hetero-
dimerization was involved in the progression of DN through mediating
inflammatory response and inducing cell apoptosis.

Taken together, the investigators boldly hypothesized that AT1R-
AdipoR1 heterodimerization might be involved in the development of
DN. The heterodimerization of AT1R-AdipoR1 was significantly in-
creased in diabetic kidneys, or in renal tubular epithelial cells exposed
to high glucose. As a consequence, dissociative AdipoR1 was reduced.
This was accompanied by decreased binding sites of AdipoR1 for adi-
ponectin, which led to adiponectin resistance and the dysfunction of
adiponectin signaling. Although the expression of AdipoR1 remained
unchanged in the diabetic tubular compartment, AdipoR1 engaged in
the heterodimerization of AT1R-AdipoR1, instead of adiponectin sig-
naling. This instigated tubulointerstitial injury through inflammatory
response and cell apoptosis. However, this deduction was not con-
clusive, and needs further confirmation.

The present results of the diabetic rat model revealed that telmi-
sartan inhibited the heterodimerization of AT1R-AdipoR1 in kidneys,
particularly in the renal tubular compartment. Consistently, the in vitro
results were proven in NRK-52E cells, as well as in HK-2 cells, in which
immunoprecipitation revealed the enhanced formation of AT1R-
AdipoR1 dimerization induced by high glucose. However, telmisartan
could diminish the high glucose-induced AT1R-AdipoR1 dimer. It was
also found that telmisartan inhibited inflammatory cytokines in the
diabetic tubulointerstitial compartment, as well as high glucose-in-
duced apoptosis in renal tubular epithelial cells. These results indicate
that the renoprotective effect of telmisartan may be associated to its
capacity to inhibit AT1R-AdipoR1 heterodimerization, and alleviate
downstream inflammatory responses and cell apoptosis. Further re-
search was performed to determine whether the absence of AdipoR1
could attenuate the renoprotective benefits of telmisartan. The in vitro
and in vivo data revealed that AdipoR1 knockdown could abate the
renoprotective role of telmisartan, which further supports the link be-
tween the benefits of telmisartan and its inhibitory effect on AT1R-
AdipoR1 heterodimerization.

5. Conclusion

The present study demonstrated that the heterodimerization of
AT1R-AdipoR1 promoted inflammatory response and cell apoptosis in
the renal tubular compartment during the progression of DN. In addi-
tion, telmisartan attenuated the renal damage of DN through the in-
hibition of AT1R-AdipoR1 heterodimerization, and alleviation of
downstream inflammatory responses and cell apoptosis. The present
study may provide a novel mechanism underlying the renoprotective
effect of telmisartan in the treatment of DN.
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