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A B S T R A C T

The incidence and severity of acute kidney injury (AKI) is increased yearly in diabetic patients. Although the
mechanisms for this remain unclear, the prevention of AKI in diabetic nephropathy is feasible and of value. As
we detected highly activation of TGF-β/Smad3 signaling in both human biopsy and mouse model of diabetic
nephropathy, we hypothesized that Smad3 activation in diabetic kidneys may increase AKI sensitivity. We tested
our hypothesis in vitro using TGF-β type II receptor (TGF-βRII) disrupted tubular epithelial cells (TECs) and in
vivo in mice with streptozotocin (STZ)-induced diabetic nephropathy before the induction of ischemia/re-
perfusion (I/R) injury. We found that high glucose (HG)-cultured TECs showed increased inflammation, apop-
tosis and oxidative stress following hypoxia/reoxygenation (H/R) injury. Disruption of TGF-βRII attenuated cell
injury induced by H/R in HG-treated TECs. Consistently, Smad3 knockdown in diabetic kidney attenuated I/R-
induced AKI. Mechanistically, Smad3 binds to p53 and enhances p53 activity in cells treated with HG and H/R,
which may lead to TECs apoptosis. Additionally, ChIP assay showed that Smad3 bound with the promoter region
of NOX4 and induced ROS production and inflammation. In conclusion, our results demonstrate that Smad3
promotes AKI susceptibility in diabetic mice by interacting with p53 and NOX4.

1. Introduction

Chronic kidney disease (CKD), is defined as a condition of pro-
gressive loss of renal function over months to years, characterised by
the excessive deposition of extracellular matrix, resulting in an ongoing
loss of normal tissue structure in a scarring process that leads to end-
stage renal disease (ESRD) [1–3]. Diabetic nephropathy is the leading
cause of ESRD worldwide [4,5]. Diabetic nephropathy patients are
pathologically characterised by abnormalities in glomerular, tubulo-
interstitial, and vascular compartments, including extracellular matrix
accumulation, thickening of the basement membrane, cellular hyper-
trophy and apoptosis [6]. The main reason for diabetes-induced ne-
phropathy, cardiomyopathy, retinopathy and AKI is uncontrolled

hyperglycemia. Previous studies have shown that under hyperglycemic
conditions, excessive generation of reactive oxygen species (ROS) in-
duced oxidative stress[7,8] and inflammatory responses in the proximal
tubules [9–11]. These HG-induced cellular events may facilitate the
development of AKI in diabetic nephropathy, culminating in the gra-
dual loss of renal function.

Acute kidney injury is a disease of rapid loss of renal function.
Multiple studies have shown that diabetes alone is an independent risk
factor for AKI [12]. The incidence of AKI has been found to be higher in
diabetic patients undergoing surgery [12,13], wherein subsequent
maladaptive recovery may affect kidney function and the development
of chronic functional impairment in diabetic patients [14,15]. In gen-
eral, a strong association between AKI and CKD has drawn the attention
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in the research field. However, while the AKI-to-CKD transition has
been extensively studied, the mechanism underlying AKI on CKD is
largely unknown. On one hand, AKI may contribute to the development
and progression of CKD. Recently, research has indicated the me-
chanism underlying the progression of AKI to CKD, including mala-
daptive repair in renal tubules, vascular rarefaction, fibrosis and in-
flammation [15–17]. On the other hand, CKD is one of the major risk
factors for AKI, wherein AKI in CKD patients is commonly associated
with abnormal repair and a poor prognosis [18,19]. In this study, we
found that high glucose treatment enhanced programmed cell death,
inflammation and oxidative stress in response to hypoxia/reoxygena-
tion or cisplatin. Additionally, the ischemia/reperfusion induced renal
damage was significantly enhanced in streptozotocin (STZ)-treated
diabetic mice. However, the mechanism of AKI sensitivity in CKD re-
mains largely unexplored.

TGF-β and downstream Smad3 have been extensively studied in
CKD and are considered the main regulators of renal fibrosis [20–22]. It
is worth noting that recent evidence presented by several research
groups, including our own, indicated that TGF-β and downstream
Smads, including Smad2, Smad3, and Smad7, play critical roles in
different types of AKI [23–26]. As we detected highly activated TGF-β/
Smad3 signaling in human biopsy and mouse model of diabetic ne-
phropathy, in addition to HG-treated tubular epithelial cells, we hy-
pothesized that the activation of Smad3 signalling in diabetic kidneys
may increase the sensitivity of AKI. We tested this hypothesis in TGF-β
type II receptor (TGF-βRII)-disrupted TECs in response to HG, H/R or
combined stimulation. Smad3 was then knocked down in the diabetic
mice before the induction of I/R injury. Additionally, the mechanisms
were further determined.

2. Materials and methods

2.1. Reagent and materials

Antibodies specific for TNF-α, KIM-1, P-p53, p53 cleaved caspase-3,
PCNA and β-actin were purchased from Abcam (Abcam, Cambridge,
UK). F4/80+, anti-P-Smad2, Smad2, P-Smad3 and Smad3 were ob-
tained from Cell Signaling Technology (CST, Danvers, MA). Anti-NOX4
was purchased from BiossBiotechnology (Bioss, Beijing, China). IRDye
800-conjugated secondary antibody was obtained from Li-cor
Biosciences (NE, USA). Streptozotocin was obtained from Sigma-
Aldrich (Sigma-Aldrich, St Louis, MO). Annexin V-FITC/PI Apoptosis
Detection Kit was purchased from Bestbio (Shanghai, China). Periodic
acid Schiff (PAS), Creatinine Assay Kit and BUN Assay Kit were ob-
tained from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Reactive Oxygen Species Assay (DCF Assay) Kit and
Dihydroethidium (DHE) were purchased from Beyotime Institute of
Biotechnology (Jiangsu, China). Albumin Mouse ELISA Kit was ob-
tained from Abcam (Abcam, Cambridge, UK).

2.2. Mouse models of diabetes

Male C57BL/6J mice (approximately 20–22 g) were provided by the
Experimental Animal Center, Anhui Medical University. Animal studies
were performed in accordance with the principles of laboratory animal
care (NIH publication no. 85–23, revised 1985) and all animal proce-
dures were approved by the Animal Experimentation Ethics Committee
from Anhui Medical University, Anhui, China. Mice were allocated to
each group randomly, food and water were freely available throughout
the experiments and maintained in a 12-h light/12-h dark cycle. The
diabetic mice were induced by the intraperitoneal injection of STZ
(Sigma-Aldrich, St Louis,Mo) at 50 mg/kg body weight according to a
standard protocol [27]. STZ-induced mice were maintained for another
8 weeks before renal ischemia/reperfusion, which timepoint was de-
termined by our pilot studies of the urinary albumin and renal Smad3
activation after STZ injection (Supplementary Fig. 1).

2.3. Renal ischemia-reperfusion

Renal I/R was induced in mice as previously described [28]. Briefly,
mice were anesthetised and placed on athermostat plate to maintain
body temperature of 36.5 °C. Bilateral renal pedicles were clipped for
25 min in mice using microaneurysm clamps [29–31]. After ischemia,
the clamps were released for 48 h reperfusion. Sham control animals
were subjected to the identical operation without renal pedicle
clamping.

2.4. AAV9-mediated Smad3 knockdown in mice

The adeno-associated viruses were developed and obtained from
GeneChem Company (Shanghai, China). Generally, a shRNA oligo was
subcloned into a GV478 AAV serotype 9 vector (U6-MCS-CAG-EGFP) to
develop the shRNA adeno-associated virus [32,33]. Mice were injected
slowly with 100 μl AAV9-packaged Smad3 knockdown plasmid with a
concentration of 1 × 1011 vg/ml through the renal vein [34]. For renal
vein injection, mice were anesthetized and the left kidney was exposed
through the flank incision. The vein was clamped and AAV9 particles
were injected into the vein using a 31G needle. The clamp was removed
after 15 min post injection and the incision sutured. The shRNA se-
quences of Smad3 knockdown were listed as follows: forward primer:
CCGUAUGAGCUUCGUCAAATT; reverse primer: UUUGACGAAGCUCA
UACGGTT.

2.5. Cell culture

Human kidney tubular epithelial cell line (HK2) and TGF-βRII
dominant negative tubular epithelial cell line were provided by Prof.
Hui Yao Lan (The Chinese University of Hong Kong) as pervious re-
ported [35]. TECs were cultured in 5% FBS-containing HyClone™
DMEM/F12 medium in 95% air and 5% CO2 atmosphere. For high
glucose conditioning, the cultures were performed as described pre-
viously [36]. Briefly, the TECs were cultured and passaged for 2 weeks

Abbreviations

AKI actue kidney injury
CKD chronic kidney disease
Cr creatinine
DM diabetic mice
ESRD end-stage renal disease
GSH glutathione
HG high glucose
H/R hypoxia/reoxygenation
HK2 human kidney tubular epithelial cell line

I/R ischemia/reperfusion
KD knockdown
KIM-1 kidney injury molecule-1
MDA malondialdehyde
ND non-diabetic mice
PAS periodic Acid-Schiff
ROS reactive oxygen species
SOD superoxide dismutase
TGF-βRII TGF-β type II receptor
TECs tubular epithelial cells
STZ streptozotocin
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in a medium containing 30 mmol/l glucose, the control groups of cells
were grown in media containing 5.5 mmol/l glucose with 24.5 mmol/l
mannitol. For H/R injury, after 2 weeks HG stimulation, TECs were
incubated in glucose-free medium in a tri-gas incubator (94% N2, 5%
CO2, and 1.0% O2) at 37 °C for 12 h. Subsequently, the cells were re-
turned to complete medium under normal conditions for 6 h for reox-
ygenation according to previous studies and our preliminary data
shown in Supplementary Fig. 2 [37].

2.6. Human samples

All human kidney samples were obtained from the First Affiliated
Hospital of Anhui Medical University (Anhui, China). Normal kidney
tissue (no fibrosis) was taken from the precancerous tissue of 6 patients
with renal cancer. The diabetic nephropathy tissues were obtained from
puncture tissue of six patients with diabetic nephropathy. Informed
written consents were obtained from all subjects. The study protocols
concerning human subjects are consistent with the principles of the
Declaration of Helsinki, and were approved by Biomedical Ethics
Committee of Anhui Medical University and the First Affiliated Hospital
of Anhui Medical University.

2.7. Western blot

Protein expression was analyzed by Western blot analysis as pre-
viously described [38,39]. The antibodies used in this study included
primary antibodies specific for KIM-1, cleaved caspase-3, P-p53, p53
and β-actin (Abcam, Cambridge, UK), P-Smad3 and total Smad3 (Cell
Signaling, Danvers, MA), NOX4 (Bioss, Beijing, China) and IR-
DyeTM800-conjugated secondary antibody (Rockland Im-
munochemicals). Signals were detected using LiCor/Odyssey infrared
image system (LI-COR Biosciences, Lincoln, NE, USA). The results were
quantitatively analyzed using Image J software (National Institutes of
Health).

2.8. Renal RNA extraction and real-time PCR

Total RNA was isolated from the cultured cells and kidney tissues
using RNeasy Isolation Kit (Qiagen, Valencia, CA) according to the
manufacturer's instructions. Real-time PCR was performed using Bio-
Rad iQ SYBR Green supermix with Opticon2 (Bio-Rad, Hercules, CA) as
described previously [40]. The primers used in this study including
mice KIM-1, IL-6, MCP-1, TNF-α, β-actin and human KIM-1, IL-8, TNF-
α, NOX4 and β-actin, were described previously [40]. Other primers
including mice TGF-β1, IL-1β, NOX4; Rat IL-1β, MCP-1 and human
TGF-β1, IL-1β, IL-8, MCP-1 are listed in Table S1. The ratio for the
mRNA interested was normalized to β-actin and expressed as the
mean ± SEM.

2.9. Renal histology and immunohistochemistry

Paraffin-embedded mouse kidney sections were prepared by a rou-
tine procedure (4 μm). Periodic acid Schiff (PAS) staining was carried
out and histologic examinations were performed using light micro-
scopy. The PAS sections were scored as previously described [39]. Ten
randomly chosen, non-overlapping fields per animal were evaluated.
Immunohistochemical staining was performed according to the manu-
facturer's instructions. The antibodies specific for KIM-1, TNF-α
(Abcam, Cambridge, UK) and F4/80+ (CST, Danvers, MA) were in-
cubated overnight at 4 °C and the secondary antibodies for 30 min at
37 °C. After staining with DAB and counterstaining with hematoxylin,
the sections were visualized using a microscope (Leica, Bensheim,
Germany).

2.10. Immunofluorescence

Cells were cultured in eight-chamber glass slides and then fixed in
acetone before incubating overnight with the antibodies detecting P-
p53, p-Smad3 and PCNA(1:200). Cells were washed with PBS and in-
cubated both with goat anti-rabbit IgG-rhodamine and goat anti-mice
IgG-rhodamine (Bioss Biotechnology, Beijing, China) for 2 h at room
temperature. The cells were counterstained with DAPI and visualized
using fluorescence microscopy (Leica, Bensheim, Germany).

2.11. Immunoprecipitation

For immunoprecipitation analysis, the cells were washed three
times with ice-cold PBS solution and lysed in NP40 buffer, as previously
described [39]. Briefly, the samples were precipitated with the in-
dicated antibodies (1 μg) and protein A/G-agarose beads (Santa Cruz,
CA, USA) by incubating at 4 °C overnight. The beads were subsequently
washed three times with 1 ml of NP40 buffer. The bound proteins were
removed by boiling in SDS buffer and resolved in 4–20% SDS-poly-
acrylamide gels for western blotting analysis.

2.12. TUNEL assay

Renal cell apoptosis was examined by TUNEL assay using the One
step TUNEL Apoptosis Assay Kit from Beyotime Biotechnology
(Beyotime, Jiangsu, China). Briefly, cells were fixed with 4% paraf-
ormaldehyde in PBS and then exposed to the TUNEL reaction mixture
containing TM red–labeled dUTP. Finally, samples were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI). TUNEL-positive nuclei
were identified by fluorescence microscopy.

2.13. Microalbuminuria

Twenty-four-hour urine samples were collected one day before the
sacrifice of mice. Microalbumin and urinary creatinine level were
measured with Albumin Mouse ELISA Kit (Abcam, Cambridge, UK) and
Creatinine Assay Kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), according to the manufacturer's protocol. Results of
mouse microalbuminuria were expressed as protein/urine creatinine (in
μg/mg).

2.14. Measurement of oxidative stress indexes

The levels of malondialdehyde (MDA) and activities of superoxide
dismutase (SOD) and glutathione peroxidase (GSH) were determined
using commercial assay kits following the manufacturer's instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.15. Flow cytometry

The extent of the programmed cell death was detected by flow cy-
tometry (BD FACSVerse, USA) using AV-FITC/PI apoptosis detection kit
(Bestbio, Shanghai, China). To evaluate the apoptosis level of TECs, the
attached and supernatant cells were stained with 5 μl of Annexin V-
FITC and 10 μl PI in the dark, detected by flow cytometry, and analyzed
using FlowJo 7.6 software (FlowJo, Ashland, OR, USA).

2.16. Luciferase reporter assay

The effect of high glucose on H/R-mediated TGF-β/Smad3 signal
activation was assessed by using the RWPOTMSMAD reporter gene
(Genomeditech, Shanghai, China). Cells were transiently transfected
with Smad3 responsive promoter Luc using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA). According to the manufacturer's in-
structions, Smad3 activities was analyzed by Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA). The activities was
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normalized to promoter activity of normal group.

2.17. Chromatin immunoprecipitation (ChIP) assay

Cells were stimulated with HG combine H/R. The corresponding
control cells were cultured to 80–90% confluency. Subsequently, ChIP
assay was performed using the SimpleChIP® Enzymatic Chromatin IP
Kit (Magnetic Beads) #9003 (Cell Signaling Technology, USA) ac-
cording to the manufacturer's instructions. The following antibodies
were used to immuno-precipitate crosslinked protein-DNA complexes:
rabbit anti-Smad3 and normal rabbit IgG. The immunoprecipitated
DNA was purified for PCR analysis with primers specific for the putative

binding sites within the promoter of NOX4.

2.18. Statistical analyses

Data are expressed as the mean ± S.E.M. Statistical significance
was analyzed using two-tailed unpaired t-test or one-way analysis of
variance (ANOVA), followed by Tukey's post-hoc test using GraphPad
Prism 5 software (GraphPad, La Jolla, CA, U.S.A.).

Fig. 1. Diabetic mice are more susceptible to ischemic AKI.
A.Renal tissues stained with periodic acid-Schiff and quantification of tubular damage; B. BUN assay; C. Serum creatinine assay; D. Western blot analysis showing the
protein expression of KIM-1; E. Detection of mRNA levels of KIM-1 by quantitative real-time PCR; F. Immunohistochemistry and quantitative analysis of KIM1; Scale
bars = 100 μm. Data represent the mean ± S.E.M. for 6–8 mice. **P < 0.01, ***P < 0.001 compared to SHAM group; #P < 0.05, ###P < 0.001 compared to
ND group; @@@P < 0.001 as indicated in Fig. 1. ND: non-diabetic mice; DM: STZ-induced diabetic mice; I/R and DM + I/R: non-diabetic mice and STZ-induced
diabetic mice were subjected to ischemia/reperfusion injury.
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3. Results

3.1. Ischemia AKI-induced kidney dysfunction is aggravated in
streptozotocin-induced diabetic mice

To study the AKI sensitivity in STZ-induced diabetic mice (DM) and
non-diabetic mice (ND), we first recapitulated the observations in an-
imal models. Mortality was calculated in Supplementary Fig. 3, the
survival rate was decreased in I/R mice in presence of DM compared
with I/R only group. For functional analysis, histological analysis with
Periodic Acid-Schiff (PAS) staining revealed significantly greater tissue
damage, characterised by loss of brush border, tubular cell loss and cast
formation in DM mice after ischemic injury compared to ischemic AKI
without STZ treatment. On the other hand, ND mice and DM mice
subjected to sham surgery showed fewer injured tubules. Quantita-
tively, I/R-induced tubular necrosis was higher in DM mice compared
with ND mice (Fig. 1A). Additionally, as demonstrated in Fig. 1B and C,
mice subjected to I/R showed a marked increase in BUN and serum
creatinine (Cr), of note, BUN and Cr were further increased in I/
R + DM group compared with I/R only group. Consistently, Western
blot and quantitative data analysis indicated that kidney injury mole-
cule-1 (KIM-1), a tubular damage marker, was also significantly up-
regulated in DM mice after ischemic injury (Fig. 1D). Real-time PCR
and immunohistochemistry analysis further confirmed these data
(Fig. 1E and F). These results suggest that DM mice suffered more se-
vere renal injury than ND mice after ischemia AKI.

3.2. STZ-induced diabetic mice exhibit increased renal inflammation,
oxidative stress and programmed cell death in kidney in response to ischemic
AKI

A comparison of renal inflammation after I/R injury in DM mice and
ND mice is presented in Fig. 2A and B. Immunohistochemistry analysis
showed significantly enhanced TNF-α positive signals and F4/
80 + macrophage infiltration in DM mice subjected to ischemia when
compared with ND mice subjected to ischemia (Fig. 2A). Further ana-
lysis via real-time PCR indicated that enhanced inflammatory cell in-
filtration was associated with a marked increase in pro-inflammatory
cytokines, such as IL-1β, IL-6 and MCP-1 in DM mice following I/R
injury (Fig. 2B). The high glucose intake in renal cell resulted in ex-
cessive ROS production. Western blot analysis indicated that I/R injury
resulted in an increased NOX4 expression in both the ND and DM
groups (Fig. 2C), whereas the NOX4 expression was significantly higher
in the DM group than the ND group after ischemia. Similar findings
were also found at the mRNA level by real-time PCR (Fig. 2D). Con-
sistently, we found that GSH and SOD levels were markedly lower in
DM mice than ND mice after I/R injury, while MDA levels were sig-
nificantly increased (Fig. 2E–G). Additionally, the levels of cleaved
caspase-3 increased in DM mice following I/R injury (Fig. 2H). We also
evaluated the renal cell turnover by staining TUNEL+ and
PCNA + cells in mice kidneys, we found that the proliferation/apop-
tosis ratio in kidneys of DM + I/R mice were the lowest, this may be
mainly led by the higher level of apoptosis in DM mice than ND mice
after I/R injury (Fig. 2I and J).

3.3. High glucose enhances cell damage, apoptosis, inflammation response
and oxidative stress in response to hypoxia/reoxygenation

We established an in vitro model using HG-treated TECs to in-
vestigate the effect of hyperglycemia on AKI susceptibility. TECs were
cultured for 2 weeks in a medium containing 30 mM glucose, whereas
we chose 5.5 mM glucose plus mannitol 24.5 mM mannitol (NG) as the
osmotic control. Cells were subjected to hypoxia/reoxygenation injury.
As shown in Fig. 3A, hypoxia/reoxygenation induced higher levels of
KIM-1 expression in H/R under HG condition group (HH/R) than the
H/R group. Additionally, we evaluated the effects of high glucose and
H/R on cell death of TECs. Western blot analysis indicated that the
levels of cleaved caspase-3 were markedly increased in the HH/R group
compared with the other groups (Fig. 3B). Similarly, Flow cytometric
analysis demonstrated that both HG and H/R could enhance the levels
of apoptosis (Fig. 3C). Moreover, HH/R was found to significantly in-
crease the levels of apoptosis. To determine whether high glucose en-
hances the H/R-induced inflammatory response, we measured the
mRNA levels of inflammatory factors using real-time PCR analysis. As
shown in Fig. 3D, HG further increased the mRNA levels of TNF-α, IL-
1β, IL-8 and MCP-1 following H/R injury. Western blot and real-time
PCR analysis showed that HH/R also upregulated the protein and
mRNA levels of NOX4 compared to H/R (Fig. 3E and F). This result was
further confirmed by DCF and DHE staining (Fig. 3G). These data
suggest that HG further aggravated inflammation and oxidative stress in
H/R-treated TECs.

3.4. High glucose exacerbates cell damage induced by cisplatin

To further define the sensitivity of AKI in response to high levels of
glucose, we adopted another nephrotoxic AKI model induced by cis-
platin in vitro. Western blot analysis showed that KIM-1 expression
increased significantly in the HG group compared with the NG group
exposed to cisplatin (Fig. 4A). As shown in Fig. 4B and C, HG-cultured
TECs exposed to cisplatin induced greater levels of apoptosis than NG in
vitro, as assessed by Western blot analysis and PI/Annexin V staining.
Consistent with H/R injury, both inflammation and oxidative stress
increased in the HG group following cisplatin treatment (Fig. 4D–F).

3.5. High glucose enhances TGF-β/Smad3 activity and their interaction
with p53 and NOX4 in TECs

IHC staining showed that TGF-β1 and phosphorylated Smad3 level
were significantly increased in the kidneys of diabetic patients com-
pared with the control (Fig. 5A). Similarly, Western blot analysis
showed that higher levels of phosphorylated Smad3 in DM mice fol-
lowing I/R injury (Fig. 5B). Real-time PCR analysis revealed that the
TGF-β1 mRNA level was greater in the DM group compared to the ND
group. After I/R injury, both DM and ND markedly increased the levels
of TGF-β1 mRNA compared to the control (Fig. 5C). Similar observa-
tions were found for the vitro model (Fig. 5D and E). We then evaluated
the interaction of Smad3 and p53, Co-immunoprecipitation analysis
showed Smad3 was bound to p53 in high glucose-cultured TECs ex-
posed to H/R injury (Fig. 5G). Furthermore, immunofluorescence
showed that the colocalization of P-p53 (green) with p-Smad3 (red)
immunoreactivity was largely increased in the HH/R group (Fig. 5F).

Fig. 2. STZ-induced diabetes enhances inflammation response, oxidative stress and apoptosis levels in mice subjected to ischemia AKI.
A. Immunohistochemistry and quantitative analysis of TNF-α and F4/80 + macrophages, Scale bars = 100 μm and 50 μm; B. Quantitative real-time PCR detected the
mRNA levels of IL-1β, IL6, MCP-1; C. Protein and D. mRNA level of NOX4; E-G. Level of GSH, SOD and MDA; H. Western blot analysis showing the protein expression
of cleaved caspase-3; I. Representative micrographs show terminal deoxynucleotidyl transferase–mediated dUTP nick end-labeling (TUNEL)-positive cells and
proliferating cell nuclear antigen (PCNA) (green nuclei)-positive cells in different groups as indicated; Scale bars = 100 μm; J. The proliferation/apoptosis ratio. Data
represent the mean ± S.E.M. for 6–8 mice. *P < 0.05, **P < 0.01, ***P < 0.001 compared to SHAM group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared
to ND group; ND: non-diabetic mice; DM: STZ-induced diabetic mice; I/R and DM + I/R: non-diabetic mice and STZ-induced diabetic mice were subject to ischemia
reperfusion injury. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. High glucose promotes cells damage, apoptosis and oxidative stress induced by hypoxia/reoxygenation injury in vitro.
A. Western blot analysis showing protein expression of KIM-1; B. Western blot analysis showing protein expression of cleaved caspase3; C. Flow cytometry assay. D.
Quantitative real-time PCR detected the mRNA levels of TNF-α, IL-1β, IL8 and MCP-1; E. Protein and F. mRNA levels of NOX4; G. ROS was assessed by the detection
of 2′,7′-dichlorodihydrofluorescein (DCF) and dihydroethidium (DHE) fluorescence. Scale bars = 100 μm. Data represent the mean ± S.E.M. for at least 3–4
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared to Normoxic group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to NG group.
NG: 5.5 mM glucose plus mannitol 24.5 mM mannitol; HG: high glucose; H/R: hypoxia/reoxygenation; HH/R: H/R under HG condition.
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Fig. 4. High glucose promotes cells damage, apoptosis and oxidative stress induced by cisplatin injury in vitro.
A. Western blot analysis showing protein expression of KIM-1; B. Western blot analysis showing protein expression of cleaved caspase-3; C. Flow cytometry assay. D.
Quantitative real-time PCR detected the mRNA levels of TNF-α, IL-1β, IL8 and MCP-1; E. Protein and F. mRNA levels of NOX4; G. ROS was assessed by detection of
2′,7′-dichlorodihydrofluorescein (DCF) and dihydroethidium (DHE) fluorescence. Scale bars = 100 μm. Data represent the mean ± S.E.M. for at least 3–4 in-
dependent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared to Saline Group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to NG group. NG:
5.5 mM glucose plus mannitol 24.5 mM mannitol; HG: high glucose; CIS: cisplatin.
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Furthermore, a luciferase reporter assay showed a high glucose-induced
binding activity of Smad3 (Fig. 5H), and ChIP assay detected the
binding of Smad3 on the NOX4 promoter region in high glucose and H/
R Co-stimulated TECs (Fig. 5I).

3.6. Disruption of TGF-βRⅡ suppresses high glucose-enhanced AKI
sensitivity in TECs

Next, we studied the function of TGF-β signaling in high glucose-
enhanced AKI sensitivity. Western blot analysis detected a significant
inhibition of KIM-1 expression in TECs (NRK52E) stably expressing
dominant-negative TGF-βRⅡ (Fig. 6A). Consistently, the results showed
that the disruption of TGF-βRⅡ suppressed apoptosis, inflammation
response and oxidative stress levels (Fig. 6B–F). This data suggests that
TGF-β signal inhibition alleviated the sensitivity of cell injury in high
glucose-treated TECs.

3.7. Knockdown (KD) of Smad3 alleviated ischemia/reperfusion (I/R)-
induced renal dysfunction and injury in STZ-induced diabetic mice

Next, we examined the functional importance of Smad3 in STZ-in-
duced mice in response to I/R injury. Smad3 was disrupted in mice by
the injection of an adeno-associated virus-9 (AAV9)-packaged Smad3
KD plasmid via the renal vein (Fig. 7A). Western blot and real-time PCR
analysis indicated that the Smad3 protein and mRNA levels were
downregulated (Fig. 7B and C).In diabetic mice subjected to I/R injury,
more severe renal injury and function loss were detected by PAS
staining, urinary microalbumin analysis, BUN and serum creatinine
assays. In contrast, Smad3 KD exerted reno-protective effects in DM
mice subjected to I/R injury (Fig. 7D–G). Western blot, im-
munohistochemistry and real-time PCR analysis of KIM-1further con-
firmed that Smad3 KD suppressed I/R-induced AKI in diabetic mice
(Fig. 7H–J). Additionally, our results showed that Smad3 KD failed to
prevent both body weight loss and blood glucose upregulation caused
by STZ injection (Supplementary Fig. 4). These results suggest that
Smad3 activation in diabetic kidneys may be a key factor for AKI sen-
sitivity.

3.8. Mice lacking Smad3 are protected from kidney inflammation, oxidative
stress and apoptosis compared to STZ-induced diabetic mice with I/R-
induced AKI

In diabetic mice suffering from I/R-induced AKI, Smad3 KD reduced
the inflammatory response. Immunohistochemistry analysis showed
that TNF-α positive signals and F4/80+ macrophage infiltration were
alleviated in Smad3 KD diabetic mice subjected to I/R injury (Fig. 8A).
Lower TNF-α and IL-1β mRNA levels were further confirmed as a result
of this observation (Fig. 8B). Additionally, Smad3 KD significantly in-
hibited the oxidative stress and apoptosis levels in diabetic mice subject
to I/R injury (Fig. 8C–G). TUNEL and PCNA staining assay showed that
Smad3 KD significantly restored the proliferation/apoptosis ratio in
diabetic mice subject to I/R injury (Fig. 8H and I), indicating that
Smad3 may be a potential target for preventing AKI in diabetic condi-
tions.

4. Discussion

In this study, we demonstrated that HG-cultured TECs and STZ-in-
duced diabetic mice showed increased tubular damage, inflammation,
apoptosis and oxidative stress in response to AKI, which was correlated
with high levels of activation of TGF-β/Smad3 signaling. However, the
disruption of TGF-βRII attenuated cell injury induced by H/R in HG-
treated TECs, whereas AAV9-mediated Smad3 KD in diabetic kidneys
attenuated I/R-induced AKI compared to the empty vector control.
Mechanistically, we found that Smad3 was able to bind to p53 in TECs
treated with HG and H/R, thereby enhancing TECs apoptosis.
Additionally, Smad3 bound to the promoter region of NOX4 and then
induced ROS production and inflammation. This may represent another
major mechanism by which Smad3 promotes AKI susceptibility in
diabetic nephropathy or HG conditions.

The incidence of AKI was found to be higher in diabetic patients
compared to non-diabetic patients, AKI in CKD patients has been pre-
viously associated with a poor prognosis, such that the prevention of
AKI in CKD patients is of great importance [13,18,41,42]. In the present
study, we found that renal I/R injury induced more severe renal da-
mage in STZ-induced diabetic mice than in non-diabetic mice. Con-
sistently, HG-cultured TECs showed increased inflammation, apoptosis
and oxidative stress following hypoxia/reoxygenation (H/R) injury.
However, the underlying mechanisms enhancing AKI susceptibility in
diabetic nephropathy are not fully understood. TGF-β and downstream
Smad3 have been confirmed as central mediators for renal fibrosis in
diabetic nephropathy. Here, TGF-β1 and Smad3 phosphorylation were
found to be substantiality induced in HG-treated TECs, in a human
biopsy and mouse model of diabetic nephropathy. It is worth noting
that the function of TGF-β/Smads in AKI has recently drawn increasing
attention [24,43,44]. Furthermore, a previous study showed that the
knockout of Smad3 attenuated I/R-induced AKI. Here, we also found
that the conditional knockout of TGF-βRII and downstream Smads in
the kidney protected mice against cisplatin-induced AKI [26]. In this
regard, in addition to the critical role of TGF-β/Smad3 in AKI-CKD
transition, TGF-β/Smad3 has an impact on AKI susceptibility in diabetic
nephropathy. In the current study, the disruption of TGF-βRII atte-
nuated the levels of cell injury induced by H/R in HG-treated TECs.
More importantly, we found that the knockdown of Smad3 in diabetic
kidneys attenuated I/R-induced AKI in mice. There results demonstrate
that TGF-β/Smad3 play a key role in enhancing AKI susceptibility in
diabetic nephropathy.

Here, the disruption of TGF-βRII or Smad3 was found to attenuate
AKI-induced programmed cell death and restore proliferation/apoptosis
ratio in response to HG conditions both in vivo and in vivo. Recently, a
well-designed study showed that p53 plays a critical role in the mi-
tochondrial pathway of apoptosis and enhances the susceptibility of
diabetic models to ischemic acute kidney injury, due to the fact that the
chemical inhibition of p53 activity by pifithrin-α or proximal tubule-
targeted gene depletion attenuates ischemic AKI in diabetic mice [36].
Our data demonstrated that Smad3 could bind to p53 and enhance p53
activation in cells treated with HG and H/R, which may represent one
of the mechanisms for the sensitivity of the kidneys to AKI in diabetic
patients.

In the present study, the disruption of TGF-βRII or Smad3 was also
found to attenuate AKI-induced oxidative stress in response to HG

Fig. 5. TGF-β/Smad3 levels increased in human diabetic kidneys, STZ-induced diabetic mice and high glucose-conditioned TECs.
A. Immunohistochemistry staining of TGF-β1 and phosphorylated Smad3 in human normal and diabetic patient tissues. Scale bars = 100 μm; B. Western blot
analysis showed protein expression of p-Smad3, Smad3, P-p53 and p53 in mice; C. mRNA level of TGF-β1 in mice; D. Western blot analysis showing protein
expression of p-Smad3, Smad3, P-p53 and p53 in TECs; E. mRNA levels of TGF-β1 in TECs; F. Double-immunofluorescence showing representative colocalization of
P-p53 with p-Smad3 in TECs. Scale bars = 100 μm; G. Co-IP assay detected an interaction of Smad3 with p53; H. Luciferase reporter assay; I. Binding of Smad3 to
NOX4 by ChIP assay. Data represent the mean ± S.E.M. for 6–8 mice in vivo and at least 3–4 independent experiments in vitro. *P < 0.05, **P < 0.01,
***P < 0.001 compared to SHAM group or Normoxic group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to ND group or NG group. ND: non-diabetic mice;
DM: STZ-induced diabetic mice; I/R and DM + I/R: non-diabetic mice and STZ-induced diabetic mice were subject to ischemia reperfusion injury; NG: 5.5 mM
glucose plus mannitol 24.5 mM mannitol; HG: high glucose; H/R: hypoxia/reoxygenation; HH/R: H/R under HG condition.
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conditions both in vivo and in vitro. Previous studies have shown that
oxidative stress plays an important role in the development and pro-
gression of CKD. A previous study found significantly increased levels of
oxidative stress in the blood samples of stage 3–5 CKD patients [45]. We

also determined the existence and importance of NOX-mediated ROS
production in diabetic nephropathy [46]. Additionally, oxidative stress
in the tissues of the kidneys may be one of the reasons for the high risk
of contrast medium-induced AKI in diabetic nephropathy as it may

Fig. 6. Disruption of TGF-βRII ameliorates HH/R-induced cell damage, apoptosis, inflammation and oxidative stress.
A and B. Western blot analysis showing protein expression of KIM-1(A) and cleaved caspase-3 (B); C. Flow cytometry assay; D. Quantitative real-time PCR detected
the mRNA levels of MCP-1 and IL-1β; E. Western blot analysis showing protein expression of NOX4; F. DCF and DHE staining of ROS level. Scale bars = 100 μm. Data
represent the mean ± S.E.M. for at least 3–4 independent experiments. *P < 0.05, ***P < 0.001 compared to NG group; ###P < 0.001 compared to HG group;
ϕϕϕP < 0.001 compared to H/R group. $$$P < 0.001 compared to Wild Type group. NG: 5.5 mM glucose plus mannitol 24.5 mM mannitol; HG: high glucose; H/R:
hypoxia/reoxygenation; HH/R: H/R under HG condition.
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induce enzymatic and vascular/endothelial dysfunction [47]. Recently,
NOX4 was found to contribute to AKI via ROS-mediated programmed
cell death and inflammation, suggesting the potential key role of ROS in
the AKI susceptibility of diabetic mice [48]. In the current study, the
results of a ChIP assay showed that Smad3 bound to the promoter

region of NOX4, thereby induced ROS production and renal damage.
Finally, the inhibition of TGF-βRII/Smad3 was found to attenuate

AKI-induced inflammation in response to HG conditions. The in-
flammatory response has been previously found to be significantly en-
hanced in diabetic nephropathy, and contributes significantly to the

Fig. 7. Smad3 knockdown attenuates acute kidney injury sensitivity in STZ-induced diabetic mice.
A. Schematic diagram illustrates the animal experimental design; B and C. mRNA and protein levels of Smad3; D. urinary albumin/creatinine ratio; E. Renal tissues
stained with periodic acid-Schiff and quantification of tubular damage. Scale bars = 100 μm; F. BUN assay; G. Serum Creatinine assay; H. Western blot analysis
showed protein expression of KIM-1; I. Immunohistochemistry and quantitative analysis of KIM-1; Scale bars = 100 μm; J. Quantitative real-time PCR detected the
mRNA levels of KIM-1. Data represent the mean ± S.E.M. for 6–8 mice. *P < 0.05, **P < 0.01, ***P < 0.001 compared to S group; #P < 0.05,###P < 0.001
compared to ND group; ϕϕP < 0.01, ϕϕϕP < 0.001 compared to EV-I/R group; @@@P < 0.001 as indicated in Fig. 7. ND: non-diabetic mice; DM: STZ-induced
diabetic mice; I/R and DM + I/R: non-diabetic mice and STZ-induced diabetic mice were subject to ischemia reperfusion injury; EV: empty vector; KD: knockdown;
S: Sham.
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induction and progression of AKI [49]. The infiltration of inflammatory
cells, such as macrophages, may predispose the kidneys to AKI. A
previous study found that diabetes increases susceptibility to I/R-in-
duced AKI, and that endogenous TNF-α produced in response to
ischemia exacerbates renal dysfunction in diabetes [50]. Mechanisms
underlying the phenomenon of renal inflammation in AKI-on-CKD at-
tenuated by Smad3 may be correlated to the suppression of Smad3/
NOX4-induced ROS production. Additionally, the disruption of Smad3
may prevent macrophage infiltration and inflammation via MCP-1-de-
pendent mechanisms [20,51]. Notably, an excessive inflammatory re-
sponse may also exacerbate oxidative stress and tubular apoptosis in a
positive feedback loop. These factors may contribute significantly to the
attenuation of Smad3-enhanced AKI susceptibility in diabetic nephro-
pathy.

In conclusion, our work demonstrated that Smad3 contributes to the
increased susceptibility of diabetic mice to AKI via the promotion of
p53-induced TECs apoptosis as well as NOX4-mediated ROS production
and inflammation. Since Smad3 is widely accepted as a potential target
for the treatment of renal fibrosis, the inhibition of Smad3 may have a
dual effect in inhibiting the progression of diabetic nephropathy and
AKI susceptibility.
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