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Abstract

Background: Transforming growth factor-f (TGF-f3)/Smad
signaling is the central mediator in renal fibrosis, yet its func-
tional role in acute kidney injury (AKI) is not fully understood.
Recent evidence showed that TGF-B/Smad3 may be in-
volved in the pathogenesis of AKI, but its functional role and
mechanism of action in cisplatin-induced AKI are unclear.
Objectives: Demonstrating that Smad3 may play certain
roles in cisplatin nephropathy due to its potential effect on
programmed cell death and inflammation. Methods: Here,
we established a cisplatin-induced AKI mouse model with
Smad3 knockout mice and created stable in vitro models
with Smad3 knockdown tubular epithelial cells. In addition,
we tested the potential of Smad3-targeted therapy using 2
in vivo protocols — lentivirus-mediated Smad3 silencing in
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vivo and use of naringenin, a monomer used in traditional
Chinese medicine and a natural inhibitor of Smad3. Results:
Disruption of Smad3 attenuated cisplatin-induced kidney in-
jury, inflammation, and NADPH oxidase 4-dependent oxida-
tive stress. We found that Smad3-targeted therapy protect-
ed against loss of renal function and alleviated apoptosis,
RIPK-mediated necroptosis, renal inflammation, and oxida-
tive stressin cisplatin nephropathy. Conclusions: These find-
ings show that Smad3 promotes cisplatin-induced AKI and
Smad3-targeted therapy protects against this pathological
process. These findings have substantial clinical relevance,
as they suggest a therapeutic target for AKI.
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Introduction

Acute kidney injury (AKI) is a common clinical entity
with high morbidity and mortality. AKI is induced by he-
modynamic, hypoxic, mechanical, and toxic agents [1, 2].
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Although the common pathological features of AKI in-
clude programmed cell death and excessive inflamma-
tion, its detailed mechanism and effective therapy need to
be explored further.

Transforming growth factor-p (TGF-P) functions by
activating downstream canonical and noncanonical path-
ways and regulating multiple biological processes includ-
ing cell growth, differentiation, and immune response.
The function of the TGF-p/Smad signaling system has
been extensively studied in CKD (3, 4]. Although the role
of TGF-f in AKT has drawn significant attention recently,
it is still controversial [5]. Previous studies reported that
TGEF-B1 may be protective in AKI because blockade of
TGEF-P1 in mice accelerated kidney injury and loss of re-
nal function [6-8]. However, other studies found that de-
pletion of TGF-P receptor attenuated, whereas its activa-
tion promoted, AKI progression [9, 10]. This was further
confirmed by a recent study showing that TGF- pro-
moted colistin-induced AKI [11]. Therefore, it is neces-
sary to further explore the functional role of downstream
Smads in different disease conditions. Smad2 and Smad3
are pivotal downstream effectors in renal fibrosis [12-
15]. Knockout (KO) of Smad3 attenuates, but condition-
al KO of Smad2 promotes, renal fibrosis in UUO ne-
phropathy [12, 16]. However, our group recently found
that unlike its protective role in renal fibrosis, Smad2 pro-
moted AKI by inducing programmed cell death and in-
flammation, even though Smad2 and Smad3 are both
highly activated in cisplatin-induced AKI model [17].

The TGF-p/Smad3 signaling pathway plays an impor-
tant role in various kidney diseases. Previous studies
showed that Smad3 is an important mediator of glomeru-
losclerosis and renal interstitial fibrosis [18]. Smad3 defi-
ciency prevents renal dysfunction, renal fibrosis, and in-
flammation in type 2 diabetic nephropathy [19], and
combined blockade of Smad3 and JNK pathways amelio-
rates progressive fibrosis in folic acid nephropathy [20].
Additionally, KO of Smad3 attenuated renal damage by
limiting renal inflammation in a murine model of isch-
emic AKI [21], and C-reactive protein accelerated AKI by
suppressing CDK2/cyclin E in Smad3-dependent mecha-
nisms [22]; these results were further supported by our
recent finding that Smad3 promotes AKI sensitivity in
diabetic mice [23]. However, the functional role of Smad3
and its mechanism of action in cisplatin-induced AKI
have not been studied. More importantly, it is not clear
whether Smad3-targeted therapy can be used to treat kid-
ney injury.

In this study, we generated Smad3 KO mice and Smad3
knockdown (KD) cell lines, the function of Smad3 in cis-
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platin-induced oxidative stress, programmed cell death,
and inflammation was tested both in vivo and in vitro.
We then evaluated 2 protocols of Smad3-targeted thera-
pies in a cisplatin-induced AKI model. One protocol in-
volved using lentivirus-mediated Smad3 silencing in
vivo, and the other involved treatment of mice with a nat-
ural Smad3 inhibitor, naringenin, a flavonoid from grape-
fruit and citrus fruits that is known to have anti-
inflammatory properties [24-26]. Our findings reveal the
function and mechanism of Smad3 in cisplatin-induced
AKIand provide evidence for Smad3 as a promising ther-
apeutic target in AKIL

Methods

Reagents

Cisplatin was obtained from Sigma-Aldrich (Sigma, San Diego,
CA, USA). Naringenin was obtained from Shanxi Huike Botanical
Development Co., Ltd. (Xian, Shanxi, China). Annexin V-FITC/
PI Apoptosis Detection Kit was purchased from Beyotime (Shang-
hai, China). Periodic acid-Schiff (PAS), Creatinine Assay Kit, and
BUN Assay Kit were obtained from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). Fetal bovine serum (FBS),
DMEM, and other cell culture reagents were purchased from In-
vitrogen. Antibodies specific to KIM1 and B-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). RIPK1
and RIPK3 were obtained from BOSTER Biological Technology
(Wuhan, China). F4/80+, anti-cleaved caspase-3, TNF-a, Smad3,
and NOX4 were obtained from Cell Signaling Technology (CST,
Danvers, MA, USA). IRDye 800-conjugated secondary antibody
was obtained from LI-COR Biosciences (Lincoln, NE, USA). Lipo-
fectamine 2000 was purchased from SciencBio Technology (Invi-
trogen, Beijing, China).

Mice

C57BL/6 mice used in this study were obtained from Labora-
tory Animal Center of Anhui province, aged 6-8 weeks, male.
Smad3WT and S3KO mice were obtained from the Chinese Uni-
versity of Hong Kong, male, 8 weeks of age, 22-25 g. Animal mod-
el of cisplatin-induced acute kidney injury was established by in-
traperitoneal injection of cisplatin (20 mg/kg). Mice intraperitone-
ally injected with saline were used as control. Naringenin (50 mg/
kg) was intraperitoneally injected 6 h before cisplatin treatment
and injected daily. All mice were sacrificed under anesthesia 3 days
after cisplatin injection. Kidney tissue samples were harvested for
PAS staining, immunohistochemistry, Western blot, and real-time
PCR, as reported previously, and blood samples were harvested for
BUN and Cr detection in accordance with the manufacturer’s in-
structions.

Cell Culture

Cells were cultured in HyClone™ DMEM-F12 medium con-
taining 5% FBS at 37°C and 5% CO,. Cells were starved for 12 h
with 0.5% FBS, then treated with cisplatin (20 uM) for 24 h and then
harvested and analyzed. A minimum of 3 independent experi-
ments were performed.
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Transfection of Smad3 Small Hairpin RNA

Smad3 expression was assessed by Western blot and real-time
PCR analysis after transfection of mouse tubular epithelial cells
(mTEC) cells with mice-derived Smad3 shRNA plasmid obtained
from GenePharma Co., Ltd. Briefly, cells were seeded in 6-well
plates and transfected with Smad3 shRNA plasmid and control
constructs using Lipo2000 transfection reagent (Invitrogen, Carls-
bad, CA, USA). Cells were incubated with opti-MEM at 37°C and
5% CO, for 6 h, then incubated in DMEM containing 5% FBS.
Cells were cultured in DMEM containing 5% FBS and selected by
puromycin to establish Smad3 KD stable cell lines.

Lentivirus-Mediated Smad3 KD in Mice

Mouse Smad3 shRNA were obtained from GenePharma
(Shanghai, China). Lentivirus-mediated Smad3 KD in mice was
performed as we previously reported [27], then mice were intra-
peritoneally injected with either 20 mg/kg cisplatin or the equal
volume of saline or naringenin for further analysis.

Hematoxylin-Eosin Staining

Kidney tissues were fixed with 4% paraformaldehyde and then
dehydrated, paraffin-embedded, and sliced (3-5 pm). The tissue
sections were stained with the hematoxylin-eosin (HE) staining
reagent performed in Wuhan Servicebio Technology Co., Ltd., for
histological analysis and then observed with a microscope (Olym-
pus, Tokyo, Japan). Scoring was performed according to the stan-
dard of renal injury: 0 = normal; 1 = <25%; 2 = 25-50%; 3 = 50—
75%; and 4 = >75%.

PAS Staining and Immunohistochemical Analysis

PAS staining was performed with a PAS kit to assess the histo-
logical damage, as described previously [27]. Immunohistochem-
istry was performed on paraffin sections to detect kidney injury by
microwave antigen retrieval techniques. Sections were incubated
with rabbit anti-KIM1, anti-F4/80+, and anti-TNF-a antibodies
overnight at 4°C. Sections were incubated in secondary antibody
and DAB. After immunostaining, the slides were counterstained
with hematoxylin and analyzed by Image Analysis System (Axio-
Vision 4; Carl Zeiss, Jena, Germany).

Renal Function Detection

Blood samples from mice were used to measure Cr and BUN
using Creatinine and BUN Assay Kits according to the manufac-
turer’s instructions.

Western Blot Analysis

Protein from kidney tissues and cultured cells was extracted with
RIPA buffer (Beyotime, Jiangsu, China); BCA kit (Beyotime, Jiangsu,
China) was used to measure concentration. Western blot was per-
formed as described previously [12, 27]. The membrane was incu-
bated with appropriate antibody using rabbit anti-KIM1, anti-
cleaved caspase-3, anti-RIPK1, anti-RIPK3, anti-Smad3, and mouse
anti-B-actin overnight at 4°C. Membrane was incubated with IRDye
800-conjugated secondary antibody for 1.5 h at room temperature.
Images were captured with LI-COR/Odyssey infrared image system
and then analyzed by Image J software (NIH, Bethesda, MD, USA).

Renal RNA Extraction and Real-Time PCR Examination
Total RNA was obtained from kidney tissues or cultured cells
using the RNeasy Isolation Kit according to the manufacturer’s
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instructions (Qiagen, Valencia, CA, USA). Concentration of RNA
was measured by a NanoDrop 2000 Spectrophotometer (Thermo
scientific, Waltham, MA, USA). Total RNA was reverse-tran-
scribed into cDNA according to the manufacturer’s instructions of
Bio-Rad kit. Real-time PCR mixture contained 0.3 uL upstream
and downstream primers for each gene, 4 uL Bio-Rad iQ SYBR
Green supermix with Opticon2 (Bio-Rad, Hercules, CA, USA),
2.4 uL enzyme-free water, and 2 pL cDNA solution. The sequenc-
es of primers were as follows:mouse KIM1 - forward: 5'-CAGGG-
AAGCCGCAGAAAA-3',reverse: 5-GAGACACGGAAGGCAA-
CCAC-3'; mouse TNF-a - forward: 5'-CATCTTCTCAAAATT-
CGAGTGACAA-3', reverse: 5-TGGGAGTAGACAAGGTAC-
AACCC-3'; mouse MCP-1 - forward: 5'-CTTCTGGGCCTGCT-
GTTCA-3', reverse: 5'-CCAGCCTACTCATTGGGATCA-3';
mouse NOX4 - forward: 5'-CCCAAGTTCCAAGCTCATTT-
CC-3/, reverse: 5'-TGGTGACAGGTTTGTTGCTCCT-3'; mouse
IL-1B - forward: 5'-CAACCAACAAGTGATATTCTCCATG-3,
reverse: 5-GATCCACACTCTCCAGCTGCA-3'; mouse IL-6 -
forward: 5'-GAGGATACCACTCCCAACAGACC-3', reverse :
5'-AAGTGCATCATCGTTGTTCATACA-3; mouse IL-8 - for-
ward: 5-TTCAGAGACAGCAGAGCACA-3', reverse: 5'-GCCA-
GCTTGGAAGTCATGTT-3'; mouse B-actin - forward: 5'-CATT-
GCTGACAGGATGCAGAA-3/, reverse: 5'-ATGGTGCTAGGA-
GCCAGAGC-3'; mouse Smad3 - forward: 5-AGGGCTTTG-
AGGCTGTCTACC-3/, reverse: 5-GTCCACGCTGGCATCTT-
CTG-3".

Real-time PCR assay reaction conditions were as follows: dena-
turation at 95°C for 20 s, annealing at 58°C for 20 s, elongation at
72°C for 20 s, amplification for 40 cycles for each primer. 3-Actin
was used to normalize the ratio for the mRNA of other genes.

MTT Assay

mTEC cells were seeded in 96-well plates and cultured in Hy-
Clone™ DMEM-F12 medium containing 5% FBS at 37°C and 5%
CO,. Cells were treated by a set of concentrations of naringenin
(arranged from 25 to 200 uM) for 12 h, respectively, with or without
administration of cisplatin (20 um) for 24 h. Cells were harvested
after addition of 5 mg/mL MTT solution to each well. After 4 h,
supernatant was removed and 150 uL DMSO was added to dissolve
formazan crystals. Optical density was determined in microplate
reader (Multiskan MK3, Thermo, Waltham, MA, USA) at 492 nm
wavelength.

Flow Cytometric Analyses

Flow cytometric analysis was performed to evaluate the per-
centage of apoptotic cells. The stable mTEC cell lines were treat-
ed with 50 uM naringenin with or without 20 uM cisplatin for
24 h. mTEC cells were digested with trypsin for 2 min and cen-
trifuged at 1,200 rpm for 5 min at 4°C. According to the manu-
facturer’s instructions, the density of cells used was 10° cells/mL
after addition of 400 uL Annexin V-binding fluid. Cells were
restained with 10 uL PI for 5 min and lightly placed at 4°C in dark
before being immediately measured with a laser 8-color flow cy-
tometer (FACS Verse, BD, USA) and quantified using Flow Jo 7.6
software [27].

ELISA

The levels of interleukin (IL)-13 and monocyte chemotactic
protein-1 (MCP-1) were measured by ELISA (R&D Systems) ac-
cording to the manufacturer’s instructions.
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DHE Staining

The oxidation of DHE, fluorescent red and ethidium bound to
DNA, was used to estimate intracellular reactive oxygen species
(ROS) levels according to the manufacturer’s instructions. Cells
were incubated with 5 mM freshly prepared DHE solution (Beyo-
time, Jiangsu, China) for 30 min at 37°C and then measured under
fluorescence microscopy.

DCF Assay

DCEF, the oxidation product of 2,7-dichlorodihydrofluorescein
diacetate, is a marker of cellular oxidation. According to the man-
ufacturer’s instructions, the ROS level was measured by fluores-
cence microscopy with excitation of 488 nm and emission of 525
nm [1].

Immunofluorescence

mTEC cells were cultured in 8-chamber glass slides in the pres-
ence or absence of cisplatin (20 (M) for 24 h after incubation with
naringenin overnight. Cells were then fixed in 4% paraformalde-
hyde and incubated with the antibodies detecting mouse anti-
Smad3 and rabbit anti-NOX4 at 4°C overnight, followed by 1 h of
incubation with goat anti-rabbit and goat anti-mouse IgG rhoda-
mine (Bioss Biotechnology, Beijing, China). Cells were then coun-
terstained with DAPI and analyzed under fluorescence micro-
scope (Zeissspot; Carl Zeiss Micro Imaging GmbH, Gottingen,
Germany), as previously described [28].

Co-Immunoprecipitation

mTEC cells were harvested with 1% NP-40 followed by cen-
trifugation at 3,000 rpm for 5 min. Protein was incubated with
NOZX4 antibody for 2 h at 4°C. Then, capture the immunocomplex
by adding 100 pL of washed Protein A agarose bead slurry (EMD
Millipore Corporation, 28820 Single Oak Drive, Temecula, CA,
USA). The tagged protein was incubated with the bead for 12 h at
37°C to get the protein-bead complex. Protein-bead complex was
washed with 1% NP-40 for 3 cycles. Samples were finally measured
by Western blot with Smad3 antibody.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assay was performed using
the SimpleChIP Enzymatic Chromatin IP Kit (Magnetic Beads)
#9003 (Cell Signaling Technology, Beverly, MA, USA) according

Fig. 1. Smad3 KO prevented cisplatin-induced renal injury and
programmed cell death in vivo.a PAS staining. Smad3 KO reduced
renal injury in cisplatin nephropathy. b HE staining. ¢ Western
Blot analysis of KIM1, RIPK1, RIPK3, and cleaved caspase-3. d Im-
munohistochemistry and quantitative data of KIM1. Smad3 KO

Fig. 2. Smad3 KO attenuated cisplatin-induced renal inflamma-
tion and NOX4-dependent oxidative stress in vivo. a Immunohis-
tochemistry of F4/80+ and TNF-a. Smad3 KO reduced
inflammatory response, including recruitment of macrophages
and secretion of TNF-q, as the arrows shown in pictures. b Real-
time PCR for inflammatory indicators in mice. Smad3 KO reduced
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to the manufacturer’s instructions. Cells were stimulated with cis-
platin for 24 h and fixed with 1% formaldehyde in DMEM for 10
min. Glycine was added to each dish and set for 5 min prior to
washing in cold PBS 2 times. Cells were collected, resuspended,
and sonicated to generate 200-800 bp DNA fragments. Subse-
quently, the following antibodies were used to immunoprecipitate
cross-linked protein-DNA complexes: rabbit anti-Smad3 and nor-
mal rabbit IgG. The immunoprecipitated DNA was purified for
PCR analysis with primers specific for the putative binding sites
within the promoter of NOX4.

Statistical Analysis

The data acquired from this study are presented as the mean +
SEM from 3 to 4 independent in vitro experiments or 6-8 mice.
Statistical analyses were performed using 2-tailed unpaired ¢ test
or 1-way ANOVA, followed by Newman-Keuls post hoc test
(Prism 5.0; GraphPad Software, San Diego, CA, USA).

Results

KO of Smad3 Attenuated Cisplatin-Induced Renal

Injury, Programmed Cell Death, Inflammation, and

Oxidative Stress in vivo

PAS and HE staining showed Smad3 KO attenuated
renal tubule enlargement and cell damage in cisplatin ne-
phropathy (Fig. 1a, b). We then determined the role of
Smad3 in cisplatin-induced renal injury and programmed
cell death. Western blot revealed decreased levels of
KIM1, RIPK1, RIPK3, and cleaved caspase-3 in Smad3
KO mice (Fig. 1c). Consistently, immunohistochemistry
revealed that KIM1 was significantly lower in Smad3 KO
mice than in S3WT mice (Fig. 1d). Furthermore, Smad3
KO mice also showed reduced F4/80+ macrophage infil-
tration and TNF-a signals (Fig. 2a). This result was fur-
ther confirmed by real-time PCR, which showed reduced
mRNA levels of inflammatory indicators including

reduced the percentage of KIM1-positive cells in injured kidney,
as the arrows shown in pictures. Data are mean + SEM for 6-8
mice. ***p < 0.001 versus normal; ###p < 0.001 versus Smad3 WT
+ cisplatin group. Magnification, x20. KO, knockout; PAS, peri-
odic acid-Schiff; HE, hematoxylin-eosin; WT, wild type.

mRNA levels of TNF-q, IL-6, and MCP-1 compared with those in
S3WT mice. c Western blot analysis of NOX4. d Western blot anal-
ysis of NDUFA 9. Data represent mean + SEM for 6-8 mice. *p <
0.05, **p < 0.01, ***p < 0.001 versus normal; #p < 0.05, ##p < 0.01,
###p < 0.001 versus S3FF + cisplatin group. Magnification: x20.
KO, knockout; WT, wild type.
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Fig. 3. Smad3 KD attenuated cell injury, programmed cell death,
and inflammation in cisplatin-treated tubular epithelial cells. a, b
Western blot and real-time PCR of Smad3. Smad3 KD was con-
firmed in mTEC. ¢ Western blot and quantitative data of KIM1,
RIPK1, RIPK3, and cleaved caspase-3. d Real-time PCR of KIM1.
e Real-time PCR shows that Smad3 KD reduced mRNA levels of

378 Kidney Dis 2021;7:372-390

DOI: 10.1159/000512986

TNF-a, IL-6, and MCP-1. Data represent the mean + SEM for 3-4
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 ver-
sus control; #p < 0.01, ##p < 0.01, ###p < 0.001 versus Smad3 vec-
tor control + cisplatin. EV, empty vector; KD, knockdown; mTEC,
mouse tubular epithelial cells.
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TNEF-a, IL-6, and chemokine MCP-1 (Fig. 2b). Moreover,
Western blot results showed significant reduction in
NOX4 levels in cisplatin-stimulated Smad3 KO mice
compared with those in S3WT mice (Fig. 2c) and recov-
ered protein levels were found for complex I subunits,
such as NDUFA 9 (Fig. 2d). These findings show that
Smad3 promotes cisplatin-induced tubular injury, in-
flammation, programmed cell death, and ROS in vivo.

Cisplatin-Induced Cell Injury, Programmed Cell

Death, Inflammation, and Oxidative Stress Were

Attenuated in Smad3 KD TEC

We next determined the function of Smad3 in TECs.
Western blot and real-time PCR revealed significant de-
crease in Smad3 protein and mRNA levels in Smad3 KD
TEC (Fig. 3a, b). Consistently, Western blot revealed sig-
nificant reduction in KIM1, RIPK1, RIPK3, and cleaved
caspase-3 levels in cisplatin-stimulated Smad3 KD cells
compared with those in cells transfected with empty vec-
tor (Fig. 3c). The mRNA levels of KIM1, TNF-a, IL-6, and
MCP-1 were significantly decreased in Smad3 KD cells
(Fig. 3d, e). Additionally, Smad3 KD reduced cisplatin-
induced NOX4-dependent oxidative stress in vitro
(Fig. 4a, b). We next examined the mechanisms of Smad3
and NOX4. Co-immunoprecipitation and immunofluo-
rescence analyses confirmed the interaction between
Smad3 and NOX4 (Fig. 4c, d). Interestingly, Smad3
bound to the promoter region of NOX4 to induce the
production of NOX4 (Fig. 4e), indicating that Smad3 reg-
ulates NOX4 expression and function at 2 different levels
and that this interaction with NOX4 could be the major
mechanism through which cisplatin induces oxidative
stress. Moreover, Smad3 KD recovered protein levels of
NDUFA 9 (Fig. 4f).

Fig. 4. Cisplatin-induced oxidative stress was relieved in Smad3
KD cells. a, b Western blot and real-time PCR of NOX4. ¢ Immu-
nofluorescence of Smad3 and NOX4. d Co-immunoprecipitation.
Smad3 interacted with NOX4 to regulate its function. e ChIP as-
say. Smad3 bound the promoter region of NOX4. f Western blot

Fig. 5. Lentivirus-mediated Smad3 KD effectively reduced cispla-
tin-induced injury and programmed cell death in vivo. a Western
blot of NOX4. Smad3 KD was confirmed in vivo. b, ¢ BUN and
serum Cr analyses. Smad3 silencing reduced cisplatin-induced re-
nal injury. d PAS staining. Smad3 KD reduced renal injury in cis-
platin nephropathy. e HE staining. f Western blot and quantitative
data. Protein levels of KIM1, RIPK1, RIPK3, and cleaved caspase-3

Smad3-Targeted Therapy Protects against
AKI

Lentivirus-Mediated Smad3 KD Effectively Reduced

Cisplatin-Induced Renal Injury, Inflammation,

Programmed Cell Death, and Oxidative Stress in vivo

Western Blot confirmed Smad3 KD in mice (Fig. 5a).
Further, Smad3 silencing reduced cisplatin-induced re-
nal injury, and this finding was confirmed by detecting
the serum Cr and BUN (Fig. 5b, ¢). PAS staining and HE
staining showed Smad3 KD attenuated kidney damage
in cisplatin nephropathy (Fig. 5d, e). Furthermore, pro-
tein levels of KIM1, RIPK1, RIPK3, and cleaved cas-
pase-3 were significantly reduced in cisplatin-injured
kidneys of Smad3 KD mice compared with those in
empty vector control (Fig. 5f, g). Imnmunohistochemis-
try revealed that Smad3 KD reduced the expression of
KIM1, TNF-a, and F4/80+ macrophage infiltration
(Fig. 6a). Additionally, real-time PCR revealed de-
creased mRNA levels of TNF-q, IL-6, and MCP-1 in
Smad3 KD mice (Fig. 6b). Western blot and real-time
PCR further showed that NOX4 was significantly re-
duced in cisplatin-injured kidneys of Smad3 KD mice
(Fig. 6¢, d). Western blot showed that the protein level
of NDUFA 9 was recovered in Smad3 KD mice (Fig. 6e).
These findings suggest that lentivirus-mediated Smad3
silencing can effectively attenuate cisplatin-induced re-
nal injury, inflammation, programmed cell death, ROS
production, and oxidative respiratory chain of complex
I subunits in vivo.

Inhibition of Smad3 Using Naringenin Attenuated
Cisplatin-Induced Kidney Injury, Programmed Cell
Death, Inflammation, and Oxidative Stress in vitro
We found that naringenin had low cytotoxicity, <100
uM, and it exerted protective effects in cisplatin-treated
mTEC (Fig. 7a, b). Western blot showed naringenin sig-

analysis of NDUFA 9. Data represent the mean + SEM for 3-4 in-
dependent experiments. ***p < 0.001 versus control; #p < 0.01,
###p < 0.001 versus Smad3 vector control + cisplatin. EV, empty
vector; KD, knockdown; mTEC, mouse tubular epithelial cells.

were reduced in Smad3 KD mice. g Real-time PCR of KIMI.
Smad3 KD significantly reduced the mRNA level of KIM1 in vivo.
Data are mean + SEM for 6-8 mice. *p < 0.05, **p < 0.01, ***p <
0.001 versus control; #p < 0.01, ##p < 0.01, ###p < 0.001 versus
Smad3 vector control + cisplatin. Magnification, x20. PAS, peri-
odic acid-Schiff; EV, empty vector; KD, knockdown.
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nificantly reduced P-Smad3 and Smad3 protein levels
(Fig. 7c). Western blot and real-time PCR showed sig-
nificant reduction in KIM1 protein and mRNA levels in
cells treated with cisplatin (Fig. 7d, e). In addition, flow
cytometry and Western blot for RIPK1, RIPK3, and
cleaved caspase-3 revealed that naringenin effectively at-
tenuated cisplatin-induced programmed cell death in vi-
tro (Fig. 7f, g). Furthermore, real-time PCR and ELISA
revealed that inflammation was alleviated in the narin-
genin treatment group (Fig. 8a, b). In addition, Smad3
inhibition by treatment with naringenin reduced cisplat-
in-induced NOX4-dependent oxidative stressin vitro

(Fig. 8c-1).

Smad3-Targeted Therapy Using Naringenin

Attenuated Cisplatin-Induced Kidney Injury,

Programmed Cell Death, Inflammation, and

Oxidative Stress in vivo

Naringenin treatment reduced kidney damage and re-
covered the renal function in vivo (Fig. 9a-d). Western
blot and real-time PCR revealed significant reduction in
KIM1 levels in naringenin-treated mice (Fig. 9e, f). In ad-
dition, the protein levels of RIPK1, RIPK3, and cleaved
caspase-3 were significantly reduced by naringenin
(Fig. 9g). Real-time PCR revealed that naringenin pro-
tected against cisplatin-induced inflammation (Fig. 10a),
and this result was confirmed by the immunohistochem-
istry of KIM1, F4/80+, and TNF-a (Fig. 10b). Addition-
ally, Western blot and real-time PCR showed that narin-
genin significantly reduced the protein and mRNA levels
of NOX4 in vivo (Fig. 10c, d).

Fig. 6. Lentivirus-mediated Smad3 KD reduced cisplatin-induced
renal inflammation and NOX4-dependent oxidative stress in vivo.
a Immunohistochemistry for detection of KIM1, TNF-a, and
F4/80+ macrophages. Smad3 KD decreased infiltration of F4/80+
macrophages and protein levels of KIM1 and TNF-a in cisplatin
nephropathy, as the arrows shown in figures. b Real-time PCR.
Smad3 KD reduced the mRNA levels of TNF-a, IL-6, and MCP-1.

Fig. 7. Treatment with naringenin reduced cisplatin-induced in-
jury and programmed cell death in mTEC. a, b MTT assay. Nar-
ingenin had low cytotoxicity and exerted protective effects on cis-
platin-treated mTEC. ¢ Western blot of P-Smad3 and Smad3. d, e
Western blot and real-time PCR of KIM1. Naringenin treatment
significantly reduced protein and mRNA levels of KIM1 in cispla-
tin-treated mTEC. f Flow cytometry of PI/Annexin V. g Western

384 Kidney Dis 2021;7:372-390
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Discussion

The current study found that Smad3 KO attenuated
the loss of renal function, cell apoptosis, necroptosis,
oxidative stress, and inflammation in cisplatin ne-
phropathy. This finding was consistent with our in vitro
study showing that Smad3 KD prevented oxidative
stress, programmed cell death, and inflammatory re-
sponse in cisplatin-treated TECs. Furthermore, Smad3-
targeted therapy using 2 protocols was tested in vivo,
and the results demonstrated that lentivirus-mediated
Smad3 KD could protect against renal injury caused by
cisplatin injection, whereas treatment with naringenin,
a Smad3 inhibitor and a monomer used in traditional
Chinese medicine, protects against AKI. Mechanistical-
ly, Smad3 bound the promoter region of NOX4 to in-
duce the production of NOX4, while it also interacted
with NOX4 to induce NOX4-dependent ROS produc-
tion. This might be one of the major mechanisms medi-
ating cisplatin-induced programmed cell death and in-
flammation.

First, in this study, we explored the mechanisms of
Smad3 in renal injury, programmed cell death, and in-
flammation. Necroptosis is regulated by the death signal-
ing pathway and is a recently identified cell death mech-
anism that has a key role in AKI. Necroptotic cells release
components such as high mobility group protein to in-
duce severe necroinflammation [29]. Emerging evidence
shows that RIPK1, RIPK3, and MLKL are central regula-
tors in the necroptotic pathway [30-32]. Our team re-
cently found that hsa-miR-500a-3P directly targets the

¢, d Western blot and real-time PCR of NOX4. NOX4 was signifi-
cantly reduced in cisplatin-injured kidneys of Smad3 KD mice. e
Western blot analysis of NDUFA 9. Data are mean + SEM for 6-8
mice. *p < 0.05, ***p < 0.001 versus control; ##p < 0.01, ###p <
0.001 versus Smad3 vector control + cisplatin. Magnification, x20.
EV, empty vector; KD, knockdown.

blot analysis and quantitative data of RIPK1, RIPK3, and cleaved
caspase-3. Naringenin inhibited cisplatin-induced necrosis and
apoptosis in mTEC. Data represent the mean + SEM for 3-4 inde-
pendent experimentsin vitro. **p < 0.05, **p < 0.01, ***p < 0.001
versus normal; #p < 0.05, ##p < 0.01 compared to cisplatin-treated
group. mTEC, mouse tubular epithelial cells; Nar, naringenin.
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Fig. 8. Treatment with naringenin reduced cisplatin-induced in-
flammatory response and oxidative stress in mTEC. a, b Real-time
PCR and ELISA of mTEC cells. Inflammation was alleviated in the
naringenin treatment group. ¢, d Western blot and real-time PCR
of NOX4. e, f DCF assay of reactive oxygen species and DHE stain-
ing in cisplatin-treated mTEC. Smad3-targeted therapy using nar-
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ingenin reduced cisplatin-induced NOX4-dependent oxidative
stressin vitro. Data represent the mean + SEM for 3-4 independent
experiments in vitro. **p < 0.05, **p < 0.01, ***p < 0.001 versus
normal; #p < 0.05, ##p < 0.01 compared to cisplatin-treated group.
mTEC, mouse tubular epithelial cells; Nar, naringenin.
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3'UTR of MLKL, thereby alleviating kidney injury by
limiting necroptosis [32]. We also identified that wogo-
nin, a TCM monomer, prevents cisplatin-induced
necroptosis and renal injury by binding to the ATP-
binding pocket of RIPK1 [28], and treatment with Cpd-
71, a novel RIPK1 inhibitor, attenuated cisplatin ne-
phropathy [33]. The results of the current study showed
that loss of Smad3 prevented cisplatin-activated necrop-
totic signaling, with Smad3 deficiency significantly
blocked RIPK-mediated programmed cell death. This re-
sult indicates Smad3 may play an important role in cell
necroptosis. Additionally, we found that disruption or
pharmacological inhibition of Smad3 decreased cisplat-
in-induced inflammatory response both in vivo and in
vitro. This finding is consistent with previous reports
that global Smad3 KO limited ischemic AKI by down-
regulating the production of inflammatory indexes such
as MCP-1 and IL-6 [21].

Second, we found that Smad3 plays a crucial role in
cisplatin-induced renal injury, programmed cell death,
and inflammation by limiting NOX4-dependent oxi-
dant stress. Recent studies indicate that diseases caused
by cisplatin toxicity are closely correlated with increased
ROS levels [34]. The major enzymes involved in ROS
production in cisplatin nephrotoxicity are nicotinamide
adenine dinucleotide phosphate oxidases, especially
NOX4 [35-37]. NOX4, the major NADPH isoform in
the kidney, mainly catalyzes reactions that result in the
production of H,0,, which regulates physiological func-
tions [38]. Previous findings indicated that NOX4 con-
tributes to redox processes involved in diabetic ne-
phropathy, AKI, obstructive nephropathy, hypertensive
nephropathy, renal cell carcinoma, and other renal dis-

Fig. 9. Treatment with naringenin prevented cisplatin-induced in-
jury and programmed cell death in vivo. a, b PAS and HE staining.
Naringenin substantially alleviated cisplatin-induced renal injury.
¢, d BUN and serum Cr analyses. Treatment with naringenin re-
duced cisplatin-induced renal injury. e, f Real-time PCR and
Western blot. Protein and mRNA levels of KIM1 were reduced in
the naringenin treatment group. g Western blot and quantitative

Fig. 10. Treatment with naringenin attenuated cisplatin-induced
renal inflammation in vivo. a Real-time PCR. Treatment with nar-
ingenin reduced mRNA levels of TNF-a, IL-6, and MCP-1 in vivo.
b Immunohistochemistry to detect F4/80+ macrophages, TNF-q,
and KIMI1. Smad3 KD decreased infiltration of F4/80+ macro-
phages and protein levels of KIM1 and TNF-a in cisplatin ne-

388 Kidney Dis 2021;7:372-390
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eases by activating multiple signaling pathways [37, 39].
Excessive production of NOX4 promotes cisplatin-in-
duced AKI via ROS-mediated programmed cell death
and inflammation [27]. The current study found that
NOX4 specifically inhibits the activity of mitochondrial
electron transport chain complex I and decreased con-
centration of complex I subunits, such as NDUFA 9
[40]. In the current study, disruption of Smad3 lowered
the cisplatin-induced expression of NOX4, and Smad3
regulated both NOX4 expression and function mainly
via 2 mechanisms: (1) interaction with NOX4 to regulate
NOX4-dependent ROS production and (2) binding to
the promoter region of NOX4 to induce the production
of NOX4.

Finally, we designed 2 protocols for Smad3-targeted
therapy to investigate the therapeutic potential of Smad3
in the treatment of AKI. Lentivirus-mediated Smad3
KD prevented cisplatin-induced loss of renal function,
inflammation, programmed cell death, and oxidative
stress in mice. In addition, targeted inhibition of Smad3
by naringenin protects against cisplatin-induced AKI;
this finding was consistent with the previous reports
that naringenin showed renoprotective effects in re-
sponse to other stimuli such as gentamicin [41-43].

In conclusion, we found that Smad3 plays a crucial
role in cisplatin-induced kidney injury and that Smad3-
targeted therapy protects against renal injury, pro-
grammed cell death, and inflammation through NOX4-
dependent oxidant stress. Smad3-targeted therapy at-
tenuated cisplatin-induced acute kidney injury. Thus,
Smad3 is a promising therapeutic target in AKI.

data of RIPK1, RIPK3, and cleaved caspase-3. Protein levels of
KIM1, RIPK1, RIPK3, and cleaved caspase-3 were reduced after
treatment with naringenin. Data are mean + SEM for 6-8 mice.
*p < 0.05, **p < 0.01, ***p < 0.001 versus control; #p < 0.01, ##p <
0.01, ###p < 0.001 versus cisplatin-treated group. PAS, periodic
acid-Schiff; HE, hematoxylin-eosin; mTEC: mouse tubular epithe-
lial cells. Nar, naringenin.

phropathy, as the arrows shown in figures. ¢, d Western blot anal-
ysis of NOX4. Naringenin significantly reduced the protein and
mRNA levels of NOX4. Data are mean + SEM for 6-8 mice.
**%p < 0.001 versus control; ###p < 0.001 versus cisplatin-treated
group. IL, interleukin; MCP-1, monocyte chemotactic protein-1;
Nar, naringenin.
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