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A B S T R A C T

Renal tubular epithelial–mesenchymal transition (EMT) is the main pathological change in diabetic renal tu-
bulointerstitial fibrosis. Mounting evidence indicates that the inhibitor of differentiation 2 (Id2) protein acts as a
negative regulatory factor in organ fibrosis and can inhibit or reverse the process of fibrosis. However, its specific
regulatory mechanism is not clear. Diabetes mellitus (DM) rat models were established by injecting rats with
streptozotocin and sacrificing them after 16 weeks. Rat renal tubular epithelial cells (NRK-52E) were cultured
with normal and high glucose. Immunohistochemical analysis, double immunofluorescence staining, co-im-
munoprecipitation, Western blot analysis, and real-time polymerase chain reaction were used to determine the
expression of Id2, Twist, Smad1/5/8, E-cadherin, α-smooth muscle actin (α-SMA), and collagen Ⅳ. The results
showed that bone morphogenetic protein-7 (BMP-7) upregulated the expression of Id2 against high-glucose-
induced EMT and extracellular matrix secretion.

Moreover, only the simultaneous knockdown of Smad1, Smad5, and Smad8 downregulated the expression of
Id2, which was not altered by the individual knockdown of Smad1, Smad5, and Smad8. Basic helix-loop-helix
(bHLH) transcription factors were essential for Id2 to regulate the role of downstream target genes, and Twist
was a bHLH transcription factor. Therefore, the expression of Twist was examined in this study. Twist was found
to be highly expressed in the kidney of DM rats and renal tubular epithelial cells cultured with high glucose. The
overexpression of Id2 did not alter the expression of Twist, but the interaction between Id2 and Twist was
enhanced. In conclusion, the data showed the specific mechanism underlying Id2 negative regulation in diabetic
renal tubulointerstitial fibrosis.

1. Introduction

Renal fibrosis is the main pathological change and a common
pathway for various chronic kidney diseases to develop into end-stage
renal diseases (Huynh and Chai, 2019; Leung et al., 2013). The pa-
thogenesis of renal tubulointerstitial fibrosis in diabetic nephropathy
(DN) is very complicated; hyperglycemia, hypertension, immunity, in-
flammation, deposition of advanced glycation products, dyslipidemia,
and epithelial–mesenchymal transition (EMT) may be involved (Jain

and Rains, 2011; Vallon and Thomson, 2012; Tziomalos and Athyros,
2015). Of these, EMT is one of the main reasons for the loss of intrinsic
renal cells and also one of the important sources of fibroblasts. EMT
plays an important role in renal tubulointerstitial fibrosis (Humphreys,
2018; Kuma et al., 2016). Recent studies have indicated that the oc-
currence of EMT is a central event of diabetic renal tubulointerstitial
fibrosis (Loeffler and Wolf, 2014; Hills and Squires, 2011; Zhao et al.,
2017a). Therefore, inhibiting or reversing the occurrence of EMT
during diabetic renal tubulointerstitial fibrosis may play an essential
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role in controlling the progress of fibrosis.
Studies have confirmed that the inhibitor of differentiation 2 (Id2) is

capable of resisting the fibrosis of organs, which reduces the production
of extracellular matrix (ECM) by reversing or suppressing the occur-
rence of EMT, thereby significantly improving hepatic fibrosis
(Kinoshita et al., 2007; Tajima et al., 2007; Yu et al., 2015), pulmonary
fibrosis (Izumi et al., 2006a; Yang et al., 2015a), and renal fibrosis
(Veerasamy et al., 2013; Gervasi et al., 2012; Vigolo et al., 2019).
Moreover, its expression is significantly reduced in fibrotic organ tis-
sues. Recent studies have revealed that bone morphogenetic protein-7
(BMP-7) exerts an anti-fibrotic effect by increasing the expression of Id2
protein, and the phosphorylation of Smad1, Smad5, and Smad8 is de-
tected at the same time, indicating the activation of BMP-7/Smads
signaling pathway (Yang et al., 2015a; Vigolo et al., 2019). However,
the role of Id2 in EMT and DN is not fully defined yet.

A previous study reported that the Id family lacks the basic region
directly binding to DNA, but it can bind to a basic helix-loop-helix
(bHLH) transcription factor to form a heterodimer. This affects the
binding of such a transcription factor to DNA and results in the loss of
activity and negative regulation of the bHLH transcription factor, ulti-
mately impacting the transcription of target genes (Wang and Baker,
2015).Therefore, it is also called a DNA-binding inhibitor. Twist, as a
member of the highly conserved bHLH transcription factor family, is an
important regulator in the EMT process. It can bind to the E-box on the
E-cadherin promoter and inhibit the expression of E-cadherin, thereby
promoting the development and progression of EMT (Rahme and Israel,
2015a; Meng et al., 2018; Bulzico et al., 2019). It was therefore hy-
pothesized that Id2 might improve the effect of renal tubulointerstitial
fibrosis in DN through inhibiting the transcription of downstream target
genes via Twist.

Therefore, the present study investigated the inhibitory effect of
BMP-7 on Twist-induced renal fibrosis in DM by upregulating the ex-
pression of Id2 and explored its related mechanism. Further studies on
the pathogenesis of renal tubulointerstitial fibrosis were conducted in
depth to provide a new therapeutic target for preventing and treating
renal tubulointerstitial fibrosis in DN.

2. Results

2.1. EMT and ECM occurred in DN rats and NRK-52E cells

The successful establishment of the DM model and the development
of fibrosis following the exposure of NRK-52E cells to high glucose were
confirmed by biochemical, histopathological, and Western blot analyses
were performed. The levels of 24-h urine protein and blood glucose
were significantly higher in DM rats than in normal rats (24 h urine
protein: 913.08 ± 311.42 vs. 33.48 ± 11.71mg; blood glucose:
19.00 ± 0.82 vs. 8.30 ± 0.30mmol/L) (P < 0.05). Hematoxylin and
eosin (HE) and Masson staining showed an increase in the tubu-
lointerstitium and tubular basement membrane thickening in DM rats.
Moreover, the renal tubule cavity was obviously expanded, and most
renal tubular epithelial cells disintegrated with vacuolar degeneration
(Fig. 1A and B). The expression of E-cadherin, alpha-smooth muscle
actin(α-SMA), and Col-Ⅳ, which is the marker of EMT and ECM, in-
creased in the DM group compared with the NC group (Fig. 1C and D).
In addition, the results revealed that the expression of E-cadherin
protein decreased significantly in the HG group compared with the NC
group. However, the expression of α-SMA and Col-Ⅳproteins sig-
nificantly increased in the HG group compared with the NC group, but
with no time dependence (Fig. 1E and F). These findings indicated that
the DM model was successfully established, and the exposure of NRK-
52E cells to high glucose caused increased extracellular matrix secre-
tion. This resulted due to the loss of the epithelial phenotype of NRK-
52E cells and the expression of myofibroblastic markers.

2.2. Significant downregulation of the expression of Id2 and effect of renal
fibrosis on DN rats and NRK-52E cells

Next, the expression of Id2 was detected in DN rats and NRK-52E
cells. The results indicated that the expression of Id2 protein and mRNA
significantly decreased in kidney tissues of DN rats (Fig. 2A–C). Im-
munohistochemical analysis showed that compared with NC group, the
expression of Id2 in the kidney of rats in the DM group was reduced and
distributed mainly in renal tubules, while insignificant expression was
found in renal glomeruli (Fig. 2D and E). Moreover, the expression of
Id2 protein decreased in HG-induced NRK-52E cells (Fig. 2F). Further,
NG- or HG-induced NRK-52E cells were transfected with Id2-HA or
corresponding control plasmids. Western blot analysis results showed
high expression of HA protein in the overexpressed Id2 group, in-
dicating that the expression of Id2 increased in cells clearly (Fig. 2G).
The expression of α-SMA and Col-Ⅳsignificantly increased while that of
E-cadherin significantly decreased in the HG group compared with the
NG group. The expression of E-cadherin protein significantly increased
while the expression of α-SMA and Col-Ⅳ protein reduced in NG- and
HG-cultured NRK-52E cells with Id2 overexpression compared with the
corresponding NC group (Fig. 2H and I). These data suggested that the
expression of Id2 significantly reduced in renal tubular epithelial cells
in high glucose condition. Also, Id2 could inhibit or reverse the EMT
process and reduce the deposition of ECM, indicating its negative ef-
fects on the regulation of renal tubular interstitial fibrosis in high glu-
cose condition.

2.3. ExogenousrhBMP-7 could promote the expression of Id2 in NRK-52E
cells

The optimum concentration of anti-renal fibrosis was screened by
adding 50, 100, 150, and 200 ng/mL exogenous rhBMP-7 cytokines to
the HG-cultured NRK-52E cells for 48 h. The expression of E-cadherin
protein significantly reduced in the HG group compared with the NC
group [Fig. 3A(1)]. When exogenous rhBMP-7 cytokines were added
with HG exposure, the expression of E-cadherin significantly increased
in a dose-dependent manner [Fig. 3A(1)]. In contrast, the expression of
α-SMA and Col-Ⅳ proteins significantly increased compared with the
NC group [Fig. 3A(2) and (3)]. On adding different concentrations of
exogenous rhBMP-7 cytokines to HG-cultured NRK-52E cells, the ex-
pression of α-SMA and Col-Ⅳ decreased in a concentration-dependent
manner [Fig. 3A(2) and (3)]. Therefore, 200 ng/mL rhBMP-7 was used
for further analysis.

Next, NG- and HG-cultured NRK-52E cells were incubated with
rhBMP-7. Western blot analysis results showed that the expression of
Id2 in HG-induced NRK-52E cells significantly decreased when exo-
genous rhBMP-7 was added (Fig. 3B and C). The results of quantitative
polymerase chain reaction (PCR) were similar to those of Western blot
analysis (Fig. 3D). The data suggested that BMP-7 was involved in the
expression of Id2 in NRK-52E cells.

2.4. Smad1/5/8 were involved in the BMP-7-regulated expression of Id2 in
HG-cultured NRK-52E cells

The mechanism through which BMP-7 regulates the expression of
Id2 was identified by transfecting NRK-52E cells with Smad1/Smad5/
Smad8 small hairpin RNA (shRNA) and control shRNA. The expression
of Id2 protein decreased but not significantly in the knockdown Smad1
group compared with the normal group (Fig. 4A). These conditions also
applied to Smad5 and Smad8 plasmids, and the results were similar
(Fig. 4B and C). Thus, NRK-52E cells were successfully co-transfected
with Smad1, Smad5, and Smad8 plasmids. The expression of Id2 sig-
nificantly decreased after Smad1/5/8 knockdown. It did not increase
with the addition of exogenous rhBMP-7 cytokines (Fig. 4D and E). All
data indicated that the expression of Id2 was upregulated by BMP-7 in
HG-cultured NRK-52E cells through the BMP-7/Smads signaling
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pathway.

2.5. Expression of Twist increased obviously in DN rats and HG-induced
NRK-52E cells

The expression of Twist in DN rat kidney tissues was detected using
Western blot analysis and quantitative PCR. The results indicated that
the expression of Twist significantly increased in DN rat kidney tissues
(Fig. 5A–C). The immunohistochemical analysis showed that the ex-
pression of Twist in the kidney of DM rats increased and was distributed
mainly in renal tubules compared with the NC group (Fig. 5D and E).
Further, the expression of Twist protein increased in HG-induced NRK-
52E cells, but with no time dependence (Fig. 5F). NRK-52E cells were
transfected with Twist shRNA for 48 h. Western blot analysis results
showed that Twist T1 shRNA was knocked down obviously (Fig. 5G).
The expression of α-SMA and Col-Ⅳsignificantly increased, while the
expression of E-cadherin significantly decreased, in the HG group
compared with the NG group. The expression of E-cadherin protein
significantly increased, while the expression of α-SMA and Col-Ⅳ
protein decreased, in NG- and HG-cultured NRK-52E cells with Twist
knockdown compared with the corresponding NC group (Fig. 5H and I).
These data indicated that Twist could promote the EMT process and
reduce the deposition of ECM, and Twist knockdown inhibited renal
tubular interstitial fibrosis in high glucose condition.

2.6. Id2 interacted with Twist

For the dysregulation of Id2 and Twist in DN, their relationship in
NRK-52E cells was further explored. Western blot analysis was used to
examine the expression of Twist protein. The overexpression of Id2 did
not affect the expression of Twist in NRK-52E cells (Fig. 6A and B).
Confocal microscopy was used to analyze the samples. Immuno-
fluorescence results indicated that Id2 was expressed mainly in the
nucleus (red fluorescence). The expression of Twist was significantly
higher in the HG group than in the NG group. It was expressed mainly
in the nucleus, with some expression in the cytoplasm (green fluores-
cence). The results indicated that Id2 and Twist had similar subcellular
localization, indicating that these two proteins could interact and had a
similar distribution in the nucleus (Fig. 6C). Subsequently, using the co-
immunoprecipitation method, Twist protein was found in the complex
precipitated by Id2 antibody. Also, Id2 protein was found in the com-
plex precipitated by Twist antibody, indicating a mutual binding be-
tween Id2 and Twist proteins. The precipitates were examined using
Western blot analysis (Fig. 6D). Id2 was not regulated by the expression
of Twist; it interacted with Twist by forming an allodimer, thereby af-
fecting the regulatory effect of Twist on the downstream target genes,
inhibiting the EMT process and ECM deposition, and improving DN
tubular interstitial fibrosis.

Fig. 1. EMT and ECM occurred in DN rats and
NRK-52E cells. (A) Histomorphological changes
in kidneys in the control group (NC group) and
diabetic group (DM group) (hematoxylin and
eosin and Masson staining, 50 μm). (B) The
changes in Masson-stained cells were analyzed
using the number of brown yellow cells(n=6).
*P < 0.05 versus the NC group. (C) Expression
of E-cadherin, α-SMA, and Col-Ⅳwas detected
using Western blot analysis in kidney tissues (D)
and analyzed using ImageJ (n =6). *P < 0.05
versus the NC group. (E) Expression of E-cad-
herin, α-SMA, and Col-Ⅳwas detected using
Western blot analysis in NRK-52E cells (F) and
analyzed using ImageJ (n=3). *P < 0.05
versus the NG group (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle).
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2.7. Discussion

Some cytokines, such as transforming growth factor-β (TGF-β),
platelet-derived growth factor, mitogen-activated protein kinases,
connective tissue growth factor, Twist, E2A, and Snail, can promote the
occurrence and development of tubulointerstitial fibrosis (Sato et al.,
2003; Ostendorf et al., 2014; Rodriguez-Pena et al., 2008; Gupta et al.,
2000; Sun et al., 2012; Slattery et al., 2006; Zhao et al., 2017b).
However, others, such as BMP-7, hepatocyte growth factor, Smad7, Ski-
related novel protein N, and Id, can inhibit the occurrence and devel-
opment of tubulointerstitial fibrosis (Patel and Dressler, 2005; Mizuno
et al., 1998; Fukasawa et al., 2004, 2006; Roschger and Cabrele, 2017).
It is probably because these fibrosis-promoting and anti-fibrosis

cytokines in the microenvironment lead to changes in the expression of
certain genes (Qi et al., 2016). Recent studies reported that Id2 protein
reduced the production of ECM by reversing or inhibiting the occur-
rence of EMT (Wen et al., 2018; Zeng et al., 2017; Zhou et al., 2015). In
this study, Id2 affected the occurrence and development of EMT and the
accumulation of ECM in renal tubular epithelial cells and negatively
regulated renal tubulointerstitial fibrosis in DN.

BMP-7, as a member of the TGF-β superfamily, is currently re-
cognized as an anti-fibrotic cytokine. It can reverse EMT and reduce
ECM accumulation, thus alleviating the fibrosis of organs (Zeisberg
et al., 2003; Yu et al., 2009). However, the mechanism underlying its
specific mechanism against fibrosis remains unclear. In TGF-β1-induced
mouse pulmonary fibrosis, BMP-7 ameliorated pulmonary fibrosis in

Fig. 2. Significant downregulation of Id2 and
the effect of renal fibrosis on DN rats and NRK-
52E cells. (A and B) Expression of Id2 was de-
termined using Western blot analysis in kidney
tissues (n=6). *P < 0.05 versus the NC group.
(C) Expression of Id2 was determined using
quantitative polymerase chain reaction (PCR)
analysis in kidney tissues (n=6). * P < 0.05
versus the NC group. (D) The expression of Id2
in the renal tissues of rats in the NC and DM
groups was detected by immunohistochemical
staining (100 and 50 μm) (E)and analyzed using
the position number of cells (n=6). *P < 0.05
versus the NC group. (F) NRK-52E cells were
cultured with NG and HG for 6, 24, 48, and
72 h. The expression of Id2 protein was de-
tected using Western blot analysis. (G) NRK-52E
cells were transfected with the Id2-over-
expressing plasmids with HA tag. High expres-
sion of HA protein was found in the Id2-over-
expressing group using Western blot analysis.
(H and I) Expression of E-cadherin increased
and that of α-SMA and Col-Ⅳdecreased after
transfecting cells with Id2-overexpressing plas-
mids (n=3). *P < 0.05 versus the NG group;
#P < 0.05 versus the HG group.
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mice by inducing the expression of Id2 and Id3 (Izumi et al., 2006b). In
addition, the increased expression of Id2 and Id3 after overexpression of
BMP-7 in injured lens epithelial cells in mice led to the reversal of EMT
(Saika et al., 2006). However, the specific mechanism underlying the
upregulation of the expression of Id2 by BMP-7 has not been fully un-
derstood. In this study, NRK-52E cells cultured under an and HG

environment were exogenously treated with an rhBMP-7 cytokine. The
results showed that BMP-7 could significantly promote the recovery of
the expression of Id2, implying that BMP-7 could promote the expres-
sion of Id2 in renal tubular epithelial cells under an HG environment.
Moreover, the promoting effect of BMP-7 on the expression of Id2 was
only suppressed after the joint knockdown of Smad1, Smad5, and

Fig. 3. Exogenous rhBMP-7 promoted the expression of Id2 in NRK-52E cells. (A) 50, 100, 150, and 200 ng/mL exogenous rhBMP-7 cytokines were added to NRK-
52E cells cultured in high glucose. Western blot analysis results showed that the expression of E-cadherin increased and the expression of α-SMA and Col-Ⅳ decreased
in a dose-dependent manner in NRK-52E cells (n=3). *P < 0.05 versus the NC group; #P < 0.05 versus the HG group. (B and C) The increase in the expression of
Id2 by exogenous rhBMP-7 cytokines was determined using Western blot analysis in NRK-52E cells (n=3). *P < 0.05 versus the NC group; #P < 0.05 versus the
HG group. (D) The expression of Id2 mRNA was detected using quantitative PCR (n=3). *P < 0.05 versus the NG group; #P < 0.05 versus the HG group.

Fig. 4. Smad1/5/8 were involved in the BMP-7-regulated expression of Id2 in HG-cultured NRK-52E cells. (A–C) Cells transfected with Smad1, Smad5, and Smad8
plasmids after treatment with normal glucose, high glucose, and 200 ng/mL exogenous rhBMP-7 cytokines for 48 h. The expression of Id2 was determined using
Western blot analysis in NRK-52E cells. (D and E) Cells were cotransfected with Smad1, Smad5, and Smad8 plasmids after treatment with NG, HG, and 200 ng/mL
exogenous rhBMP-7 cytokines. Western blot analysis was used to detect the expression of Id2.
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Smad8. Therefore, BMP-7 upregulated the expression of Id2 through
the BMP-7/Smads signaling pathway in NRK-52E cells cultured with
HG medium.

Recent studies have manifested that Twist can promote the trans-
differentiation of epithelial cells to mesenchymal cells during the de-
velopment of EMT, thus leading to the migration of tumor cells
(Ansieau et al., 2008; Cieply et al., 2013; Castanon and Baylies, 2002).
Id2 can block the TGF-β1-mediated expression of typeⅠcollagen by in-
hibiting Twist, thus providing protection from lung fibrosis (Yang et al.,
2015b). Moreover, a previous study also suggested that Id4 decreased
the expression of matrix metalloproteinases via direct inhibitory in-
teraction with Twist1 in patients with glioblastoma multiforme (Rahme

and Israel, 2015b). The data showed that Twist was highly expressed in
the kidney of DM rats and renal tubular epithelial cells cultured with
HG. It promoted the occurrence and development of EMT and increased
the deposition of ECM. Furthermore, Id2 did not affect the expression of
Twist but bound to Twist. Twist protein formed a complex precipitate
with Id2 antibody, and Id2 protein formed a complex precipitate with
Twist antibody, suggesting that Id2 and Twist interacted with each
other.

In conclusion, this study demonstrated that in NRK-52E cells cul-
tured with HG medium and DN rat renal tissues, the expression of Id2
was upregulated via the BMP-7/Smad1/5/8 signaling pathway, and Id2
affected the regulatory effect of Twist on downstream target genes by

Fig. 5. Expression of Twist decreased obviously
in DN rats and HG-induced NRK-52E cells. (A
and B) Expression of Twist was determined by
Western blot analysis in kidney tissues (n=6).
*P < 0.05 versus the NC group. (C) Expression
of Twist was determined using quantitative
PCR analysis in kidney tissues (n=6).
*P < 0.05 versus the NC group. (D) The ex-
pression of Twist in the renal tissues of the NC
and DM rats detected by immunohistochemical
staining (100 and 50 μm) (E) and analyzed
using the position number of cells (n=6).
*P < 0.05 versus the NC group. (F) NRK-52E
cells were cultured with NG and HG for 6, 24,
48, and 72 h. The expression of Twist protein
was detected using Western blot analysis. (G)
NRK-52E cells transfected with plasmidswith
Twist knockdown. The most effective knock-
down was detected using Western blot analysis.
(H and I) Expression of E-cadherin increased
and the expression of α-SMA and Col-Ⅳ de-
creased after transfecting the cells with plas-
mids with Twist knockdown (n=3).
*P < 0.05 versus the NG group; #P < 0.05
versus the HG group.
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forming a heterodimer with Twist rather than regulating the expression
of Twist (Fig. 7). Targeting Id2 may be a novel strategy in reversing or
inhibiting EMT and DN.

3. Materials and methods

3.1. Experimental animals

Twenty healthy and specific pathogen-free male Sprague–Dawley
rats weighing 180 ± 20 g were purchased from Beijing HFK Bioscience
Co. Ltd. (Beijing, China) and housed in the animal center of Guizhou
Medical University (Guizhou, China). The research complied with the
guidelines of the National Health and Medical Research Council of
China's Code for the care and use of animals for scientific purpose. All
rats were randomly divided into a diabetic group (DM group, n=10)
and a control group (NC group, n=10). DM rat models were estab-
lished by injecting streptozotocin (STZ, prepared with sterile citric
acid–sodium citrate buffer, pH 4.5; Sigma, MO, USA) into the tail vein
at a dose of 55mg/kg, while NC rats were injected with an equal vo-
lume of solvent. After 48 h, the high blood glucose level (fasting blood
glucose ≥16.7mM) indicated that the DM rat models were established
successfully. Sixteen weeks after STZ or solvent injection, 24-h urine
and femoral arterial blood from each rat were collected before the rats
were sacrificed and urine protein and various biochemical indices were
measured. The kidneys of each rat were harvested; one was fixed in 4%
paraformaldehyde for paraffin sections, and the other one was snap-
frozen in liquid nitrogen and stored at −80 °C for RNA and protein
extractions.

3.2. Biochemical assays

Blood glucose was measured by the oxidase method, and 24-h ur-
inary protein was measured by the Coomassie Brilliant Blue method. All
tests were analyzed using a 1650 automatic biochemical analyzer
(Beckman Instruments, CA, USA).

3.3. Cell culture

NRK-52E cells were cultured in Dulbecco's modified Eagle's medium
(Gibco, CA, USA) supplemented with 10% fetal bovine serum (Gibco)
containing normal glucose (NG, 5.5mM glucose) or high glucose (HG,
30mM glucose) with 5% CO2 at 37 °C for 6, 24, 48, and 72 h for further
study.

3.4. Transfection

The gene expression of Smad1, Smad5, Smad8, and Twist were
knocked down in NRK-52E cells by shRNA plasmid and pCMVPuro04-
Id2 plasmid designed by YILE Biotech (Shanghai, China). NRK-52E cells
were seeded into six-well plates and transfected with the aforemen-
tioned plasmids according to the manufacturer's protocols. The cells
were harvested 48 h after transfection.

3.5. Immunohistochemical analysis

Kidneys were fixed with paraformaldehyde and embedded in par-
affin. The sections (4 μm) were observed by HE and Masson trichrome
staining under a light microscope. Paraffin was removed and the sec-
tions were put in an oven for 2 h at 60 °C and dehydrated with gradient
ethanol. Then, the sections were incubated overnight at 4 °C with the
primary antibodies anti-Twist (1:80, Sigma, USA) and anti-Id2 (1:100,
Santa Cruz, USA) diluted with phosphate-buffered saline (PBS), and
then with secondary antibody goat anti-rabbit immunoglobulin G (IgG)
for 1 h at room temperature. The sections incubated with PBS served as
the negative control.

3.6. Immunofluorescence double staining

The NRK-52E cells were fixed with 4% paraformaldehyde at 4 °C
and incubated with 5% bovine serum albumin for 30min. The cells
were incubated with anti-Id2 (1:100, Santa Cruz) and anti-Twist (1:80,
Sigma) overnight at 4 °C. They were incubated with CY3 goat anti-
mouse (green) and IgG FITC goat anti-rabbit IgG (red) (1:200, Santa

Fig. 6. Id2 interacted with Twist. (A–B) Expression of Twist was determined using Western blot analysis in NRK-52E cells (n=3). *P < 0.05 versus the NC group.
(C) Immunofluorescence double staining of Id2 and Twist displayed colocalization (merged image, orange) of Id2 and Twist in NRK-52e cells. (D) Co-im-
munoprecipitation showed the interaction of Id2 with Twist.
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Cruz) at 37 °C for 1 h in the dark. The fluorescence was observed under
a laser scanning confocal microscope (Olympus FV1000, Olympus,
Japan).

3.7. Western blot analysis

Kidney tissue homogenates and cell culture samples were dissolved
in RIPA lysis buffer (Beyotime, Jiangsu, China). The primary antibodies
were incubated with anti-β-actin (1:400, Santa Cruz), anti-collagen-IV
(1:800, Sigma), anti-Smad3 (1:1000, Cell Signaling Technology, USA),
anti-Twist(1:800, Sigma)anti-Id2 (1:400, Santa Cruz), anti-Smad5
(1:800, Sigma), anti-Smad1 (1:400, Santa Cruz), anti-Smad8 (1:400,
Santa Cruz), anti-Id2 (1:400, Santa Cruz), anti-α-SMA (1:400, Santa
Cruz), anti-E-cadherin (1:400, Boss, Beijing, China), anti-p-Smad1
(Ser463/465)/Smad5 (Ser463/465)/Smad8 (Ser465/467) (1:1000, Cell
Signaling Technology), anti-HA (1:200, PMK, Wuhan, China) overnight
at 4 °C. Then, they were incubated with HRP-conjugated secondary
antibody for 1 h at room temperature. The signals were enhanced using
a chemiluminescence system (Millipore). The target of protein was
quantified using Image Lab 5.1 software.

3.8. Real-time PCR

Total RNA was extracted from renal tissues and NRK-52E cells using

the TRIzol reagent (Ambion, USA). Then, cDNA was synthesized using
the RevertAId First Strand cDNA Synthesis Kit (Thermo, USA).
Quantitative PCR was performed using 2×SuperReal PreMix Plus SYBR
Green (Tiangen, Beijing, China) with iQ SYBR Green SuperMix (Bio-
Rad). The gene expression was referenced to the β-actin mRNA levels.
The data were processed using the 2–ΔΔCt method.

Name Sequences of the primer (5′– 3′) Annealing temperature, °C

Twist F: ACCCTCACACCTCTGCATTC 56
R: CAGTTTGATCCCAGCGTTTT

Id2 F: CTCCAAGCTCAAGGAACTGG 56
R:ATGCTGATGTCCGTGTTCAG

β-actin F: GCCAACACAGTGCTGTCT 56
R: AGGAGCAATGATCTTGATCTT

3.9. Co-immunoprecipitation

Co-immunoprecipitation experiments were performed using the
Pierce Co-Immunoprecipitation Kit (26149, Thermo Scientific, IL, USA)
according to the manufacturer’s protocols. Briefly, to minimize non-
specific binding, 200 μg protein lysate was precleared using a control
agarose resin. After mixing 100 μL (20 μg) of rabbit anti-mouse Id2
polyclonal antibody with 100 μL of 1×cross-linked buffer and adding
resin-containing column (Id2 antibody precipitation group), 20 μL
(20 μg) of rabbit anti-mouse Twist polyclonal antibody and 180 μL of
1×cross-linked buffer were mixed and added to the resin-containing
column (Twist antibody precipitation group). At the same time, 20 μL
(20 μg) of normal rabbit IgG+180 μL of 1×cross-linked buffer were
added to the resin-containing column as control (IgG control group).
The lysates were applied to the columns containing 1 μg immobilized
antibodies (P2×2 or Pirt) covalently linked to an amine-active resin
and incubated overnight at 4 °C. Equal volumes of the lysates were also
applied to the columns containing control resin and processed in the
same manner as the antibody coupling resin for negative controls. The
co-immunoprecipitate was then eluted and analyzed using Western blot
analysis along with the input controls.

3.10. Statistical analysis

Data were statistically analyzed using SPSS19.0. Mean ± standard
deviation was used to represent the data. One-way analysis of variance
was used for comparison between groups, and the Student two-tailed t
test was used for comparison between the two groups. A P value less
than 0.05 indicated a statistically significant difference.
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Fig. 7. Principal signaling pathways involved in the effect of HG on renal tu-
bulointerstitial fibrosis. HG promoted the expression of α-SMA and Col-IV via
suppressing the BMP-7/Smads/Id2 signaling pathway, thereby reversing or
inhibiting EMT, reducing the accumulation of ECM, and alleviating renal tu-
bulointerstitial fibrosis in DN. The Id2 protein formed a heterodimer with Twist
to affect the regulatory effect of Twist on downstream target genes. Once the
effect of Twist was suppressed by binding to Id2, renal tubulointerstitial fibrosis
in DN was also ameliorated.
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