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miR-136 improves renal fibrosis in diabetic rats by targeting
down-regulation of tyrosine kinase SYK and inhibition
of TGF-b1/Smad3 signaling pathway
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ABSTRACT
Objective: To investigate the way that miR-136 regulated spleen tyrosine kinase (SYK) and trans-
forming growth factor-b1 (TGF-b1)/Smad3 signaling pathways on renal fibrosis.
Methods: 100 male SD (Sprague-Dawley) rats were randomly divided into diabetic nephropathy
(DN) group, normal control (NC) group, miR-136 mimics group, and control group. The renal
fibrosis model of diabetic rats was established by streptozotocin (STZ) method. NRK-52E cells
were transfected into six groups: HG group, HGþmiR-136 group, HGþmiR-NC group, miR-
136þ SYK group, miR-136þNC group, and control group. Histopathological examination, the
expressions of miR-136 and SYK mRNA, the expression of mTOR, blood glucose, urine protein,
body weight, creatinine level, blood urea nitrogen (BUN), and KW/BW were detected in each
group. Transfection efficiency, the targeted binding, and regulation between miR-136 and SYK,
as well as the expression level of related inflammatory factors, the expression levels of SYK, E-
Cad (E-cadherin), Vimentin, Collagen I, a-smooth muscle actin (a-SMA), and vascular endothelial
growth factor A (VEGFA) were detected.
Results: It was shown that the expression level of miR-136 in DN group significantly decreased.
The blood glucose and urine protein concentrations in the DN group and miR-136 mimics group
significantly increased and the body weight was decreased, but the blood glucose concentration
in the miR-136 mimics group increased with time. The prolongation of the decline significantly
decreased, and the growth rate of urinary protein reduced. Creatinine, BUN, and the kidney
weight to body weight ratio (KW/BW) in DN group increased significantly. Cell culture results
showed that SYK was a target gene of miR-136 and miR-136/SYK-mediated renal fibrosis by acti-
vating TGF-b1/Smad3 signal.
Conclusion: SYK activates TGF-b1/Smad3 signaling, while miR-136 inhibits TGF-b1/Smad3 signal-
ing mediating tubular epithelial cell fibrosis by down-regulating SYK.
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Introduction

Diabetes mellitus (DM) is one of the most common
chronic diseases caused by insufficient insulin synthesis
or insufficient insulin function [1]. About 30–40% of dia-
betic patients with metabolic and hemodynamics
develop a form of kidney disease called diabetic nephr-
opathy (DN), which leads to end-stage renal failure [2]. In
North America, 20–40% of DN patients eventually
develop renal failure [3]. DN is characterized by glomeru-
lar hypertrophy, glomerular sclerosis, and interstitial
fibrosis, which eventually leads to end stage renal dis-
ease (ESRD) [4]. The pathogenesis of DN may involve
hyperglycemia, hypertension, immunity, inflammation,
deposition of advanced glycation products, dyslipidemia,

and epithelial cell transdifferentiation [5,6]. Regardless of
the initial etiology, renal fibrosis is the ultimate common
pathway for the progression of chronic kidney disease
(CKD) to end stage renal disease (ESRD) [7]. The patho-
genic role of tubulointerstitial fibrosis (TIF) associated
with renal dysfunction is very prominent in T2DM. Many
evidences show that TIF plays an important role in the
pathogenesis of DN.

Splenic tyrosine kinase (SYK) encoded by SYK gene
with its coding products exists in cells, mainly
expressed in hematopoietic cells or lots of cancer cells
[8]. SYK also participates in regulating various inflamma-
tory reactions [9]. The absence of SYK inhibits the accu-
mulation of CXCL2, IL-1b, and leukotriene B4 in
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inflammatory sites and the recruitment of neutrophils
[10]. Studies have shown that SYK is involved in the
pathogenesis of diabetic complications. Yang et al.
found that SYK mediated ERK and NF-kB pathways, up-
regulated the transcription of transforming growth fac-
tor (TGF-b), which aggravated the damage of renal
tubules [11]. TGF-b1 is an important fibrogenic factor
mediating TIF through multiple signaling pathways. The
most classical TGF-b1/Smads signaling pathway medi-
ates epithelial-mesenchymal transition (EMT) of renal
tubular epithelial cells (RTEC) [12,13]. TGF-b1 may
stimulate fibroblasts to secrete ECM components
including Col-IV and FN, and ultimately aggravate fibro-
sis, which is one of the important mechanisms for the
development of tubulointerstitial injury to TIF [14].

MicroRNA is a non-coding single-stranded RNA
related to many pathophysiological processes. Recent
studies have shown that in vivo and in vitro, renal
innate cells can induce the expression of some
microRNA, which promotes the accumulation of ECM
associated with renal fibrosis and renal dysfunction
[15,16]. Strong data from mouse experiments on kidney
phenotypes suggest that some microRNAs are involved
in kidney dysfunction [17,18]. Evidences for these
phenotypic changes included podocyte-specific Dicer
deletion, proteinuria, podocyte fusion, podocyte apop-
tosis, glomerulosclerosis, and TIF with renal failure
[19–21]. miR-136, one of the well-known tumor sup-
pressor, mediates the potential function of renal cell
carcinoma [22], however, the regulatory network of
SYK/TGF-b1/Smad3 and miR-136 in the pathogenesis of
DN remains largely unknown and needs further
investigation.

Therefore, we hypothesized that miR-136 played a
regulatory role in the progression of renal fibrosis via
the mediation of SYK/TGF-b1/Smad3 axis. In this study,
the relationship between miR-136 and SYK, TGF-b1/
Smad3 signaling pathway, and renal fibrosis was
observed in rat renal tubular epithelial cells and STZ
diabetic rats, respectively. This study provides a new
theoretical basis for further elucidating the antirenal
fibrosis effect of miRNAs.

Materials and methods

Animal model and treatment

About 100 male SD rats (Charles River Laboratories,
China) weighing 180–220 g were fed with routine diet
and free drinking water and diet. Seven days later, they
were randomly divided into DN group, NC group, miR-
136 mimics group, and control group, 25 SD rats in
each group. The plasmid containing miR-136 mimics

(50-ACUCCAUUUGUUUUGAUGAUGG-30) and its negative
control (50-TTCTCCGAACGTGTCACGT-30) were synthe-
sized by GenePharm (Shanghai, China) and transfected
into lentiviral vectors. Rats in DN group were given STZ
(65mg/kg) by intraperitoneal injection at one time to
establish renal fibrosis model in diabetic rats. STZ was
diluted in 0.1mmol/L citric acid buffer (pH ¼ 4.5). The
injection was completed within 30min and transferred
on ice. Fasting blood glucose was measured at least
3 days after 72 h of injection. The model was success-
fully established with blood glucose > 16.7mmol/L for
3 days. In NC group, lentivirus transfected with control
sequence was injected into tail vein on the basis of
model group. In the miR-136 mimics group, lentiviruses
transfected with miR-136 mimics were injected into tail
vein on the basis of model group. Control group
received no special treatment.

Cell culture

NRK-52E cells were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and
cultured in vitro with ATCC complete growth medium
(Dulbecco’s Modified Eagle’s Medium (DMEM) with
4mM L-glutamine adjusted to contain 1.5 g/L sodium
bicarbonate and 4.5 g/L glucose) containing 10% FBS
and 1% penicillin and streptomycin (Life Technologies,
USA). The cells were placed in a moisture incubator
with 5% CO2. Lentiviral vectors expressing SYK and its
corresponding negative control were purchased from
Genepharm. One day after cell seeding, the cells were
transfected with designated sequences using
Lipofectamine 2000 (Invitrogen, USA) with a final con-
centration of 20 nmol/L according to the guidelines.
NRK-52E cells were divided into six groups: (1) HG
group: 25mmol/L glucose was added during cell cul-
ture; (2) HGþmiR-136 group: On the basis of HG group,
miR-136 mimics were stably transfected; (3)
HGþmicroRNA-NC group: cells were transfected with
control miRNA and treated with 25mmol/L glucose dur-
ing culture; (4) HGþmiR-136þ SYK group: On the basis
of HG group, and stable transfection of miR-136 mimics
and SYK; (5) HGþmiR-136þNC group: On the basis of
HG group, and stable transfection of miR-136 mimics.
(6) Control group: no special treatment.

Masson trichrome staining

The kidneys of these rats were extracted and histologi-
cally examined by Masson trichrome staining (Sigma-
Aldrich) following the manufacturer’s instructions.
Briefly, mordant in Bouin’s solution was microwaved for
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1min, washed with water to remove the picric acid for
5min. Weigert’s working hematoxylin, 10min. Blue in
water for 5min, rinse in distilled water. Biebrich scarlet
for 5min. Phosphotungstic acid for 10min. Transfer dir-
ectly into Aniline blue for 5min. Rinse in distilled water.
1% acetic acid for 1min, discard solution, rinse in dis-
tilled water. Dehydrate, clear, and coverslip. Under
microscopy, the nuclei were black, cytoplasm and
muscle erythrocytes were red, and the collagen
was blue.

Periodic acid schiff (Pas) staining

The sections of rats’ kidney were dewaxed, sectioned,
and hydrated. Soak slides in PAS solution (Abcam, UK)
for 5–10min. Rinse with water four times. Immerse the
slide in a Schiff solution for 15–30min and rinse. Stain
the slides with HE for 2–3min and rinse. Incubate in
blue reagent for 30 s and rinse. Incubate in a light green
solution for 2min and rinse. Dehydrate with alcohol,
removal, and fixation. Finally, the images were observed
under microscopes.

Quantitative real-time PCR (RT-qPCR)

NRK-52E cells were transiently transfected with miR-136
mimics or specific controls. 36 h later, the total RNA was
extracted and reversely transcribed into the first chain
of cDNA using the ReverTra Ace Kit (Toyobo, Japan).
Then, SYBR GREEN and ABI were utilized to perform
RT-qPCR. The relative expression of these genes were
calculated by 2���Ct, and U6 was set as the internal
control of miRNA while GAPDH was set as the internal
control for SYK. The primer forwards and primer
reverses (GenePharm) were listed as follows (Table 1).

Western blot

Cells were placed on ice and washed with pre-cold PBS
for three times. Lyse the cells with RIPA buffer and dis-
card the cellular debris by high-speed centrifugation.
Take 20 lg cell lysate and an equal volume of 2� load-
ing buffer, boil the cell lysate at 95 �C for 5min. After
10-min centrifugation, 20 lg protein were loaded on
10% SDS-PAGE. Then, transfer the protein to PVDF
membrane (MilliporeSigma, USA). After 1 h blocking
with 5% defat milk, PVDF membrane was incubated
with primary antibodies of mTOR, SYK, E-Cad, Vimentin,
Collagen I, a-SMA, and VEGFA (Abcam) prepared with
1� TBST. And incubate in the refrigerator overnight.
Next, the PVDF membrane was incubated with HRP-
conjugated secondary antibodies (Abcam) after three

times washing with 1� TBST. Finally, the membrane
was treated with ECL solution and imaged under
microscopies. All the primary antibodies were pur-
chased from Cell Signaling Technology and diluted at
the ratio of 1:1000.

Enzyme linked immunosorbent assay (ELISA)

ELISA was performed to detect the levels of IL-1B, IL-6,
MCP-1, TNG-alpha, and vascular endothelial growth accord-
ing to the manufacturer’s instructions (MyBioSource Inc.).
The absorbance was detected at 450 and 550nm.

Dual-luciferase reporter assay

Double Luciferase Report analysis (Promega Biotech
Co., USA) was used to determine the targeting binding
and regulation between miR-136 and SYK.

Statistical methods

SPSS 18.0 statistical software was used to process and
analyze the data, and the measurement data were
described by mean± SD. All cell culture experiments
were performed in triplicate. All measurements were
repeated three times. One-way analysis of variance
(ANOVA) and two-tailed Student’s t-test were used for
statistical significance. The linear correlation analysis
was performed to evaluate the relationship between
miR-136 and SYK and TGF-b1/Smad3 signaling pathway.
p< .05 was statistically significant.

Results

Histological examination of rat kidney

Masson trichrome staining and PAS staining were used
to observe the renal fibrosis of rats in each group. The
results showed that the renal tissue fibrosis in DN
group and NC group was severe, and the renal tissue
fibrosis in miR-136 group was alleviated. These results
suggest that over-expression of miR-136 can alleviate
renal fibrosis in rats (Figure 1).

Expression of SYK, miR-136, and mTOR in DN
group and control group

RT-qPCR was used to detect the expression of miR-136 and
SYK, and WB method was used to detect the expression of
mTOR. The results showed that the expression of miR-136
in DN group was significantly lower than that in control
group (p< .05), while the expression of SYK and mTOR in
DN group was significantly higher than that in control
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group (p< .05). The results suggest that SYK up-regulated
in renal fibrosis, and the expression of miR-136 down-regu-
lated (Figures 2 and 3).

Blood sugar, urinary protein, body weight,
creatinine, blood urea nitrogen (BUN), and KW/BW
of rats in each group

The changes of blood sugar, urinary protein, and body
weight with time and the expressions of creatinine,
BUN and KW/BW in each group were detected. The
results showed that the concentration of blood sugar
and urinary protein in DN, NC and miR-136 mimics
groups was significantly higher than that in control
group (p< .05), and the body weight was significantly
lower than that in control group (p< .05), but the con-
centration of blood sugar in miR-136 mimics group
decreased significantly with the prolongation of time,
the growth rate of urinary protein was lower than that
in DN and NC groups, and the body weight also

increased slowly. Creatinine, BUN, and KW/BW in DN
group and NC group were significantly higher than
those in miR-136 mimics group and control group
(p< .05). The results suggest that over-expression of
miR-136 can reduce blood sugar, urinary protein con-
centration, creatinine, BUN, and KW/BW levels and
increase body weight in rats (Figures 4 and 5).

Cell transfection efficiency

RT-qPCR was used to detect the expression of miR-136
and SYK. The results showed that the expression level

Figure 1. Renal fibrosis in rats of each group. MTS assay (A) or PAS staining (B) was performed, respectively, to measure the cell
proliferation of control group, DN group, NC group, and miR-136 group.

Figure 2. The relative expression of SYK and miR-136 in DN group and control group. RT-qPCR was performed to detect the rela-
tive expression of SYK (A) and miR-136 in DN group and control group, respectively. Each assay was repeated in triplicates and p
< .05 was set as the threshold of significant difference.

Figure 3. The protein expression of mTOR in DN group and
control group. WB was utilized to measure the protein level
of mTOR in DN group and control group.
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of SYK in SYK group was significantly higher than that
in NC group (p< .05). The expression level of miR-136
in Mimics group was significantly higher than that in
NC group (p< .05). The results suggested that the trans-
fection efficiency of SYK and miR-136 was higher
(Figures 6 and 7).

Targeting binding between miR-136 and SYK

Double Luciferase Report analysis was used to detect
the binding of miR-136 to SYK. Wt group was 30UTR

wild type, mut group was 30UTR predicted binding
site mutation. The results showed that luciferase
activity in the group of miR-136 mimic was lower
than that in the group of NC (p< .05), but there
was no difference between the two groups in mut
(p> .05); the expression of SYK protein and gene in
the group of miR-136 mimic was significantly lower
than that in the control group (p< .05). The results
suggest that miR-136 and SYK can be targeted
(Figures 8–10).

Figure 4. Changes of blood sugar, urinary protein and body weight with time in each group of rats. (A) Blood sugar was
detected by hexokinase method. (B) Urinary protein was measured by biuret method. (C) Electronic scale was utilized to measure
body weight.

Figure 5. The levels creatinine, BUN and KW/BW levels in rats of each group. (A) Albumin creatinine ratio assay kit was applied
to detect the level of creatinine. (B) BUN level was measured by BUN assay kit of Solarbio LIFE SCIENCES. (C) KW/BW level was
shown by electronic scale and calculated by the following formula: KW/BW: kidney weight/body weight.
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The expression of cell-related inflammatory
factors in six groups

The expression of inflammatory factors was detected by
ELISA. The expression levels of IL-1B, IL-6, MCP-1, TNG-

alpha, and vascular endothelial growth factor in HG,
HGþmicroRNA-NC, and HGþmiR-136 þ SYK groups
were significantly higher than those in HGþmiR-136
mics, HGþmiR-136 þ NC and control groups (p< .05).
The results suggest that high glucose treatment indu-
ces the release of inflammatory factors, which is inhib-
ited by miR-136, and SYK reverses the effect of miR-136
(Figure 11).

Expression levels of SYK, E-Cad, vimentin, collagen
I, a-SMA, and VEGFA in cells of each group

WB was used to detect the expression of SYK, E-Cad,
Vimentin, Collagen I, a-SMA, and VEGFA. The results
showed that the expression level of E-Cad in
HGþmimics group and HGþmiR-136þNC group was
lower than that in control group, higher than that in
HG and HGþmir-NC group (p< .05). The expression
levels of SYK, vimentin, collagen I, a-SMA, and VEGFA
were higher than those of control group, but lower
than those of HG group and HGþmicroRNA-NC group
(p< .05). The HGþmiR-136þ SYK group was at the
intermediate level. The results suggest that miR-136
promotes the expression of E-Cad, inhibits the expres-
sion of SYK, Vimentin, Collagen I, a-SMA, and VEGFA,
while SYK reverses the effect of miR-136 (Figure 12).

Figure 6. The mRNA expression of SYK mRNA in the two
groups of cells. RT-qPCR was performed to measure the
mRNA level of SYK.

Figure 7. The relative expression of miR-136 in the two
groups of cells. The relative level of miR-136 was measured
by RT-qPCR.

Figure 8. Luciferase activity of miR-136 mimics on the 30 UTR
of SYK. The relative luciferase activity was measured by dou-
ble luciferase assay.

Figure 9. The mRNA expression of SKY mRNA in two groups
of cells. The relative level of SYK in miR-136 mimics group
and control group was measured by RT-qPCR, respectively.

Figure 10. The protein expression of SKY in two groups of
cells. The protein level of SYK in miR-136 mimics group and
control group was measured by WB.
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Expression levels of TGF-b1, p-Smad3, and Smad3
in each group

The expression levels of TGF-b1 and p-Smad3 in HGþmiR-
136 mimics group were lower than those in HG group
(p< .05), whereas the delivery of SYK-overexpression vec-
tors partially restored the expressions of these proteins
(p< .05). The expression levels of Samd3 remained
unchanged among these groups (p> .05). These results
suggest that miR-136/SYK mediates renal tubular epithelial
fibrosis by activating TGF-b1/Smad3 signal (Figure 13).

Discussion

The pathogenesis of DN is complex and involves many
factors, but the exact pathogenesis of DN has not been

fully elucidated. It involves the disorders of glycolipid
metabolism, hypertension, immunity, inflammation,
deposition of advanced glycation products, epithelial
cell differentiation, renal hemodynamic changes, and
other factors [8–11]. Although advances in medical
research in recent years have enabled us to better
understand DN, the treatment of type 2 diabetes is still
progressing slowly. Existing treatments still focus on
improving blood sugar, RAAS blockers, weight loss, pre-
vention and treatment of cardiovascular complications,
improvement of metabolic disorders, and improvement
of patients’ compliance with treatment options. These
measures can only delay, not prevent, the progress of
DN. The incidence of DN is still high, which brings huge
economic and spiritual burden to our society and

Figure 11. The mRNA expression of IL-1b, IL-6, MCP-1, TNF-a, and VEGF in cells. The relative level of IL-1b(A), IL-6 (B), MCP-1
(C), TNF-a(D), and VEGF (E) were measured by RT-qPCR, respectively.
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family. Therefore, searching for a new therapeutic drug
or a new target for drug treatment has become an
important topic of concern at home and abroad. For a
long time, the research on the pathogenesis of DN has
focused on the glomerulus. It is believed that the main
pathological change of DN is glomerulosclerosis. Recent
studies have shown that tubulointerstitial changes are
independent of the onset time or pathogenesis [23]. TIF
is associated with chronic renal failure, which is more
closely related to renal function, and is the main cause
of ESRD [24]. Renal tubulointerstitium accounts for
more than 90% of the glomerular volume. Renal inter-
stitial fibrosis in diabetic state can directly affect the
prognosis of DN. Therefore, it has important theoretical
and clinical significance to actively explore the mechan-
ism and treatment strategies of diabetic tubulointersti-
tial lesions.

TGF-b 1 is currently recognized as the strongest
fibrogenic factor, which mediates fibrosis through clas-
sical TGF-b1/Smads signaling pathway and plays an
important role in the process of RIF [25,26]. In addition,
a large number of studies have shown that SYK can be
activated rapidly in high sugar environment [27].
Therefore, we used STZ-induced diabetic SD rat model
and high glucose-induced kidney cells in vitro to inves-
tigate the relationship between miR-136 and SYK and
TGF-b1/Smad3 signaling pathway. Firstly, we found that
SKY expression was up-regulated, and the expression of
miR-136 was down-regulated in DN rat model.
Overexpression of miR-136 could alleviate renal fibrosis.
At the same time, over-expression of miR-136 could
decrease blood sugar concentration, urinary protein
growth rate, creatinine, BUN, and KW/BW in DN rats.
Subsequently, we transfected NRK-52E cell line to study
the targeting binding of miR-136 to SYK, the effect on
inflammatory factors and the relationship between miR-
136 and TGF-b1/Smad3 signaling pathway. We found
that miR-136 could bind to SYK target. High glucose
treatment could induce the release of inflammatory fac-
tors, but miR-136 inhibited the release of inflammatory
factors, while SYK reversed the effect of miR-136. miR-
136 promotes the expression of E-Cad and inhibits the
expression of SYK, Vimentin, Collagen I, a-SMA, and
VEGFA. Previous evidence showed that miR-136 regu-
lated TGF-b1-induced proliferation arrest in keratino-
cytes [28]. Also, it has been demonstrated that miR-136
suppressed epithelial–mesenchymal transition via

Figure 12. The protein expression of SYK, E-Cad, vimentin,
collagen I, a-SMA, and VEGFA in cells of each group. WB was
performed to measure the protein level of SYK, E-Cad,
Vimentin, Collagen I, a-SMA, and VEGFA.

Figure 13. Expression levels of TGF-b1, p-Smad3, and Smad3
in each group. When cells were treated with various reagents,
the protein level was detected by WB.

Table 1. The primer forwards and primer reverses.
Gene name Primer forward Primer reverse

miR-136 TAGAGATCTGATGGCTCCTCCATGTCTTGGAGTAGA TAGTCTAGAGACCCTGATACTGCCACTTCACAAGAT
SYK CTACCTGCTACGCCAGAGC TTCCCTCTCGATGGTGTAGTG
GAPDH ACGGATTTGGTCGTATTGGG TGATTTTGGAGG GATCTCGC
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targeting Smad2 and Smad3 signaling pathway [29].
Here, we reported that decreased expressions of TGF-
b1 and p-Smad3 in HGþmiR-136 mimics group was
partially resorted by the delivery of SYK-overexpression
vectors, suggesting that miR-136/SYK mediates renal
tubular epithelial fibrosis by activating TGF-b1/
Smad3 signal.

In conclusion, in vivo and in vitro studies have dem-
onstrated that the signaling pathways of miR-136, SYK,
and TGF-beta 1/Smad3 play an important role in DN rat
models and high-glucose-induced renal cells. It has
been found that miR-136 can inhibit the fibrosis of
renal tubular epithelial cells by targeting down-regula-
tion of SYK, thus inhibiting the TGF-beta 1/Smad3 sig-
naling pathway.
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