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Introduction

Renal fibrosis is a pathological hallmark of chronic renal 
disease, and represents the common pathway of end-stage 
renal failure.1,2 However, efficient therapy against renal 
fibrosis is still lacking. Accumulating data implicate that 
renal fibrotic process is involved in tubulointerstitial dam-
age, inflammatory cells recruitment, and extracellular matrix 
(ECM) deposition, which is closely correlated to loss of renal 
function.3 Therefore, it is urgent to develop effective drugs 
against renal fibrosis. Considerable evidence verifies that 

small-molecule compounds with a low molecular weight 
display high-affinity binding in vivo and are easier to absorb 
than protein-based drugs in various diseases.4 Thus, small-
molecule drugs may contribute to the development of novel 
therapeutic for the inflammatory-fibrotic process in renal 
fibrosis.

The p38 mitogen-activated protein kinase (MAPK) path-
way is an essential intracellular signal transducer respond-
ing to cellular stimuli including a variety of inflammatory/
fibrotic cytokines.5,6 It elicits diverse pro-inflammatory 
and pro-fibrotic effects and is related to various cellular 
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Abstract
Renal fibrosis is a hallmark of chronic kidney disease, while efficient therapy 
against renal fibrosis is still lacking. In this study, we investigated the role of a novel 
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magnetic resonance imaging of T1rho mapping and histopathological analysis 
were performed to evaluate renal fibrosis in vivo and ex vivo. This study showed 
that treatment with VCP979 effectively reduced renal fibrosis, extracellular matrix 
accumulation, and alleviated epithelial–mesenchymal transition in UUO rats, as 
well as improved renal function. In vivo T1rho mapping displayed increased T1rho 
values in the UUO rats, which was decreased after VCP979 treatment, and a 
positive correlation was detected between the T1rho values and the percentage 
of fibrotic area. Moreover, the administration of VCP979 also ameliorated the 
inflammatory cytokines expression and the infiltration of macrophages in renal 
tissues. Mechanistically, VCP979 treatment inhibited the activation of p38 mitogen–
activated protein kinase, nuclear factor-kappa B, and transforming growth factor-
β1/Smads signaling pathways. These results indicated that VCP979 could be an 
effective therapeutic agent for alleviating renal fibrosis and inflammation in the rat 
model of UUO via its antifibrotic and anti-inflammatory effects.
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Impact Statement

Renal fibrosis is a hallmark of chronic kidney dis-
ease, while efficient therapy against renal fibrosis is 
still lacking. Here, we investigated a potential role of 
a novel small-molecule compound VCP979 in renal 
fibrosis in a rat model of unilateral ureteral obstruc-
tion, and demonstrated that treatment with VCP979 
ameliorated renal function and pathological renal 
fibrosis via its antifibrotic and anti-inflammatory 
effects. Further study of T1rho mapping displayed 
decreased T1rho values after VCP979 treatment 
with a linear correlation between the T1rho values 
and the fibrosis, indicating that T1rho mapping is a 
non-invasive imaging strategy to detect the altera-
tion of renal fibrosis. These results indicated that 
VCP979 may serve as a small-molecule drug for 
preventing the progression of renal fibrosis, which 
might help in developing novel small-molecule 
agents for ameliorating clinical renal fibrosis and 
meanwhile facilitating the real-time evaluation of 
therapeutic efficacy of these drugs in vivo.
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disorders in kidney diseases, such as glomerulosclerosis in 
diabetic nephropathy,7 renal atrophy, and renal artery ste-
nosis.8 Previous studies have shown that the p38 MAPK 
involves in a direct transforming growth factor-β (TGF-β) 
signaling pathway to facilitate fibrogenesis, and blockade of 
p38 MAPK relieves tissue fibrosis in different animal mod-
els.9–11 However, the commonly used p38 MAPK inhibitor 
SB203580 showed a poor potency and high toxicity due to 
the interference with other protein kinases.12 Recently, we 
have developed a novel small-molecule compound VCP979 
as a selective inhibitor of p38 MAPK, which presents a good 
affinity and inhibitory activity for the p38 MAPK.13,14 Our 
previous study has demonstrated the role of VCP979 in pro-
moting axonal/white matter remodeling and ischemic stroke 
recovery in type 2 diabetic mice, which is accomplished by 
attenuating the inflammatory gene expression and reducing 
the activation of p38 MAPK/nuclear factor-kappa B (NF-
κB) pathways.15 However, the effect of VCP979 on unilateral 
ureteral obstruction (UUO)-induced renal fibrosis has not 
been investigated.

Although percutaneous renal biopsy is widely adopted 
as the reference standard method to measure renal fibrosis,16 
it is invasive and sampled tissues may be unrepresentative 
for assessing renal fibrosis.17,18 Thus, there is a need to estab-
lish an accurate and non-invasive method for measuring 
the effect of VCP979 treatment on renal fibrosis. Magnetic 
resonance imaging (MRI) may provide valuable informa-
tion, and T1rho mapping is an endogenous contrast imag-
ing method to characterize tissue without gadolinium-based 
contrast agents.19 T1rho mapping reflects the interactions 
between motion-restricted water molecules and local macro-
molecular environment;20 hence, it is utilized to study mac-
romolecular composition and proton due to its sensitivity 
to low-frequency motional and static processes.21 Recently, 
T1rho mapping has been applied to detect liver fibrosis,22 
diffuse myocardial fibrosis,23 and renal allograft fibrosis,24,25 
suggesting that T1rho mapping is a non-invasive diagnostic 
tool for fibrosis detection.

The aim of this study was to explore the therapeutic effi-
cacy of a small-molecule compound VCP979 on renal fibrosis 
in a rat model of UUO, and T1rho mapping was utilized to 
detect the alteration of renal fibrosis after VCP979 treatment 
non-invasively. These results may provide valuable evi-
dences into the application of novel small-molecule agents 
in murine models of renal fibrosis.

Materials and Methods

Animal experiments

All experimental protocols were approved by the Institutional 
Animal Use and Care Committee of Southeast University, 
Nanjing, China (SYXK-20180315004). This study was car-
ried out in compliance with the Animal Research: Reporting 
of In Vivo Experiments (ARRIVE) guidelines.26 VCP979 
was developed and provided by Binghui Wang at Monash 
University, Australia. Eight-week-old male Wister rats were 
purchased (Yangzhou University Animal Center, China), 
and all rats were maintained in standard animal facilities 
at 22–26°C and 40–70% humidity on a cycle of 12 h light–
dark cycle with food and water available ad libitum. After 

adaptive feeding for one week, these rats were randomly 
divided into three groups. A model of UUO was performed 
in Wistar rats, which was induced by an incision from the 
back, and the left ureter was exposed and ligated near the 
renal pelvis as described previously.27 A group of sham-oper-
ated rats (Sham, n = 8) was used as the control. Those rats 
were incised from the back, and the left ureter was exposed 
without ligation. One week after surgery, rats were rand-
omized to receive either an oral administration of vehicle 
(0.5% methyl cellulose, twice a day; UUO + Veh, n = 8) or an 
oral administration of VCP979 dissolved in methyl cellulose 
(50 mg/kg, twice a day; UUO + VCP979, n = 8) for one week. 
Blood and urine were collected one and two weeks after the 
surgery, and serum creatinine (SCr), blood urea nitrogen 
(BUN), and urinary protein were acquired to evaluate renal 
function. Moreover, levels of alanine aminotransferase (AST) 
and aspartate aminotransferase (ALT) in the serum of animal 
models were acquired to evaluate the toxicity of VCP797. 
The body weights of rats were assessed once per three days. 
Two weeks after surgery, rats were scanned with MRI, and 
after that, all rats were sacrificed with tissues harvested. 
Pentobarbital was used for anesthesia and euthanasia.

Renal function analysis

Twenty-four hours urine samples were collected by metabolic 
cages, and the volumes of urine were recorded. Blood sam-
ples of rats were obtained from the angular vein two weeks 
after surgery in all rats. Plasma was acquired from the serum 
of the samples through centrifugation, and anticoagulant 
(ethylenediaminetetraacetic acid, EDTA) was added in the 
tubes before collection. Levels of SCr, BUN, and 24 h urine 
protein were determined on a clinical chemistry analyzer 
(AU5821, Beckman Coulter, Bera, CA, USA) in Zhongda 
Hospital.

Phantom study of MRI

Experiments were performed on phantoms at first to exam-
ine the accuracy and repeatability of the T1rho mapping 
sequence, and magnetic resonance (MR) scans were per-
formed with a 3.0 T clinical scanner (Ingenia 3.0 T, Philips 
Healthcare, Amsterdam, The Netherlands) with a 16-chan-
nel animal coil (Chenguang, Shanghai, China). Four phan-
tom tubes were created in 15 mL centrifugal tube (15 mm 
diameter) by dissolving agarose powder in deionized 
water at different concentrations (weight/volume, 1%, 2%, 
3%, and 4%), and phantom tubes were placed in a bottle 
filled with deionized water. Then, the phantom tubes were 
scanned, and the T1rho mapping images were acquired 
using a turbo field echo (TFE) sequence with stretched adi-
abatic as the spin-lock pulse type. Table 1 shows param-
eters of T2-weighted imaging (T2WI) sequence and T1rho 
mapping sequence. To calculate the T1rho values, regions 
of interest (ROIs) were drawn manually over the phantom 
tubes. As for ROI selection, a circular ROI sized 50 pixels 
was chosen in the center of the T1rho map of each phantom. 
The T1rho maps were calculated with four different time of 
spin-locks (TSLs) based on monoexponential decay model 
using pixel-by-pixel methods, which can be presented by 
the following equation
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where MTSL denotes the magnetization with a spin-lock time, 
M0 is the magnetization with TSL = 0 ms, and TSL denotes the 
duration of the spin-lock time.

In vivo MRI of animal study

Two weeks after surgery, rats were scanned with MRI. MR 
scans were performed with the 3.0 T clinical scanner and 
16-channel animal coil as described above. The rats were 
positioned in a prone, head-first position inside the ani-
mal coil. The rats were anesthetized with 3% pentobarbi-
tal sodium (2 mL/kg) for better stability and repeatability 
for imaging acquisition. Parameters of T2WI sequence and 
T1rho mapping sequence were also listed in Table 1. To cal-
culate the T1rho values, ROIs were drawn manually over 
the renal parenchyma referencing the T2WI.28 As for ROI 
selection, five ROIs were sized 20–40 pixels approximately, 
evading the vessels and renal sinus, and the T1rho maps 
were calculated using the same equation as shown above in 
the phantom study.

Histological and immunohistochemical analyses

Tissues were fixed with 4% formaldehyde for 48 h and 
then embedded with paraffin. Kidney sections (4 μm) were 
stained with periodic acid–Schiff (PAS; G1281, Solarbio, 
Beijing, China), Masson’s trichrome (Masson; G1340, 
Solarbio), and Sirius red (ab150681, Abcam, Cambridge, 
UK) as previously described.29 Immunohistochemical (IHC) 
staining was performed in renal tissues by antibodies includ-
ing fibronectin (ab2413, Abcam), E-cadherin (14472, Cell 
Signaling Technology, Danvers, MA, USA), Vimentin (5741, 
Cell Signaling Technology), α-smooth muscle actin (α-SMA; 
ab124964, Abcam), and CD68 (ab125212, Abcam) to evaluate 
tissue ECM deposition and epithelial–mesenchymal transi-
tion (EMT). Liver was stained with hematoxylin and eosin 
(H&E) to evaluate the toxicity of VCP797. Images were taken 

on a microscope (OLYMPUS, Tokyo, Japan), and at least 
five randomly chosen fields of stained slides were evalu-
ated by technicians who were blinded by treatment groups. 
Quantitative assessment was performed by Image-Pro Plus 
6.0 (Media Cybernetics, Rockville, MD, USA).

Cell culture

The human kidney-2 (HK-2) cells were purchased from the 
American Type Culture Collection. The HK-2 cells were cul-
tured in Dulbecco’s modified Eagle’s medium/F-12 nutri-
ent mixture (DMEM/F-12, Gibco, Invitrogen, CA, USA), 
containing 10% fetal bovine serum (FBS, Gibco, Invitrogen), 
100 U/mL penicillin, and 100 μg/mL streptomycin in a 
humidified incubator at 37°C with 5% CO2. For induction 
of EMT, HK-2 cells were starved without serum for 12 h and 
subsequently treated with (dimethyl sulfoxide, DMSO; the 
Vehicle group) or TGF-β1 (Peprotech, Rocky Hill, NJ, USA) 
at a concentration of 10 ng/mL for 48 h as described previ-
ously.30 Then, the cells were treated with different concentra-
tions of VCP979 (0.1, 1 and 10 µM) for another 24 h. For cell 
treatment, VCP979 was dissolved in DMSO at different con-
centrations, and an equal volume of DMSO was added into 
the cell culture medium of the control and TGF-β1 group. 
The toxicity of VCP979 was indicated by cell counting kit-8 
(CCK-8) in vitro. HK-2 cells were treated with VCP979 for 
24 h at concentrations of 0, 0.1, 1, 2, 5, and 10 μM, and the cell 
viability was measured by CCK-8 assay.

Western blot

Frozen kidney tissues and HK-2 cells were lysed to extract 
total protein using modified radioimmunoprecipitation 
assay buffer (RIPA) buffer with protease and phosphatase 
inhibitors. Protein concentrations were determined by bicin-
choninic acid (BCA) protein quantitation assay (Key Gene 
Biotech, Jiangsu, China), and the western blot analysis of 
fibronectin, E-cadherin, α-SMA, Vimentin, NF-κB, phos-
phorylated NF-κB (p-NF-κB), p38, phosphorylated p38 
(p-p38), TGF-β1, Smad2, phosphorylated Smad2 (p-Smad2), 
Smad3, phosphorylated Smad3 (p-Smad3), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was con-
ducted as described previously with specific antibodies 
(Supplementary Table 1).31 Signals were visualized with the 
high-signal chemiluminescent western blotting substrate 
(Tanon, Shanghai, China) by Chemiluminescence imaging 
system (Clinx Science Instruments Co., Shanghai, China), 
and quantified by Image J (National Institutes of Health, 
Bethesda, MD, USA).

Quantitative real-time polymerase chain reaction

Total RNA was extracted from renal tissues with TRIzol 
reagent (Thermo Fisher, Waltham, MA, USA) and quanti-
fied with NanoDrop ND-2000 spectrophotometer (Thermo 
Fisher). Total RNA was reversely transcribed into comple-
mentary DNA (cDNA) with the PrimeScript RT reagent 
kit. The mRNA levels of tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and interleukin-1β (IL-1β) were detected 
by reverse transcription quantitative real-time polymerase 
chain reaction (RT-qPCR) with an SYBR Green Master Mix 

Table 1.  Parameters of MR scanning.

Parameters T2-weighted imaging T1rho mapping

Fast imaging mode TSE TFE
Repetition time (ms) 1789 5.8
Echo time (ms) 93 2.8
Matrix 320 × 315 100 × 100
Orientation Transverse Transverse
Field of view (mm) 80 × 80 60 × 60
Section thickness (mm) 2 4
Number of sections 15 5
Flip angle (degrees) 90 40
Number of signals acquired 3 4
TSL (ms) – 0, 10, 20, 40
Acquisition time 3 min 56 s 9 min 45 s

MR: magnetic resonance; TSE: turbo spin echo; TFE: turbo field echo; TSL: time 
of spin-lock.
T1rho mapping with four TSLs was conducted using a TFE sequence with 
stretched adiabatic as the spin-lock pulse type.
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kit (Takara Bio, Shiga, Japan) with real-time polymerase 
chain reaction (PCR) systems (Thermo Fisher). The PCR pro-
cedure was set for 95°C for 30 s, 57°C for 30 s, and 30 s at 70°C. 
The level of mRNA expression was calculated with the 2−ΔΔCq 
method, with the GAPDH genes as the control. The primer 
sets used to identify the gene are as follows:

GAPDH-F: 5ʹ-TGCACCACCAACTGCTTAGC-3ʹ;
GAPDH-R: 5ʹ-GGCATGCACTGTGGTCATGAG-3ʹ;
TNF-α-F: 5ʹ-GCGACGTGGAACTGGCAGAAG-3ʹ;
TNF-α-R: 5ʹ-GCCACAAGCAGGAATGAGAAGAGG-3ʹ;
IL-6-F: 5ʹ-ACTTCCATCCAGTTGCCTTCTTGG-3ʹ;
IL-6-R: 5ʹ-TTAAGCCTCCGACTTGTGAAGAG-3ʹ;
IL-1β-F: 5ʹ-TCGCAGCAGCACATCAACAAGAG-3ʹ;
IL-1β-R: 5ʹ-TGCTCATGTCCTCATCCTGGAAGG-3ʹ.

Statistical analysis

The normality assumption was assessed with the Shapiro–
Wilk test. The significance of the differences in all data 
among the three groups was evaluated with either a one-
way analysis of variance or, if normality was violated, a 
non-parametric Kruskal–Wallis test (specifically refer to the 
ratio of p-Smad3/Smad3 protein expression in western blot, 
the tubular injury score in PAS staining, the IHC staining of 
α-SMA and CD68 positive macrophages), followed by post 
hoc multiple comparisons with either the Bonferroni (equal 
variance assumed) or Dunn (unequal variance assumed) 
test. All statistical tests were performed with the GraphPad 
Prism version 8.0 (GraphPad Software, San Diego, CA, 
USA), and two-tailed P < 0.05 was considered as a statisti-
cally significant difference. Data are presented as the mean 
value ± SD.

Results

Effects of VCP979 administration on renal function 
in UUO rats

The changes of SCr and BUN between pre- and post-treat-
ment were significantly increased in the UUO + Veh group 
compared with the Sham group (P < 0.01), which was sig-
nificantly reduced in the UUO + VCP979 group compared 
with the UUO + Veh group (P < 0.05) after VCP treatment 
(Figure 1(a) and (b)). The change of 24 h urine protein excre-
tion between pre- and post-treatment was also significantly 
increased in the UUO + Veh group compared with the 

Sham group (P < 0.01; Figure 1(c)). These results indicated 
improved renal function after VCP979 treatment in UUO 
rats. Detailed values of SCr, BUN, and 24 h urine protein 
excretion of the UUO rats were listed in the supplementary 
files (Supplementary Table 2 and Figure 1).

MRI validation in phantom study

The phantom images of T2WI (Figure 2(a)) and T1rho map 
(Figure 2(b)) with different T1rho relaxation times were 
scanned and reconstructed. As shown in Figure 2(c), T1rho 
values of phantoms varied with agarose concentration, and 
exhibited a linear correlation with concentration (R2 = 0.9242; 
P < 0.05), which demonstrated that the T1rho mapping is 
sensitive to reflect the concentration of macromolecules in 
phantoms.

VCP979 alleviated renal fibrosis in UUO rats as 
assessed by pathological staining

Damaged integrity of renal tissues and evident dilatation 
of tubule were observed in the PAS staining (Figure 3(a)), 
and the tubular injury score was significantly increased 
in the UUO + Veh group compared with the Sham group 
(P < 0.01), which was decreased after VCP979 treatment 
(P < 0.01). Masson (Figure 3(b)) and Sirius red staining 
(Figure 3(c)) showed significantly increased renal fibrosis 
in the UUO + Veh group compared with the Sham group 
(P < 0.01), which was decreased after VCP979 treatment 
(P < 0.01). In addition, increased expression of fibronectin 
was detected in the UUO + Veh group compared with the 
Sham group (P < 0.01), while VCP979 treatment mitigated 
the expression of fibronectin in the UUO kidneys (P < 0.01; 
Figure 3(d)), demonstrating that VCP979 could attenuate 
renal ECM deposition in the UUO rat model.

VCP979 alleviated renal fibrosis in UUO rats as 
assessed by MRI

Gross pathology showed different macroscopic appearances 
of renal tissues in the three groups, which were enlarged in 
the UUO rats (Figure 4(a)). T2WI showed that compared 
with the Sham group, the renal pelvis was filled with accu-
mulated urine with an enlarged shape and thin parenchyma 
in the UUO + Veh and UUO + VCP979 groups (Figure 4(b)). 
Interestingly, the UUO + Veh group exhibited significantly 
increased T1rho values compared with the Sham group 

Figure 1.  Effects of VCP979 on renal function in UUO-induced rats. (a) The changes of serum creatinine (SCr), (b) blood urea nitrogen (BUN), and (c) 24 h urine 
protein excretion in UUO-induced rats (n = 8 per group). All data were presented as mean ± SD.
*P < 0.05; **P < 0.01.
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(P < 0.01), which was decreased after VCP979 treatment 
(P < 0.05; Figure 4(c) and (d)), demonstrating that T1rho MRI 
was capable to detect the alteration of renal tissue fibrosis 
non-invasively. Furthermore, there is a positive correlation 

between the T1rho values and the percentage of fibrotic area 
as measured by the Masson staining (R2 = 0.808; P < 0.001; 
Figure 4(e)) and Sirius red staining (R2 = 0.886; P < 0.001; 
Figure 4(f)), which indicated the feasibility of applying T1rho 

Figure 2.  Magnetic resonance imaging of phantoms. (a) T2-weighted images and (b) T1rho maps of agarose phantoms (scale bars = 1 cm). (c) The correlation 
between mean T1rho values and the concentrations of agarose phantoms. 

Figure 3.  VCP979 attenuated renal fibrosis in UUO rats. (a) Representative images of periodic acid–Schiff (PAS) staining of kidney tissues in rats from three groups 
and measured tubular injury score (n = 8 per group; scale bars = 100 μm). (b) Masson staining of kidney tissue in rats from three groups and measured percentage  
of fibrotic areas (n = 8 per group; scale bars = 100 μm). (c) Sirius red staining of kidney tissue in rats from three groups and measured percentage of fibrotic areas  
(n = 8 per group; scale bars = 100 μm). (d) Immunochemical staining of fibronectin in kidney tissue of rats and measured optical density (OD) values of fibronectin 
positive areas (n = 8 per group; scale bars = 50 μm). All data were presented as mean ± SD. 
*P < 0.05; **P < 0.01.
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MRI to quantify the alterations of renal fibrosis in UUO rats 
in vivo.

VCP979 alleviated EMT in UUO rats and  
TGF-β1-induced HK-2 cells

The effect of VCP979 on EMT in UUO rats was analyzed 
by measuring the expression of E-cadherin, α-SMA and 
Vimentin. IHC of E-cadherin, α-SMA and Vimentin (Figure 
5(a)) revealed that compared with the UUO + Veh group, 

treatment with VCP979 significantly upregulated the level 
of E-cadherin (P < 0.01; Figure 5(b)), and downregulated 
the protein levels of α-SMA (P < 0.05; Figure 5(c)) and 
Vimentin (P < 0.01; Figure 5(d)) in UUO rats. In addition, 
the effects of VCP979 were further confirmed by the west-
ern blot analysis (Figure 5(e)), and the protein expression of 
E-cadherin (Figure 5(f)), α-SMA (Figure 5(g)), and Vimentin 
(Figure 5(h)) was significantly ameliorated after VCP979 
treatment (P < 0.01). EMT in HK-2 cells was stimulated by 
TGF-β1, and the western blot (Figure 5(i)) revealed that 

Figure 4.  Magnetic resonance imaging of renal fibrosis in UUO rats. (a) Gross pathology of renal tissues from the three groups. (b) T2-weighted images (T2WI) of 
rats (scale bars = 1 cm). (c) T1rho maps and (d) measured T1rho values of rats (n = 8 per group; scale bars = 1 cm). (e) Linear correlations between T1rho values and 
percentage of fibrotic area in the Masson staining and (f) Sirius red staining (n = 8 per group). All data were presented as mean ± SD. 
*P < 0.05; **P < 0.01.
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compared with the Vehicle group, TGF-β1 stimulation sig-
nificantly reduced the expression of E-cadherin (Figure 
5(j)) and increased the expression of α-SMA (Figure 5(k)) 
and Vimentin (Figure 5(l)) in HK-2 cells (P < 0.05), while 

VCP979 treatment significantly mitigated these alterations 
in HK-2 cells (P < 0.05). These findings suggest that VCP979 
downregulated the degree of EMT in TGF-β1-stimulated 
HK-2 cells.

Figure 5.  VCP979 alleviated epithelial–mesenchymal transition in UUO rats and TGF-β1-induced HK-2 cells. (a) Immunochemical staining and measured optical 
density (OD) values of E-cadherin (b), α-SMA (c), and Vimentin (d) in the kidney tissues of rats (n = 8 per group; scale bars = 50 μm). (e) Western blots analysis and 
measured protein expression of E-cadherin (f), α-SMA (g), and Vimentin (h) in the kidney tissue of rats (n = 8 per group). (i) Western blot analysis and measured 
protein expression of E-cadherin (j), α-SMA (k), and Vimentin (l) in TGF-β1-induced HK-2 cells (n = 6 per group). All data were presented as mean ± SD. 
*P < 0.05; **P < 0.01.
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VCP979 decreased the level of renal inflammation

IHC of CD68 was used to measure the infiltration of pro-
inflammatory cells in renal tissues. As shown in Figure 6(a), 
the percentage area of infiltrated CD68 positive macrophages 
was significantly increased in the UUO + Veh group com-
pared with the Sham group (P < 0.01), which was signifi-
cantly reduced in VCP979-treated UUO rats compared with 
the UUO + Veh group (P < 0.01; Figure 6(b)). In addition, 
the mRNA levels of TNF-α, IL-1β, and IL-6 in renal tissues 
as detected by RT-qPCR were significantly decreased in the 
VCP979-treated UUO group compared with the UUO + Veh 
group (P < 0.01; Figure 6(c)). Furthermore, the western 
blot analysis showed that the ratio of p-NF-κB/NF-κB was 
remarkably increased in the UUO + Veh group (P < 0.01), and 
VCP979 significantly downregulated the ratio of p-NF-κB/
NF-κB (P < 0.01; Figure 6(d) and (e)). These data supported 
that VCP979 treatment could suppress the macrophages 

infiltration and the inflammatory cytokine gene expression 
in renal tissues.

VCP979 downregulated the expression of p38 
MAPK, TGF-β1, and downstream Smad-dependent 
signaling pathways

To evaluate the efficacy of VCP979 on inhibiting the p38 
MAPK, we employed the western blot analysis to meas-
ure the ratio of p-p38 MAPK/p38 MAPK in renal tissues. 
Western blot showed that VCP979-treated rats exhibited 
decreased ratio of p-p38 MAPK/p38 MAPK compared with 
the UUO + Veh rats (P < 0.01; Figure 7(a) and (b)). The results 
confirmed that treatment with VCP979 inhibited the activa-
tion of p-p38 MAPK efficiently. Moreover, VCP979 treat-
ment notably suppressed the expression of TGF-β1 in UUO 
rats compared with the UUO + Veh rats (P < 0.01; Figure 
7(a) and (c)). To further explore the underlying antifibrotic 

Figure 6.  VCP979 reduced infiltration of macrophage and mitigated inflammatory level in UUO rats. (a) Immunochemical staining of CD68 and (b) quantitative 
assessment of percentage area of macrophages in kidney sections (n = 8 per group; scale bars = 50 μm). (c) Relative mRNA expression of TNF-α, IL-1β, and IL-6 in 
kidney tissues (n = 8 per group). (d) Western blot analysis and (e) quantitative assessment of the activation of NF-κB (n = 8 per group). All data were presented as 
mean ± SD. 
*P < 0.05; **P < 0.01.
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mechanism of VCP979, we evaluated the effect of VCP979 
on TGF-β1-induced activation of canonical Smad-dependent 
pathway. As shown in Figure 7(a) and (d), treatment with 
VCP979 significantly reduced the ratio of p-Smad2/Smad2 
and p-Smad3/Smad3 (P < 0.01). These data supported that 
VCP979 could suppress TGF-β1-activated Smad-dependent 
signaling pathways.

Toxicity of VCP979

The toxicity of VCP979 was indicated by CCK-8 in vitro and 
liver function (AST and ALT) and H&E staining of liver in 
animal models. Cell viability was not affected by VCP979 as 
measured by CCK-8 assay (Figure 8(a)). In addition, no sig-
nificant difference was observed in body weight between the 
three groups (Figure 8(b)). Moreover, the levels of AST and 
ALT in serum were assessed, and no difference was observed 
between three groups (Figure 8(c)). Results of H&E staining 
confirmed that there was no evident impact on the pathology 
of liver induced by administration of VCP979 (Figure 8(d)).

Discussion

Renal fibrosis is a chronic process featured by deregulated 
wound healing, uncontrolled inflammatory response, and 
excessive ECM deposition in the interstitial space of the  
kidney.32 Although renal fibrosis is fatal and drives the  
progression of chronic kidney disease, there is still a lack of 
effective treatment for renal fibrosis.33 VCP979 is a small-
molecule compound that we have recently developed at the 
Monash University as a novel antifibrotic and anti-inflamma-
tory agent.13–15 In this study, we provided the first evidence 
of VCP979 application in renal fibrosis, and demonstrated 
that administration of VCP979 could alleviate renal fibrosis 
and inflammation in a rat model of UUO through in vivo MRI 
and ex vivo pathological analysis.

Renal fibrosis is a major public health issue with around 
10% of the adult population at risk and is recognized as the 
final common pathway for all kidney diseases.34,35 The p38 
MAPK pathway is a potential regulator of the inflammatory 
and fibrotic process, and multiple therapeutic strategies have 

Figure 7.  VCP979 suppress the expression of p-p38/p38 MAPK, TGF-β1 and inhibited downstream Smad-dependent signaling pathway in UUO rats. (a) Western blot 
of the protein expression level of p-p38 MAPK, p38 MAPK, TGF-β1, p-Smad2, Smad2, p-Smad3, and Smad3 (n = 8 per group). (b) Measured ratio of p-p38 MAPK 
to p38 MAPK protein expression of the three groups. (c) Measured protein expression of TGF-β1 in the three groups. (d) Measured ratio of p-Smad2/Smad2 and 
p-Smad3/Smad3 protein expression of the three groups. All data were shown as mean ± SD. 
*P < 0.05; **P < 0.01.
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been exploited to impede the p38 MAPK pathway.5,6 p38 
MAPK inhibitors has been administration to mitigate tubular 
interstitial fibrosis in animal models of kidney disease, and 
inhibiting p38 MAPK has also been explored as a therapeutic 
strategy in a variety of clinical trials.36–39 However, the classic 
p38 MAPK inhibitor SB203580 has an unsatisfactory in vivo 
activity.15 Besides, the clinical p38 MAPK inhibition with 
losmapimod in a Phase II trial did not result in more than 
50% reduction of proteinuria in patients with idiopathic focal 
segmental glomerulosclerosis,36 and a p38 MAPK inhibitor 
LY3007113 was not planned for further clinical development 
as toxicity precluded achieving a biologically effective dose 
in a Phase I clinical trial.38 Thus, novel p38 MAPK inhibitors 
with high potency and safety are urgently needed.

The p38 MAPK inhibitors are isoform-selective, and a 
series of novel p38 MAPK inhibitors with high selectivity for 
the p38α isoform over the other isoforms such as the p38β 
isoform has been identified. p38 MAPK is implicated in the 
intracellular responses to renal inflammation and fibrosis, 
but the currently available p38 MAPK inhibitors, such as 
SB203580, inhibit both the p38α and p38β MAPK isoforms 
and present low specificity, resulting in low potency and 
high toxicity.15 Previous animal studies have demonstrated 
that inhibition of a single p38α isoform is responsible for an 
anti-inflammatory effect and inhibition of the p38β isoform 
alone showed no effect on the modulation of inflammatory 
TNF-α levels.40 An inhibitor of p38 MAPK with a potent 
affinity for the active form of p38α MAPK is likely to have 
less toxic effect,12 and may play a promising role in regulating 
the fibrotic signaling transduction in renal diseases. Herein, 
we developed a novel MAPK inhibitor, VCP979 which is a 
small-molecule compound and selective p38 MAPKα inhibi-
tor, and it is a much poor inhibitor of p38 MAPKβ and does 

not inhibit the p38 MAPKγ or δ isoform. The advantages of 
VCP979 over other p38 MAPK inhibitors such as RWJ67657, 
a selective inhibitor of p38α and p38β, have been demon-
strated by our previous studies.15

We utilized VCP979 to investigate its role in renal fibro-
sis. The renal pathological staining of Masson and Sirius 
red showed decreased percentage of fibrotic area after treat-
ment with VCP979 for one week, and fibronectin staining 
demonstrated significantly decreased ECM accumulation in 
renal tissues. Since myofibroblasts are derived from renal 
fibroblasts and EMT of resident tubular epithelial cells,41 the 
IHC and western blot results showed that administration of 
VCP979 decreased the expression of α-SMA and Vimentin, 
and increased the expression of E-cadherin, confirming that 
VCP979 relieved ECM accumulation and EMT process. To 
further explore the underlying antifibrotic mechanism of 
VCP979, we evaluated the effect of VCP979 on TGF-β1 sign-
aling and TGF-β1-induced activation of canonical Smad-
dependent pathway, and the results revealed that TGF-β1 was 
downregulated by VCP979 in obstructed kidney. Treatment 
with VCP979 also inhibited the activation of Smad2/Smad3, 
indicating that VCP979 could ameliorate renal fibrosis via the 
reduction of TGF-β1/Smads signaling pathways.

p38 MAPK pathway is also well-recognized to play 
an important role in the production of pro-inflammatory 
mediators and exert pro-inflammatory effects.42 It is estab-
lished that inflammation plays an essential role in the 
development of renal fibrosis, and persistent inflammation 
induced by chronic injury could advance fibrogenesis and 
further tissue damage. The association between fibrogen-
esis and the inflammatory response has been established 
and confirmed by morphological evidence.43 Thus, in this 
study, IHC of CD68 was used to measure the infiltration 

Figure 8.  Safety of VCP979 treatment in HK-2 cells and rats. (a) The relative cell viability of HK-2 cells after incubation with various concentrations of VCP979 (n = 8 
per group). (b) The body weight of rats in three groups was recorded once per three days after surgery (n = 8 per group). (c) The AST and ALT levels in serum were 
measured in three groups (n = 8 per group). (d) H&E-stained histological sections of the liver of rats after 14 days (n = 8 per group; scale bars = 100 μm). All data were 
presented as mean ± SD. 
AST: alanine aminotransferase; ALT: aspartate aminotransferase; H&E: hematoxylin and eosin.
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of macrophages in renal tissue, which demonstrated that 
VCP979 mitigated the recruitment of macrophage. In addi-
tion, RT-qPCR showed that VCP979 decreased the mRNA 
expression of TNF-α, IL-1β, and IL-6. Besides, previous 
studies have reported that phosphorylation of NF-κB pro-
motes the activation of fibroblast and renal fibrosis directly,44 
and tubular EMT was induced by direct contact between 
tubular and monocyte cells via an NF-κB-dependent path-
way.45 Thus, this study also investigated the NF-κB through 
western blot analysis and showed that the NF-κB pathway 
was inhibited after treatment with VCP979. These results 
revealed that VCP979 could attenuate the expression of 
inflammatory cytokines and inhibit the NF-κB pathway in 
renal tissues effectively.

Increasing evidences suggest that T1rho mapping can be 
used to quantify the macromolecular environment in vivo, 
and ECM deposition is associated with an elevation of T1rho 
values.19–21 For example, Hu et al.46 have reported that the 
T1rho values were correlated with the progression of renal 
fibrogenesis after UUO in a rat model, which indicated that 
T1rho is a candidate biomarker of renal fibrosis. Since T1rho 
mapping gives information about ECM deposition and 
permits measurement of renal fibrosis, here we have used 
T1rho mapping to visualize the fibrotic burden of kidney 
after UUO. Our results verified that the T1rho values were 
decreased after treatment with VCP979 in renal tissues of 
UUO rats, and a positive correlation was observed between 
the T1rho value and the percentage of fibrotic area, confirm-
ing the feasibility of applying T1rho mapping to quantify the 
alterations of renal fibrosis after treatment with VCP979 in 
murine models of UUO in vivo.

There are a few limitations in this study. First, the effects 
of VCP979 treatment on renal ECM deposition were detected 
by the expression of fibronectin in UUO kidneys by IHC, 
while ECM deposition includes several indicators such as 
collagen I and IV. In addition, no control group was estab-
lished to assess the difference between the commercial p38 
MAPK inhibitors such as inhibitors against both p38α and 
p38β and the VCP979 treatment group, but the advantages of 
VCP979 over other p38 MAPK inhibitors such as RWJ67657, 
a selective inhibitor of p38α and p38β, have been demon-
strated by our previous studies. Our follow-up studies will 
further seek better understanding of the effects of VCP979 
on renal fibrosis by tracking the medication and functional 
changes of different selective inhibitors through systemati-
cal investigations to fully display the advantages and side 
effects of VCP979 in vitro and in vivo. Furthermore, according 
to epidemiology and outcomes of chronic renal disease, sex 
hormones have been implicated in modulating inflamma-
tion, oxidative stress, and fibrosis in renal structural remod-
eling. Therefore, it is necessary to consider gender-specific 
differences in the design of experimental research and further 
investigate the effects of gender and sex hormones on renal 
fibrosis using both male and female UUO rats.

To our knowledge, this study was the first to validate 
VCP979, a novel small-molecule compound, may attenuate 
renal fibrosis in UUO rats through anti-inflammatory and 
antifibrotic effects, and the capability of T1rho MRI to detect 
the alteration of renal tissue fibrosis after VCP treatment 
makes it a potential imaging approach to visualize renal 
fibrosis non-invasively. The protective effects of VCP979 in 

the UUO rat model were attributed to the attenuation of 
inflammatory-fibrotic response and suppression of the p38 
MAPK signaling pathway. Since p38 MAPK inhibitors have 
been extensively evaluated in animal study and clinical tri-
als, these findings may facilitate the application of novel 
small-molecule compound p38 inhibitors with better in vivo 
anti-inflammatory and antifibrotic activities in different 
kidney diseases associated with fibrosis.
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