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Iguratimod prevents renal fibrosis in unilateral ureteral obstruction model 
mice by suppressing M2 macrophage infiltration and macrophage–
myofibroblast transition

Yueyuan Zhoua,b , Zhilan Lia,b, Shenyi Yuc, Xuan Wanga,b, Tingting Xiea,b and Weiru Zhanga,b

aDepartment of General Medicine, Xiangya Hospital, Central South university, Changsha, China; bnational Clinical Research Center for 
Geriatric Disorders, Xiangya Hospital, Central South university, Changsha, China; cDepartment of Rheumatology and immunology, 
Zhuzhou Hospital affiliated to Xiangya Medical College, Central South university, Zhuzhou, China

ABSTRACT
Iguratimod is a novel synthetic, small-molecule immunosuppressive agent used to treat rheumatoid 
arthritis. Through ongoing exploration of its role and mechanisms of action, iguratimod has been 
observed to have antifibrotic effects in the lung and skin; however, its effect on renal fibrosis remains 
unknown. This study aimed to investigate whether iguratimod could affect renal fibrosis progression. 
Three different concentrations of iguratimod (30 mg/kg/day, 10 mg/kg/day, and 3 mg/kg/day) were 
used to intervene in unilateral ureteral obstruction (UUO) model mice. Iguratimod at 10 mg/kg/day 
was observed to be effective in slowing UUO-mediated renal fibrosis. In addition, stimulating bone 
marrow-derived macrophages with IL-4 and/or iguratimod, or with TGF-β and iguratimod or SRC 
inhibitors in vitro, suggested that iguratimod mitigates the progression of renal fibrosis in UUO mice, 
at least in part, by inhibiting the IL-4/STAT6 signaling pathway to attenuate renal M2 macrophage 
infiltration, as well as by impeding SRC activation to reduce macrophage–myofibroblast transition. 
These findings reveal the potential of iguratimod as a treatment for renal disease.

1.  Introduction

Renal fibrosis is a common pathway for chronic kidney dis-
eases (CKD), progressing to end-stage renal failure [1]. 
Moreover, the accumulation of interstitial macrophages is con-
sidered to be an important cause of the occurrence and pro-
gression of fibrosis [2]. Tissue macrophages characterized by 
heterogeneity and plasticity play a critical role in maintaining 
renal homeostasis and contributing to renal inflammation and 
fibrosis [3]. Macrophages, responsive to the local microenvi-
ronment, are classified into two types: classically activated 
(M1) macrophages and alternatively activated (M2) macro-
phages [4]. M1 macrophages play a vital role in inflammatory 
diseases, and their activation is usually accompanied by 
increased production of pro-inflammatory cytokines (including 
TNF-α, IL-1, and IL-6), reactive nitrogen species, and reactive 
oxygen species [5]. Conversely, M2 macrophages are stimu-
lated by macrophage colony-stimulating factors, IL-4, IL-13, 
and IL-10, and are involved in immune regulation, 
anti-inflammation, repair and regeneration, and fibrosis [6]. 

Previous studies have confirmed that accumulated M2 macro-
phages promote renal fibrosis by inducing overproduction of 
extracellular matrix (ECM) components and secretion of profi-
brotic factors [7].

Myofibroblasts, a key ECM-secreting cell type involved in 
renal fibrosis, can be produced through multiple pathways, 
including epithelial–mesenchymal transition [8] and endothe-
lial–mesenchymal transition [9] and proliferation of fibro-
blasts (circulating or local) or pericytes [10–12]. 
Macrophage–myofibroblast transition (MMT) has been identi-
fied another method for renal myofibroblast formation, 
involving the transformation of macrophages into myofibro-
blasts in response to inflammatory stimuli [13]. The occur-
rence of MMT has been confirmed in the unilateral ureteral 
obstruction (UUO) mouse model [14], and this process plays 
a crucial role in renal fibrosis [15]. Bone marrow-derived 
monocytes/macrophages transform into myofibroblasts to 
produce ECM in patients with CKD [16] or progressive CKD 
(patients with immunoglobulin A neuropathy) and in UUO 
mice [17].
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Iguratimod is a novel, small-molecule drug that is widely 
used in Asia as a disease-modifying anti-rheumatoid arthritis 
medication with strong anti-inflammatory effects [18]. 
Continuous advancements in both basic and clinical research 
have revealed its potent anti-inflammatory and immune- 
regulatory properties. The drug has demonstrated efficacy in 
treating rheumatic autoimmune diseases, such as lupus nephri-
tis [19], Sjögren’s syndrome [20], ankylosing spondylitis [21], 
IgG4-related disease [22], systemic sclerosis [23], and cancer 
[24]. Recent research has revealed that iguratimod can improve 
conditions such as rheumatoid arthritis-related interstitial lung 
fibrosis [25] and systemic sclerosis-related skin or pulmonary 
fibrosis [26,27]. However, the kidney is another organ that is 
often affected by fibrosis in rheumatic immune diseases. 
Previous studies have indicated that iguratimod attenuates 
nephritis and renal interstitial injury in several murine models 
of lupus [28–30]. Nevertheless, it remains unclear whether igu-
ratimod can delay the progression of renal fibrosis.

Therefore, this study aimed to investigate the effect of 
iguratimod in the classical renal fibrosis model (UUO-induced 
renal fibrosis in mice) and to explore whether iguratimod can 
affect the progression of renal fibrosis by modulating macro-
phage polarization and its function.

2.  Materials and methods

2.1.  Animal surgery and experimental protocols

Wild-type 9-week-old male C57BL/6 mice (22–25 g) were pur-
chased from SLAC Laboratories (Changsha, China). The mice 
were housed in the animal care facility of the Xiangya 
Medical College of Central South University and had access 
to food and water ad libitum for the duration of the study. 
All animal protocols were reviewed and approved by the 
Institutional Animal Welfare Committee of Central South 
University (Number: 2019030128).

We performed Sham (free ureter) or UUO surgery in mice 
[31]. The C57BL/6 mice were randomly divided into six 
groups (six mice per group): the Sham group was injected 
intraperitoneally with 80 μL of the vehicle (5% DMSO + 40% 
PEG300 + 5% Tween80 + ddH2O) or 10 mg/kg/day of igurati-
mod (A20-220601, 99.99%, Simcere), and UUO mice were 
injected intraperitoneally with 80 μL of the vehicle or along 
with 3 mg/kg/day, 10 mg/kg/day, or 30 mg/kg/day of igurati-
mod [29], once a day. All mice in each group were eutha-
nized after 14 days (from the first day of modeling) of 
continuous injection of the corresponding drugs. Notably, 
the kidney tissue was longitudinally cut, with half embedded 
in paraffin and the other half frozen at −80 °C. The left kidney 
and peripheral blood (eye blood sampling) were collected for 
subsequent molecular biology experiments.

2.2.  Histopathological assessment

Formalin-fixed left kidneys were embedded in paraffin, and 
4-μm-thick sections were prepared for hematoxylin–eosin (HE) 
and Masson trichrome staining. Renal interstitial injury and 

interstitial fibrosis were scored separately on HE- and Masson- 
stained sections of the kidney, as previously described [32,33]. 
Specific scoring details can be found in Supplemental Material 1.

2.3.  Real-time quantitative polymerase chain reaction 
analysis

Total RNA was extracted from the kidney tissue using Trizol 
reagent (Life Technologies, Carlsbad, CA, USA) according to 
the manufacturer’s instructions. cDNA was synthesized from 
2 μg of total RNA in a 20-μL reaction system using a 
PrimeScript™ RT reagent kit (TaKaRa, RR037A). Quantitative 
real-time polymerase chain reaction (qPCR) was used to mea-
sure the expression of specific target mRNAs. This was con-
ducted using a QuantStudio 5 Real-Time PCR detection 
biosystem and a fluorescent qPCR reagent (TaKaRa, RR430B). 
The amounts of specific mRNAs in each sample were calcu-
lated based on the cycle threshold (CT) values, which were 
standardized with the quantity of the housekeeping gene 
GAPDH. Further calculations and statistical analyses were 
based on the comparative 2-ΔΔCT method. Primers used for 
qPCR are listed in Supplemental Material 2.

2.4.  Western blot analysis

Kidney tissues or bone marrow-derived macrophages 
(BMDMs) were homogenized in cold radioimmunoprecipita-
tion assay buffer (Beyotime, Jiangsu, China) containing a 
1% proteinase inhibitor cocktail (Servicebio, G2006). Thirty 
micrograms of protein were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
subsequently transferred to polyvinylidene fluoride mem-
branes (Millipore Crop. Billerica, MA, USA). Subsequently, 
the membranes were blocked in Tris-buffered saline con-
taining 0.1% Tween-20 and 5% skimmed milk powder for 
1.5 h at room temperature. Membranes were incubated 
with primary antibodies against GAPDH (Santa Cruz 
Biotechnology, sc-32233, 1:1000), fibronectin (Proteintech 
Group,15613-1-AP, 1:500), alpha-smooth muscle actin 
(α-SMA) (Cell Signaling Technology, #19245, 1:1000), signal 
transducer and activator of transcription 6 (STAT6; Cell 
Signaling Technology, #5397, 1:1000), phospho-STAT6 
(p-STAT6; Cell Signaling Technology, #56554, 1:1000), SRC 
(Cell Signaling Technology, #2109, 1:1000), and phospho-SRC 
(p-SRC; Cell Signaling Technology, #6943, 1:1000) at 4 °C 
overnight, followed by incubation with a secondary horse-
radish peroxidase-conjugated IgG (1:1000, Santa Cruz) for 
1 h at room temperature. Immunoreactive proteins were 
visualized using a chemiluminescence imaging system 
(Bio-Rad, Hercules, CA, USA). The staining intensity of the 
bands was measured using ImageJ (NIH) software.

2.5.  Immunohistochemistry

Immunohistochemical staining for α-SMA (Cell Signaling 
Technology, #19245, 1:200, incubated overnight) was per-
formed using 4-μm-thick paraffin sections of the left kidney. 
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Five fields-of-view of kidney slices, taken at 200× magnifica-
tion, were randomly selected in each slice. Images were cap-
tured under uniform conditions using a microscope (Leica, 
Wetzlar, Germany) and were analyzed using Image-Pro Plus 6.0 
software (https://image-pro-plus.software.informer.com/6.0/). 
The ratio of the integrated optical density to the area (average 
optical density value) in the measurement region was used as 
a semi-quantitative value of α-SMA expression.

2.6.  Immunofluorescence staining

Kidneys were snap-frozen and embedded in optimum cutting 
temperature formulation (Sakura Finetek, Staufen, Germany). 
Cryosections of 6-8μm-thickness were prepared using a Leica 
Cryostat CM3050 (Wetzlar, Germany) and placed on silane- 
coated cover slides. Frozen sections or BMDMs in 24-well 
plates were fixed (4% polyformaldehyde) and incubated over-
night at 4 °C with antibodies against F4/80 (Abcam, ab6640) 
at 1:100 dilution, CD206 (R&D Systems, AF2535) at 1:150 dilu-
tion, or inducible nitric oxide synthase (iNOS) (Servicebio, 
GB11119) at 1:100 dilution, or α-SMA (Cell Signaling 
Technology, #19245) at 1:300 dilution. Following incubation 
with CY3-conjugated secondary antibodies (Servicebio, 
GB21301, 1:100) or FITC-conjugated secondary antibodies 
(Abcam, ab150157, 1:200) for 1 h in the dark, the nuclei were 
stained with DAPI (Servicebio, Wuhan, China) for 5 min before 
microscopic analysis (Leica DFC500, Wetzlar, Germany and 
Nikon Ts2, Tokyo, Japan). As a negative control, the primary 
antibodies were replaced with pre-immune IgG from the 
same species, with little or no nonspecific staining. The 
F4/80-positive areas were quantified by capturing random 
kidney section images (original magnification power × 400, 
five fields per kidney slice) from each mouse (n = 6) and 
counting fluorescence intensity in every microscopic field 
using ImageJ (NIH, Bethesda, MD, USA). We randomly selected 
five high-magnification field of fluorescence-stained images 
(400× for tissue image, 100× for cell image), and the number 
of double-stained cells (M1: F4/80+iNOS+ cells; M2: 
F4/80+CD206+ cells; MMT: F4/80+α-SMA+ cells) were counted 
using ImageJ software.

2.7.  Enzyme-linked immunosorbent assays and biochemical 
detection

The level of IL-4 in obstructed kidney tissue was measured 
using an enzyme-linked immunosorbent assay kit (CUSABIO, 
CSB-E04634m). Kidney tissues were homogenized in cold 
radioimmunoprecipitation assay buffer (Beyotime, Jiangsu, 
China) supplemented with a 1% proteinase inhibitor cocktail 
(Servicebio, G2006). Initially, we determined the protein con-
centration of the samples (ranging between 3-11 mg/mL), 
followed by IL-4 concentration detection using the kit. The 
IL-4 concentration of the samples divided by the protein con-
centration of the samples yields the final IL-4 concentration 
(pg/mg protein) of the samples. The serum creatinine (Scr), 
blood urea nitrogen (BUN), and blood uric acid (BUA) levels 

in the mice were measured using an automated biochemical 
analyzer (AU5400, Olympus, Tokyo, Japan).

2.8.  Cell extraction, stimulation and cultivation procedures

We isolated BMDMs from 8-week-old male C57BL/6 mice 
(SLAC Laboratories, Changsha, China). The cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% 
Fetal Bovine Serum (FBS) complemented with 1% penicillin/
streptomycin and 10 ng/ml Macrophage Colony-Stimulating 
Factor (M-CSF, Peprotech, #315-02) for 7 days, as described 
previously [34,35]. The polarization of BMDMs into M2-type 
macrophages was stimulated by incubation in DMEM contain-
ing 1%FBS and IL-4(20 ng/mL [36], SinoBiological, #51084) and 
meanwhile being treated with different concentrations of igu-
ratimod (10、20、30μg/mL, Simcere) [37] for 12 h. Additionally, 
BMDMs were stimulated with transforming growth factor-beta 
(TGF-β, 5 ng/mL, Peprotech, #100-21) to undergo MMT [38], 
and were meanwhile treated with iguratimod (20 μg/mL, 
Simcere) and/or SRC inhibitors (5 μM [39,40], MedChemExpress, 
#HY-101053) for 12 h.

2.9.  Statistical analysis

Data are expressed as mean ± SEM. SPSS 20 (IBM Corp, 
Armonk, NY, USA) and GraphPad Prism 9 (GraphPad 
Software, La Jolla, CA, USA) were used to perform statistical 
analyses and create the graphs in this study, respectively. 
Statistical comparisons between two groups were performed 
using a two-tailed Student’s t-test. One-way analysis of vari-
ance (ANOVA) with Dunnett’s multiple comparisons test or 
Brown–Forsythe and Welch’s ANOVA with Dunnett’s T3 mul-
tiple comparisons test was performed to compare multiple 
groups. A value of p < 0.05 was considered statistically 
significant.

3.  Results

3.1.  Iguratimod attenuates tissue damage and fibrosis in 
obstructed kidneys of UUO model mice

We assessed the effects of iguratimod intervention in UUO 
model mice at doses of 3 mg/kg/day, 10 mg/kg/day, and 
30 mg/kg/day. As shown in Figure 1A and B, by scoring renal 
tubulointerstitial injury on HE-stained sections of the 
obstructed kidneys of UUO model mice, we observed that 
iguratimod at 3 mg/kg/day, 10 mg/kg/day, and 30 mg/kg/day 
reduced the renal tubular interstitial injury score from 10.77 
to 9.75 (p = 0.0428), 9.22 (p = 0.0012), and 9.7 (p = 0.0313), 
respectively. The improved renal injury was demonstrated by 
the reduction in atrophy and dilatation of renal tubules, 
tubular casts, and infiltrated inflammatory cells in the 
iguratimod-treated UUO mice.

By performing fibrosis scoring after Masson staining of 
the sections (Figure 2A and B), we observed that 3 mg/kg/
day, 10 mg/kg/day, and 30 mg/kg/day of iguratimod reduced 
the fibrosis scores in UUO model mice from 1.41 to 1.11 
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(p = 0.009), 0.89 (p < 0.0001), and 0.93 (p < 0.0001), respec-
tively, with the most significant reduction observed with 
10 mg/kg/day of iguratimod. This reduction was demon-
strated by a substantial decrease in collagen deposition (blue 
area) in kidney sections.

Furthermore, we found that the mRNA expression levels 
of Collagen I, Fibronectin, and α-SMA, which were highly 
expressed in mouse kidneys after UUO, were decreased (p = 
0.0226; p = 0.0301; p = 0.0219) by iguratimod intervention 
(Figure 2C–E). Similarly, the protein expression levels of 
Fibronectin and α-SMA (Figure 2F–H) were increased in the 
kidneys of UUO model mice and decreased (p = 0.0420; p = 
0.0127) after iguratimod treatment. Moreover, immunohisto-
chemical staining and semi-quantitative analysis showed a 
reduction (p = 0.0330) in the abundance of α-SMA expression 
in the renal interstitium of UUO mice following iguratimod 
treatment (Figure 2I and J). These reduction in expression lev-
els of the above-mentioned fibrosis-related indicators con-
firmed the ability of iguratimod to inhibit renal fibrosis.

3.2.  Iguratimod reduces BUA levels in UUO model mice

As shown in Figure 3A, compared to the control group 
(Sham-operated mice treated with vehicle), the Scr levels in 
the vehicle-treated UUO model mice were slightly elevated 
(27.50 vs. 37.98 μmol/L, p = 0.112); nevertheless, the elevation 
was not statistically significant. Additionally, UUO model mice 
injected with any of the three different doses of iguratimod 
(3 mg/kg/day, 10 mg/kg/day, and 30 mg/kg/day) showed no 
significant differences in Scr levels compared with 
vehicle-treated UUO model mice (37.98 vs. 30.00, 31.20, or 
37.27 μmol/L, respectively; all p > 0.05). Furthermore, no signif-
icant difference was observed in BUN levels among the Sham 

groups, vehicle-treated UUO mice, and iguratimod-treated 
UUO mice (all p > 0.05) (Figure 3B). Doses of 3 mg/kg/day, 
10 mg/kg/day, and 30 mg/kg/day of iguratimod all significantly 
reduced BUA levels in UUO model mice compared with 
vehicle-treated UUO model mice (130.8 vs. 77.07, 79.67, or 
69.38 μmol/L, respectively; all p < 0.0001; Figure 3C). These lev-
els were even lower than those in iguratimod-treated 
Sham-surgery mice (126.3 μmol/L vs. 77.07 μmol/L, p < 0.0001; 
126.3 μmol/L vs. 79.67 μmol/L, p = 0.0002; 126.3 μmol/L vs. 
69.38 μmol/L, p < 0.0001, respectively; Figure 3C).

3.3.  Iguratimod inhibits macrophage infiltration, 
particularly M2 macrophages, in obstructed kidneys of 
UUO model mice

We investigated the effect of iguratimod on macrophage 
infiltration in kidneys of UUO model mice. As illustrated in 
Figure 4A–C, it is evident that infiltrating macrophages 
(F4/80+) were increased in the kidneys of UUO mice and 
were decreased (p = 0.0004) after iguratimod treatment. The 
results of immunofluorescence staining and quantification 
demonstrated that iguratimod treatment contributed to a 
relative reduction in M1 macrophage (F4/80+/iNOS+) infiltra-
tion in the kidneys of UUO model mice, but this reduction 
was not statistically significant (p = 0.4468; Figure 4A and D). 
However, compared with the kidneys of vehicle-treated UUO 
model mice, the kidneys of mice treated with iguratimod 
(10 mg/kg/day) exhibited reduced M2 macrophage infiltration 
(F4/80+/CD206+; p = 0.0023; Figure 4B and E). Moreover, com-
pared with the vehicle-treated UUO mice, the mRNA levels of 
M2 macrophage markers CD206 (p = 0.0115; Figure 4F), chiti-
nase 3-like 3 (Ym-1; p = 0.0004; Figure 4G), tissue inhibitor of 
metalloproteinases-1 (Timp-1; p = 0.0034; Figure 4H), and 

Figure 1. iguratimod attenuates tissue damage in obstructed kidneys of uuO mice.
Mice that underwent Sham surgery were treated with vehicle or iguratimod (10 mg/kg/day), and those that underwent uuO surgery were treated with 
vehicle or iguratimod (30, 10, or 3 mg/kg/day). (a) Hematoxylin and eosin staining of renal tissues. (B) The tubulointerstitial injury score. iGu: iguratimod; 
uuO: unilateral ureteral obstruction. The numbers in parentheses are drug concentrations. Scale bar (at the bottom right of the image) = 100 μm. Data are 
expressed as mean ± SeM, n = 5–7, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 2. iguratimod attenuates tissue fibrosis in obstructed kidneys of uuO mice.
Mice that underwent Sham surgery were treated with vehicle or iguratimod (10 mg/kg/day), and those that underwent uuO surgery were treated with 
vehicle or iguratimod (3, 10, or 30 mg/kg/day). (a) Masson’s trichrome staining of renal tissues. (B) The tubulointerstitial fibrosis score. The mRna levels of 
collagen i (C), Fn (D), α-SMa (e) in the kidneys of mice. Representative images of protein immunoblots (F) and the grayscale value analysis plots (G and 
H) of α-SMa and fibronectin in kidneys of mice. immunohistochemical staining of α-SMa (J) in kidneys of mice and its semi-quantitative analysis graph (i). 
iGu: iguratimod; uuO: unilateral ureteral obstruction; α-SMa: alpha-smooth muscle actin; Fn: fibronectin.  The numbers in parentheses are drug concentra-
tions. Scale bar (at the bottom right of the image) = 100 μm. Data were expressed as mean ± SeM, n = 5–7, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 3. iguratimod reduces Bua levels in uuO model mice.
Mice that underwent Sham surgery were treated with vehicle or iguratimod (10 mg/kg/day), and those that underwent uuO surgery were treated with 
vehicle or iguratimod (30, 10, or 3 mg/kg/day). The serum levels of Scr (a), Bun (B), and Bua (C) in mice. iGu: iguratimod; uuO: unilateral ureteral obstruc-
tion; Scr: serum creatinine; Bun: blood urea nitrogen; Bua: blood uric acid. The numbers in parentheses are drug concentrations. Data were expressed as 
mean ± SeM, n = 5–7, vs. uuO+vehicle, ****p < 0.0001; vs. Sham+iGu(10), ###P <0.001, ####P < 0.0001.
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Figure 4. iguratimod inhibits M2 macrophage infiltration in obstructed kidneys of uuO mice.
Mice that underwent Sham or uuO surgery were treated with vehicle or iguratimod (10 mg/kg/day). immunofluorescence staining of M1 (F4/80+/inOS+, a) 
and M2 (F4/80+/CD206+, B) macrophages in the kidneys of mice. C. Quantitative analysis of relative fluorescence intensity for F4/80 positive staining. The 
number of infiltrated M1 (D) and M2 (e) macrophages per high magnification field in kidneys of mice. The mRna levels of M2 macrophage-related markers 
CD206 (F), Ym-1 (G), Timp-1 (H), and il-10 (i) in the kidneys of mice. iGu: iguratimod; uuO: unilateral ureteral obstruction; inOS: inducible nitric oxide 
synthase; Ym-1: chitinase 3-like 3; Timp-1: tissue inhibitor of metalloproteinases-1. The numbers in parentheses are drug concentrations. The orange color 
in the Merge plot indicates positive co-localization staining. The image in the large rectangle is a zoomed-in version of the small rectangle image. Scale 
bar (at the bottom right of the image) = 100 μm. Data were expressed as mean ± SeM, n = 5–7, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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IL-10 (p = 0.0495; Figure 4I) were decreased after iguratimod 
intervention, which further verified the inhibitory effect of 
iguratimod on M2 macrophages.

3.4.  Iguratimod inactivates the IL-4/STAT6 signaling 
pathway, subsequently inhibiting M2 macrophage 
infiltration into obstructed kidneys of UUO model mice

We aimed to elucidate the molecular mechanism underlying 
M2 macrophage inhibition by iguratimod. The results of immu-
noblotting (Figure 5A–C) and enzyme-linked immunosorbent 
assay (Figure 5D) showed that mice exhibited elevated p-STAT6/
STAT6 (p = 0.0007), TGF-β (p = 0.0005) and IL-4 (p < 0.0001) 
protein levels in the kidneys after UUO surgery. However, the 
expression of p-STAT6/STAT6 (p = 0.0024; Figure 5A and C) and 
IL-4 (14.46 vs 9.801 pg/mg, p = 0.0002; Figure 5D) were reduced 
in the kidneys of iguratimod-treated mice compared with 
vehicle-treated UUO mice. In addition, we found that the 
expression of TGF-β, which was elevated (p = 0.0005) in the kid-
neys of UUO mice compared with Sham mice, decreased 
(p = 0.0077) after iguratimod treatment (Figure 5A and B).

3.5.  Iguratimod inhibits SRC activation and prevents MMT 
in obstructed kidneys of UUO model mice

Immunofluorescence staining and semi-quantitative analysis 
showed that the number of F4/80+/α-SMA+ cells per high- 
magnification field-of-view was increased in the kidneys of UUO 
model mice treated with vehicle compared to controls (3.1 vs 
37.90, p = 0.0018), whereas the number of F4/80+/α-SMA+ cells 
was significantly reduced in the kidneys of mice treated with 
iguratimod (37.90 vs 19.13, p = 0.0252; Figure 6A and B). 
Additionally, our protein immunoblotting results showed that 
SRC was activated in the kidneys of UUO model mice compared 
to the vehicle-treated Sham group (p = 0.0034; Figure 6C and D), 
and the ratio of p-SRC/SRC was reduced in the kidneys of mice 
treated with iguratimod (p = 0.0119; Figure 6C and D).

3.6.  Iguratimod inhibits M2 macrophage polarization in 
vitro by suppressing the STAT6 signaling pathway

As shown in Figure 7A and B, polarization of BMDMs toward 
M2 macrophages increased (p < 0.0001) under IL-4 

stimulation. However, iguratimod at 20 μg/mL (p = 0.0470) 
and 30 μg/mL (p = 0.0009) reduced the number of M2 macro-
phages derived from BMDMs under IL-4 stimulation. 
Additionally, the increased (p = 0.0263, compared to the 
Blank) ratio of p-STAT6/STAT6 in BMDMs mediated by IL-4 
was reduced (p = 0.0396) after iguratimod treatment 
(Figure 7C).

3.7.  Iguratimod inhibits MMT in vitro by inhibiting the SRC 
signaling pathway

As shown in Figure 8A and B, the MMT of BMDMs increased 
under TGF-β stimulation, manifested by the increased num-
ber of F4/80+α-SMA+ cells (p < 0.0001). Iguratimod (20 μg/mL, 
p = 0.0453) or iguratimod together with SRC inhibitor (5 μM, 
p = 0.0009) or SRC inhibitor alone (5 μM, p = 0.0015) can 
decrease the number of F4/80+α-SMA+ cells derived from 
BMDMs stimulated by TGF-β. Furthermore, iguratimod 
(p = 0.0196) or iguratimod together with SRC inhibitor 
(p = 0.0185) or SRC inhibitor alone (p = 0.0307) reduced the 
increased (p = 0.0270, compared to the Blank) ratio of p-SRC/
SRC in BMDMs mediated by TGF-β (Figure 8C).

4.  Discussion

Iguratimod is a small-molecule drug with potent anti- 
inflammatory and therapeutic effects on certain kidney dis-
eases. Studies demonstrated that iguratimod reduced renal 
injury in lupus model mice by regulating peripheral B-cell dif-
ferentiation [30] or inhibiting epithelial-to-mesenchymal transi-
tion [28]. Moreover, iguratimod reduced immune rejection in 
kidney transplant patients [41,42]. Complete resolution of 
hematuria, renal injury, and hydronephrosis was reported in a 
patient with rheumatoid arthritis combined with urinary tract 
obstruction and acute kidney injury after treatment with pred-
nisone, iguratimod, and leflunomide [43]. However, it must be 
noted that iguratimod was not necessarily the drug that 
exerted the primary therapeutic effect in this case. The antifi-
brotic effects of iguratimod have been revealed through exten-
sive exploration of its effectiveness in treating rheumatoid 
immune diseases [26,44–46]. Since CKD is a frequent complica-
tion in many rheumatic immune diseases, including rheuma-
toid arthritis, systemic lupus erythematosus, and systemic 

Figure 5. iguratimod inhibits M2 macrophage infiltration by inactivating the il-4/STaT6 signaling pathway in obstructed kidneys of uuO mice.
Mice that underwent Sham or uuO surgery were treated with vehicle or iguratimod (10 mg/kg/day). Representative protein immunoblots (a) and analysis 
of the grayscale values of p-STaT6, STaT6 and TGF-β (B and C) in the kidneys of mice. D. The levels of il-4 in the kidneys of mice. iGu: iguratimod; uuO: 
unilateral ureteral obstruction; p-STaT6: phospho-signal transducer and activator of transcription 6; TGF-β: transforming growth factor-beta. The numbers 
in parentheses are concentrations of iguratimod (10 mg/kg/day). Data were expressed as mean ± SeM, n = 5–7, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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sclerosis, we explored the role of iguratimod intervention on 
renal fibrosis. We observed that iguratimod attenuated 
UUO-mediated renal injury and fibrosis. Moreover, no signifi-
cant difference was observed in Scr and BUN levels among 
Sham, vehicle-treated UUO, and iguratimod-treated UUO mice. 
This finding could be attributed to the robust compensatory 
effect of the unaffected kidney in the UUO model. Interestingly, 
our study revealed a significant decrease in BUA levels in UUO 

model mice after iguratimod treatment, while iguratimod had 
no significant effect on BUA levels in Sham mice. Since BUA 
levels may undergo changes over a relatively short period, this 
phenomenon could be random, but we speculate it might also 
be due to UUO affecting the excretion of certain metabolites 
of iguratimod, thus influencing BUA levels. Further investiga-
tion is required to determine the impact of iguratimod on 
BUA levels.

Figure 6. iguratimod inhibits MMT by suppressing the activation of SRC in the obstructed kidneys of uuO mice.
Mice that underwent Sham or uuO surgery were treated with vehicle or iguratimod (10 mg/kg/day). a. immunofluorescence staining of F4/80+/α-SMa+ 
cells in the kidneys of mice. B. The number of F4/80+/α-SMa+ cells per high magnification field in the kidneys of mice. Representative protein immunoblots 
(C) and analysis of the grayscale values (D) of p-SRC and SRC in kidneys of mice. The numbers in parentheses are drug concentrations. The orange color 
in the Merge plot indicates positive co-localization staining. The image in the large rectangle is a zoomed-in version of the small rectangle image. Scale 
bar (at the bottom right of the image) = 100 μm. iGu: iguratimod; uuO: unilateral ureteral obstruction; MMT: macrophage–myofibroblast transition; α-SMa: 
alpha-smooth muscle actin. Data were expressed as mean ± SeM, n = 5–7, *p < 0.05, **p < 0.01.
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To investigate the specific mechanism of iguratimod in 
treating renal fibrosis, we assessed its effects on macro-
phages, which are classical inflammatory cells and play a 
significant role in organ fibrosis [2]. Previous studieshad 
found that iguratimod inhibited macrophage infiltration and 
microglial activation [47], M1 macrophage polarization [41], 
and osteoclast differentiation and migration of RAW 264.7 
cells [48]. Our study similarly demonstrated that iguratimod 
inhibited UUO-induced macrophage infiltration into the 
renal interstitium. In addition, our study revealed that 
UUO-induced renal M2 macrophage infiltration was accom-
panied by activation of the IL-4/STAT6 signaling pathway, 

and we observed that iguratimod treatment inhibited the 
activation of this pathway and reduced the number of infil-
trating M2 macrophages in the renal interstitium. In vitro 
intervention of BMDMs with IL-4 and/or iguratimod also val-
idated that iguratimod may suppress M2 macrophage polar-
ization by inhibiting the STAT6 signaling pathway. Consistent 
with our findings, STAT6 in CD11b cells was observed to 
increase M2 myeloid cells through upregulation of IL-4 [49]. 
Blocking IL-4- and IL-13-mediated STAT6 phosphorylation 
reduced macrophage polarization toward M2 [50]. Moreover, 
IL-4 deficiency inhibited STAT6 activation and attenuated 
myeloid fibroblast activation, M2 macrophage polarization in 

Figure 7. iguratimod may inhibit M2 macrophage polarization in vitro by suppressing the STaT6 signaling pathway.
BMDMs pre-stimulated with M-CSF (10ng/ml) were stimulated with il-4 (20ng/ml) and iguratimod (10μg/ml, 20μg/ml, 30μg/ml) for 12h. 
immunofluorescence staining images of M2 macrophages (a) and their quantitative analysis (B). C. Representative protein immunoblots and analysis of the 
grayscale values of p-STaT6 and STaT6 in macrophages. The orange color in the Merge plot indicates positive co-localization staining. The image in the 
right is a zoomed-in version of the small rectangle image. Scale bar (at the bottom left of the image) = 50 μm. iGu: iguratimod; p-STaT6: phospho-signal 
transducer and activator of transcription 6; BMDMs: Bone Marrow-Derived Macrophages; M-CSF: Macrophage Colony-Stimulating Factor. Data were expressed 
as mean ± SeM, n = 3, *p < 0.05, ***p < 0.001, ****p < 0.0001.
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folic acid nephropathy and renal fibrosis after UUO injury 
[51]. Iguratimod was found to inhibit the epithelial-to-mes-
enchymal transition process in mice with bleomycin-induced 
pulmonary fibrosis [27], and inhibit pulmonary and cutane-
ous fibrosis by impeding the conversion of fibroblasts to 
myofibroblasts [46,52]. Moreover, the importance of MMT in 
renal fibrosis was confirmed, and notably, that the M2 mac-
rophage phenotype was the predominant phenotype under-
going MMT in both human and murine renal fibrosis [13]. 
Previous studies further revealed that SRC can act as a direct 
target gene of SMAD3 and play a central role in the MMT 

process and tissue fibrosis [38]. Selective inhibition or silenc-
ing of SRC expression in renal interstitial fibroblasts attenu-
ated ECM protein deposition [53]. Similarly, our study 
demonstrated increased numbers of MMT cells in the renal 
interstitium of UUO model mice, accompanied by SRC acti-
vation, whereas MMT and SRC were suppressed after igura-
timod administration in vivo and in vitro.

However, one study showed that the IL-4–SRC–STAT6 
pathway played a major role in the production of M2 macro-
phages, though the study emphasized the anti-inflammatory 
effects of M2 macrophages [54], which led us to speculate 

Figure 8. iguratimod inhibits MMT in vitro by inhibiting the SRC signaling pathway.
BMDMs pre-stimulated with M-CSF (10ng/ml) were stimulated with TGF-β (5ng/ml) togather with or without iguratimod  (20μg/ml) and/or SRC inhibitor 
(5μM) for 12h. immunofluorescence staining of MMT (a) and their quantitative analysis (B). C. Representative protein immunoblots and analysis of the 
grayscale values of p-SRC and SRC in macrophages. The orange color in the Merge plot indicates positive co-localization staining. The image in the right 
is a zoomed-in version of the small rectangle image. Scale bar (at the bottom left of the image) = 50 μm. iGu: iguratimod; BMDMs: Bone Marrow-Derived 
Macrophages; MMT: macrophage–myofibroblast transition; M-CSF: Macrophage Colony-Stimulating Factor; TGF-β: transforming growth factor-beta. Data 
were expressed as mean ± SeM, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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on the centrality of SRC proteins in renal fibrosis. The effect 
of SRC on the IL-4/STAT6 signaling pathway and M2 macro-
phage polarization in UUO model mice should be investi-
gated in future studies.

Conclusively, the therapeutic effect of iguratimod on 
UUO-induced renal injury and fibrosis is exerted partially 
through the inhibition of IL-4/STAT6 signaling pathway and 
SRC activation, reducing M2 macrophage infiltration and 
MMT, respectively. Therefore, iguratimod has the potential as 
a prospective therapeutic drug in reducing the progression of 
renal fibrosis. However, further clinical researches are still 
required.
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