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MSU crystallization promotes 
fibroblast proliferation and renal 
fibrosis in diabetic nephropathy 
via the ROS/SHP2/TGFβ pathway
Jing Li 1,4, Jiwei Zhang 2,4, Xuying Zhao 3* & Ling Tian 1*

Monosodium urate (MSU) crystallisation deposited in local tissues and organs induce inflammatory 
reactions, resulting in diseases such as gout. MSU has been recognized as a common and prevalent 
pathology in various clinical conditions. In this study, we investigated the role of MSU in the 
pathogenesis of diabetic kidney disease (DKD). We induced renal injury in diabetic kidney disease mice 
using streptozotocin (STZ) and assessed renal histopathological damage using Masson’s trichrome 
staining and Collagen III immunofluorescence staining. We measured the levels of malondialdehyde 
(MDA), superoxide dismutase (SOD), and uric acid (UA) using ELISA. Protein expression levels 
of NLRP3, p-NF-κB, SHP2, p-STAT3, and p-ERK1/2 were analyzed by Western blot. To further 
investigate the role of MSU in diabetic kidney disease, we conducted in vitro experiments. In our 
in vivo experiments, we found that compared to the Model group, there was a significant increase in 
interstitial fibrosis in the kidneys of mice after treatment with MSU, accompanied by elevated levels 
of MDA, SOD, and UA. Furthermore, the protein expression of NLRP3, p-NF-NB, SHP2, p-STAT3, 
and p-ERK1/2 was upregulated. In our subsequent studies on mouse fibroblasts (L929 cells), we 
discovered that high glucose, MSU, and TGF-β could promote the expression of P22, GP91, NLRP3, 
NF-κB, p-NF-κB, p-SHP2, p-EGFR, p-STAT3, and Collagen-III proteins. Additionally, we found that 
SHP2 could counteract the upregulation trend induced by MSU on the expression of p-SHP2, p-EGFR, 
p-STAT3, and Collagen-III proteins, and inhibitors YQ128, NAC, and Cetuximab exhibited similar 
effects. Furthermore, immunofluorescence results indicated that SHP2 could inhibit the expression of 
the fibrosis marker α-SMA in L929 cells. These findings suggest that MSU can promote renal fibroblast 
SHP2 expression, induce oxidative stress, activate the NLRP3/NF-κB pathway, and enhance diabetic 
kidney disease fibroblast proliferation through the TGFβ/STAT3/ERK1/2 signaling pathway, leading to 
renal fibrosis.
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In recent years, diabetic kidney disease (DKD) has become one of the most common and severe complications in 
patients with diabetes worldwide. The global prevalence of diabetes is rapidly increasing, especially in develop-
ing countries1,2. It not only has a significant impact on the quality of life of patients but also increases the risk of 
developing chronic kidney disease and end-stage renal failure, as its complications include long-term dysfunction 
and organ failure1. Although several studies have investigated the pathogenesis of DKD3–5, there are still many 
unanswered questions, particularly regarding the role of MSU crystallisation in renal fibrosis6.

The molecular formula of monosodium urate (MSU) is C5H5N4NaO3. High levels of uric acid in the blood 
are likely to lead to the deposition of monosodium urate (MSU). Studies have confirmed that uric acid (UA) 
crystallisation plays a key role in inflammatory reactionse as the main pathogenic factor in diseases like gout7,8. 
Furthermore, MSU crystallisation is increasingly recognized as a risk factor that may have a significant impact 
on the development of DKD9. Complex molecular mechanisms and cell signaling pathways regulate the role of 
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MSU crystallisation in DKD, with oxidative stress and imbalance in the SHP2/TGFβ pathway considered to be 
an important regulatory mechanism in the pathogenesis of DKD10–12.

The NLRP3 inflammasome is crucial in immune and inflammatory responses, and its excessive activation 
has been detected in various human diseases, such as diabetic cardiomyopathy, atherosclerosis, and autoimmune 
diseases13–15. The activation of the NLRP3 inflammasome requires the signaling of NF-κB as a prerequisite16. 
NF-κB signaling is a crucial transcription factor that plays a vital role in inflammation and immunity. NF-κB also 
has important roles in other processes, including development, cell growth, survival, and proliferation, and is 
involved in many pathological conditions. NF-κB has been proposed as an oxidant-sensing transcription factor 
activated by ROS, and ROS can have various stimulatory effects on NF-κB signaling17.

The aim of this study is not only to further understand the role of MSU crystallisation in the pathogenesis of 
DKD but also to provide new theoretical basis and clinical guidance for the diagnosis, treatment, and preven-
tion of DKD. By elucidating the association between MSU crystallisation and renal fibrosis, we hope to provide 
new insights for the development of therapeutic strategies targeting this process and contribute to improving 
the prognosis of DKD patients.

Materials and methods
Animal model
This study was conducted in accordance with the ARRIVE guidelines and approved by the Ethics Committee of 
Academic Committee of Hebei North University(HBNU2023041022758). All the processes are in strict accord-
ance with the National Institutes of Health (NIH) Guide for the Care and Use of Animals in laboratory experi-
ments. C57BL/6 J mice were purchased from Henan Sk-bio Biotechnology Co., Ltd. The mice were housed in a 
specific pathogen-free (SPF) animal facility with a temperature controlled at 25 ± 2 °C. The facility had a 12:12 
light–dark cycle, and the mice had ad libitum access to food and water. After one week of acclimatization, the 
mice were randomly divided into three groups: sham group (healthy mice, n = 6), Model group (n = 6), and MSU 
group (n = 6). Based on previous studies, the mice in the experimental and MSU groups were induced to develop 
DKD by daily intraperitoneal injection of streptozotocin (STZ, 50 mg/kg) for five consecutive days18. The mice 
in the MSU group were intravenously injected with MSU crystals (50 mg/kg, dissolved in 1 × PBS). The control 
and Model groups were injected with equal amounts of PBS solution. After 24 h, the mice were euthanized under 
sodium pentobarbital anesthesia (40 mg/kg) by cervical dislocation, and the kidney tissues were collected for 
biochemical and histopathological assessment.

Histological staining of animal tissues
The kidney tissues were fixed in 4% paraformaldehyde and embedded in paraffin for histological staining using 
Masson’s trichrome staining and immunofluorescence. Briefly, the kidney tissues were sectioned into 4 μm thick 
slices and rehydrated using a series of ethanol solutions with varying concentrations. Masson’s trichrome stain-
ing was performed using the Modified Masson’s Trichrome Stain Kit (Solarbio). The slices were stained with 
Weigert’s iron hematoxylin for 2 min, followed by ponceau-acid fuchsin stain for 10 min, and then aniline blue 
stain for 5 min. Finally, the slices were dehydrated with ethanol. For Collagen III immunofluorescence staining, 
the slices were treated with citrate buffer (0.01 M, pH 6) in a pressure cooker for antigen retrieval, followed by 
inactivation of endogenous peroxidase with 3% H2O2. The slices were then incubated overnight at 4 °C with 
primary antibody against Collagen III (1/1000, abcam, ab184993), followed by incubation with fluorescent 
secondary antibody (1:500, abcam, ab150081) at room temperature in a dark environment. The staining was 
observed under a fluorescence microscope.

ELISA
The kidney tissues were homogenized in cold 0.9% saline, and the supernatant was collected after centrifugation. 
The levels of superoxide dismutase (SOD), malondialdehyde (MDA), and uric acid (UA) in the kidney tissue 
homogenate were measured according to the manufacturer’s instructions of the ELISA kits. The SOD activity was 
measured using the Superoxide Dismutase (SOD) Colorimetric Activity Assay Kit (EIASODC, Thermo Fisher 
Scientific Inc.). The UA content was measured using the Uric Acid Assay Kit (BC1365, Solarbio). Every result 
was issued from three independent experiments.

Western blot
The kidney tissues were lysed in radioimmunoprecipitation assay (RIPA) buffer (Solarbio), and the samples 
were collected by centrifugation at 12,000 rpm, 4 °C. The protein concentration of the samples was determined 
using the BCA assay. The proteins were separated by SDS-PAGE and transferred onto PVDF membranes. After 
blocking with 5% skim milk, the membranes were incubated overnight at 4 °C with primary antibodies against 
NLRP3 (1:1000, abcam, ab263899), p-NF-NB (1:1000, Cell Signaling Technology, Inc., 3031 s), SHP2 (1:1000, 
abcam, ab300579), p-STAT3 (1:1000, abcam, ab97051), p-ERK1/2 (1:1000, abcam, ab97051), P22 (1:1000, abcam, 
pT202/Y204), gp91 (1:1000, abcam, ab310337), p-SHP2 (1:1000, abcam, ab62322), p-EGFR (1:1000, abcam, 
ab40815), NF-κB (1:1000, abcam, ab32536), Collagen III (1:1000, abcam, ab184993), and GAPDH (1:1000, 
abcam, ab263899). After incubation with HRP-conjugated anti-rabbit secondary antibody at room temperature 
for 1 h, the membranes were developed using an enhanced chemiluminescence substrate and quantified using 
ImageJ software.

Cell culture and cell proliferation assay
Cell culture and treatment: L929 murine fibroblast cell line was obtained from Thermo Fisher Scientific Inc. The 
cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 
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U/mL penicillin, and 100 µg/mL streptomycin at 37 °C in a humidified atmosphere of 5% CO2. After passaging, 
the cells were cultured in high glucose medium (50 mM) for the experimental group, while the sham group was 
cultured in regular medium. The cells were stimulated with MSU crystals (200 µg/mL) for 5 h19. For NLRP3 
inhibition, the cells in the NLRP3 inhibition group were cultured with MCC950 (8.1 nM). Regarding ROS inhi-
bition cells were treated using 3 mM NAC. SHP2-specific shRNA was obtained from GenePharma. L929 cells 
were transfected with SHP2-specific shRNA using Lipofectamine 3000. After 48 h of transfection, the culture 
medium was replaced with fresh medium, and the experiment was continued. For EGFR inhibition, the cells 
were treated with cetuximab (100 μg/ml) for 24 h. Regarding the cellular model of combined TGF-β and high 
glucose induction, 2 ng/ml of TGF-β was added to high glucose medium and the cells were treated for 24 h20.

Cell proliferation assay and immunofluorescence: Single-cell suspensions were added onto coverslips in a 
6-well plate and cultured at 37 °C, 5% CO2 for 24 h. The coverslips were then removed from the culture plate, 
and the cells were fixed in 4% paraformaldehyde for 30 min and blocked with 5% goat serum at room tempera-
ture for 30 min. The cells were then incubated with primary antibody against α-SMA (abcam) overnight at 4 °C, 
followed by incubation with fluorescent secondary antibody (1:500, abcam, ab150081) at room temperature in 
a dark environment for 1 h. The staining was observed under a fluorescence microscope.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6. The results are presented as mean ± standard devia-
tion (S.D). Independent samples t-test or two-way ANOVA were used for comparisons between different groups. 
P < 0.05 was considered statistically significant (Supplementary Table 1, Supplementary Table 2).

Ethics statement
This study was approved by the Ethics Committee of Academic Committee of Hebei North 
University(HBNU2023041022758).

Results
The impact of MSU on diabetic nephropathy lesions
We revealed renal fibrosis in diabetic mice through Masson’s trichrome staining. Compared to the sham group, 
the model group of diabetic mice showed renal fibrosis (blue) in the Masson staining results. Furthermore, 
compared to the model group, MSU treatment resulted in more severe collagen fibrosis and infiltration of inflam-
matory cells in diabetic mice. (Fig. 1).

Figure 1.   MSU exacerbates renal fibrosis in diabetic nephropathy mice. (A) Representative microscopic images 
of renal fibrosis in mice using Masson’s staining. (B) Bar graph measuring collagen protein content using 
Masson’s staining. **P < 0.01.
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The effects of MSU on the ROS/SHP2 pathway and expression of fibrosis‑related proteins in 
diabetic nephropathy mice
ELISA analysis showed that MSU elevated levels of ROS markers such as MDA, SOD, and UA. To further inves-
tigate the ROS-related pathway and expression of fibrosis-related proteins in mice, the expression of NLRP3, 
p-NF-NB, SHP2, p-STAT3, and p-ERK1/2 was detected. Compared to the sham group, diabetic mice exhibited 
upregulation of NLRP3, p-NF-NB, SHP2, p-STAT3, and p-ERK1/2 protein expression. MSU further promoted 
the expression of NLRP3, p-NF-NB, SHP2, p-STAT3, and p-ERK1/2 proteins in diabetic mice. (Fig. 2).

The effects of NAC, MCC950, and MSU on oxidative stress‑related protein expression in 
high‑glucose‑induced L929 cells
We found that compared to L929 fibroblasts cultured in normal medium, the protein expression of P22, GP91, 
NLRP3, p-NF-κB, and SHP2 was upregulated under high-glucose conditions. MSU promoted the protein expres-
sion of P22, GP91, NLRP3, p-NF-κB, and SHP2 in L929 cells under high-glucose conditions. The NLRP3 inhibi-
tor, MCC950, inhibited the protein expression of P22, GP91, NLRP3, p-NF-κB, and SHP2 in high-glucose and 
MSU-stimulated L929 cells. Similarly, the ROS inhibitor, NAC, inhibited the protein expression of P22 and 
SHP2 in high-glucose and MSU-stimulated L929 cells. These results suggest that MSU promotes renal fibrosis 
by activating the NLRP3/ROS signaling pathway to induce SHP2 expression. (Fig. 3).

The effects of SHP2, MCC950, and Cetuximab on the expression of related proteins in high‑glu-
cose‑induced L929 cells
Stimulating L929 cells cultured under high-glucose conditions with TGFβ, we found that MCC950 inhibited the 
protein expression of NLRP3, P22, NF-κB, SHP2, p-SHP2, p-EGFR, p-ERK1/2, and p-STAT3. After treatment 
with the EGFR inhibitor, Cetuximab, the protein expression of p-EGFR, p-ERK1/2, and p-STAT3 was down-
regulated. Knocking down SHP2 resulted in decreased protein expression of p-SHP2, p-EGFR, p-ERK1/2, and 
p-STAT3. MSU significantly promoted the protein expression of NLRP3, P22, NF-κB, p-NF-κB, SHP2, p-SHP2, 
p-EGFR, p-ERK1/2, and p-STAT3.In a comparison of the combined effect of MCC950 and MSU with the stimu-
lation of MCC950 alone, we found that there was no significant difference in the protein expression levels of 
NLRP3, P22, NF-κB, p-NF-κB, SHP2, p-SHP2, p-EGFR, p-ERK1/2, and p-STAT3 in the L929 cells under the 
combined action of MCC950 and MSU (P > 0.05). Under the combination effect of Cetuximab and MSU, there 

Figure 2.   MSU exacerbates renal fibrosis in diabetic nephropathy mice through the ROS/SHP2 pathway. (A) 
ELISA results of MDA, SOD, and UA in mouse kidneys. (B) Bar graph showing protein expression of NLRP3, 
p-NF-κB, SHP2, p-STAT3, and p-ERK1/2 in mouse kidneys using Western Blot. **P < 0.01.
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was an increase in the protein expression levels of NLRP3, P22, NF-κB, SHP2, and p-SHP2, with no significant 
difference in the protein expression levels of p-EGFR, p-ERK1/2, and p-STAT3. After SHP2 knockdown, the 
protein expression levels of NLRP3, P22, and NF-κB increased under the action of MSU, while there was no 
significant difference in the protein expression levels of p-SHP2, p-EGFR, p-ERK1/2, and p-STAT3. These results 
suggest that MSU induces SHP2 activation by activating NLRP3 expression, which further activates the EGFR/
ERK1/2/p-STAT3 signaling pathway (Fig. 4).

The effects of SHP2 and MSU on the expression of fibrosis‑related proteins in high‑glu-
cose‑induced L929 cells
To provide additional evidence that MSU exacerbates renal fibrosis through SHP2, we further found that MSU 
promoted the expression of p-SHP2, p-EGFR, p-STAT3, and Collagen-III proteins. By inhibiting SHP2, we found 
that shSHP2 suppressed the MSU-induced up-regulation trend of p-SHP2, p-EGFR, p-STAT3 and Collagen-III 
protein expression. Immunofluorescence results showed that shSHP2 inhibited the expression of the fibrosis 
marker α-SMA in response to MSU (Fig. 5).

Discussion
Diabetic nephropathy, as a severe complication of diabetes, is showing an increasing trend worldwide21. It has 
significant impact on the quality of life and health of patients and increases the risk of chronic kidney disease 
and end-stage renal failure22. MSU crystallisation play an important regulatory role in the development of dia-
betic nephropathy. They induce an imbalance in the SHP2/TGFβ pathway in renal fibroblasts by upregulating 
oxidative stress responses, thereby enhancing the proliferation of fibroblasts and leading to renal fibrotic lesions.

The findings of this study provide important clues for a better understanding of the pathogenesis of diabetic 
nephropathy. Firstly, MSU crystallisation induce an increase in oxidative stress responses, which may be one of 
the important reasons for increased proliferation of renal fibroblasts in diabetic nephropathy. Increased oxida-
tive stress disrupts the balance of intracellular redox homeostasis, thereby promoting the proliferation of renal 
fibroblasts23.

Figure 3.   Inhibition of NLRP3 improves ROS and suppresses the expression of p-NF-κB and SHP2. (A) 
Western blot results of protein expression (NLRP3, P22, GP91, NLRP3, p-NF-κB, and SHP2) after cultivation in 
high-glucose medium, MSU, MCC950 (8.1 nM), or 3 mM NAC. (B) Bar graph showing protein expression (P22 
and SHP2) after cultivation in high-glucose medium, MSU, or NAC using Western Blot. *P < 0.05, **P < 0.01.
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Figure 4.   Cetuximab, MCC950A, Sh-SHP2 inhibit MSU-induced expression of ERK1/2 and p-STAT3. (A) 
Western blot results of protein expression (NLRP3, P22, NF-κB, p-NF-κB,p-SHP2, p-EGFR, p-ERK1/2, and 
p-STAT3) after cultivation in high-glucose medium, MSU, MCC950 (8.1 nM), or SHP2 knockdown. (B) Bar 
graph showing protein expression (NLRP3, P22, NF-κB, p-NF-κB, p-SHP2, p-EGFR, p-ERK1/2, and p-STAT3) 
using Western Blot. *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 5.   Sh-SHP2 inhibits the expression of renal fibrosis-related proteins induced by MSU. (A) Western blot 
results of protein expression (p-SHP2, p-EGFR, p-STAT3, and Collagen-III) in L929 cells under high-glucose, 
TGF-β, MSU, or Sh-SHP2 conditions. (B) Immunofluorescence expression of α-SMA in L929 cells under high-
glucose, TGF-β, MSU, or Sh-SHP2 conditions. **P < 0.01, ***P < 0.001.
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MSU crystallisation enhance the proliferation of renal fibroblasts in diabetic nephropathy by regulating the 
imbalance in the SHP2/TGFβ pathway. SHP2 is an important signaling molecule involved in the regulation of 
various cellular physiological and pathological processes. Studies have shown that SHP2 can be activated by 
binding with phosphorylated GAB1, and the dissociation of the cytoplasmic GAB1-SHP2 complex and dephos-
phorylation of GAB1 can activate EGFR 24. EGFR promotes the proliferation of renal fibroblasts through the 
STAT3-ERK1/2 signaling pathway25. This study found that the imbalance in the SHP2/TGFβ pathway induced 
by MSU crystallisation may be one of the key mechanisms leading to renal fibrosis in diabetic nephropathy. 
Further research can further explore the regulatory mechanisms of the SHP2/TGFβ pathway and clarify its role 
in diabetic nephropathy.

In addition, this study also found that the activation of the NLRP3/ROS signaling pathway may be one of the 
key factors inducing the upregulation of SHP2 by MSU crystallisation. NLRP3 is an important inflammatory 
signaling pathway, and in diabetic rats, NLRP3 undergoes oxidative stress through the NF-κB signaling pathway 
and increases the expression of inflammatory markers26. ROS is an important intracellular oxidative stress factor, 
and its effect on SHP2 varies at different H2O2 concentrations. Studies by Rima Chattopadhyay have shown that 
ROS production can mediate SHP2 inactivation27, and a study by Hyunju Park has shown that ROS regulates 
ROS-induced oxidative stress28. Our study found that ROS functions by promoting the phosphorylation of 
SHP2 in renal fibroblasts. MSU crystallisation may induce the upregulation of SHP2 by activating the NLRP3/
ROS signaling pathway, thereby promoting the proliferation of fibroblasts in diabetic nephropathy. We further 
explored the interaction between the NLRP3/ROS signaling pathway and MSU crystallisation, as well as the 
SHP2/TGFβ pathway, uncovering the specific regulatory mechanisms in renal fibrosis.

In conclusion, MSU crystallisation enhance the proliferation of renal fibroblasts in diabetic nephropathy by 
inducing an imbalance in the SHP2/TGFβ pathway through upregulation of oxidative stress responses, leading 
to renal fibrotic changes. This study provides important clues for a better understanding of the pathogenesis of 
diabetic nephropathy and offers new insights for the development of treatment strategies targeting MSU crystal-
lisation and oxidative stress. Further research is needed to investigate the mechanisms underlying the relationship 
between MSU crystallisation and uric acid nephropathy, aiming to improve the quality of life and prognosis of 
patients with diabetic nephropathy (Fig. 6).

Data availability
The authors confirm that the data supporting the findings of this study are available within supplementary 
materials.
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