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Purpose: Ursolic acid (UA) improves diabetic nephropathy (DN), but its regulatory mechanism requires further verification.
Methods: The bioactive component-target network of UA in DN was determined using a network pharmacology approach. DN mice
(STZ-diabetic C57BL/6 mice, n = 8/group, 4 weeks) were treated with UA (25 mg/kg and 100 mg/kg) and the JAK agonist RO8191
(2 mg/kg). The DN cell model (high glucose-injured NRK-52E cells) was treated with UA (10 and 50 uM) and RO8191 (2 uM) for
24 h. The molecular mechanisms by which UA acts were further verified in vivo and in vitro.

Results: UA treatment ameliorated the general state of the DN mouse model, as characterized by the attenuation of weight loss and
downregulation of fasting blood glucose (FBG) and fasting serum insulin (FINS) levels (all P < 0.05). Renal pathological changes and
impaired renal function (increased levels of Scr, BUN, and UAER) were also improved by UA treatment (all P < 0.05). In vitro, UA
increased the viability of DN cells in vitro (P < 0.001). Concurrently, UA remarkably downregulated the levels of ROS, SOD, and iron
and up-regulated the levels of MDA, GPX4, and SLC7A11 (all P < 0.05) in vivo and in vitro. Mechanistically, activation of the JAK2-
STAT3 pathway with the agonist RO8191 significantly reduced UA’s anti-ferroptosis and anti-oxidative effects of UA.

Conclusion: UA protected against DN by blocking JAK2/STAT3-mediated ferroptosis.
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Introduction
Diabetes is a global challenge that affects 425 million people, and the International Diabetes Federation predicts that the
number of patients with diabetes will increase to 700 million by 2045."% Diabetic nephropathy (DN) is a serious
complication of diabetes. The global prevalence of DN is estimated to be approximately 40% in patients with diabetes
and still has an annual upwards trend.® DN leads to the incidence and mortality of cardiovascular diseases, resulting in
a huge socioeconomic burden.*> The pathophysiology of DN involves a number of physiological imbalances, including
metabolic anomalies, renin-angiotensin system activation, oxidative stress, hemodynamic irregularities, and fibrosis.®’
Strict control of blood pressure, administration of angiotensin-converting enzyme inhibitors, and inhibition of the renin-
angiotensin system can alleviate the symptoms of DN. However, there are no effective drugs to prevent and treat DN.®
Therefore, it is important to understand the pathogenesis of DN to identify new drug targets.

Recently, research on the therapeutic effects and mechanisms of herbal medicines and their active ingredients on
diseases including DN has received widespread attention.” Ursolic acid (UA) has been proven to exert biological activity
in different types of diseases such as cancer, neuronal damage, intestinal injury, liver fibrosis, and kidney diseases.'*"?

Various studies have indicated that UA has low toxicity in clinical application and exhibits numerous bioactive activities,
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including anti-inflammatory, anti-oxidative, and inhibiting cell apoptosis.'® In clinical practice, UA is used in conjunction
with chemotherapeutic agents to enhance their anticancer effects and improve safety.'> For DN, although the therapeutic
effect of UA on patients with DN and its renal toxicity to patients have not been reported, many researchers have
confirmed the therapeutic effect and safety of UA on DN through mouse and cell experiments.'® Wu and his partners
treated a DN rat model with 50 mg/kg UA. They found that UA could alleviate the increases in blood glucose,

inflammatory factors, and oxidation factors in a DN rat model."®

UA has also been reported to improve DN by inhibiting
oxidative stress and inflammation in streptozotocin (STZ)-induced rats.'” For combination therapy, Yang et al also
reported that the combined use of UA with insulin has a mitigating role in apoptosis and oxidative stress in DN in type 1
diabetes mellitus (T1DM) rats.'® Nonetheless, the deep mechanism of UA in regulating inflammation and oxidative stress
in DN requires further exploration.

As an iron-dependent non-apoptotic form of cell death, ferroptosis is suggested to be a strong link with the complica-
tions of diabetes.'” Tron deposition in cells contributes to the accumulation of reactive oxygen species (ROS) and ROS-
induced oxidative stress, further enhancing lipid peroxidation, which is a key factor of ferroptosis.>’ High glucose attracts
Fe?" overload and Fe?" imbalance, then enhancing ROS production and oxidative stress, which further causes ferroptosis,?'
and in patients with diabetes, hyperglycemia causes excessive production of ROS and gives rise to oxidative stress injury in
various organs.”? In recent years, many researchers have also used ferroptosis as a new strategy for traditional Chinese
medicine (TCM) treatment of DN.** Some bioactive components of TCM such as Glabridin and Vitexin, have been found
to ameliorate DN via suppressing ferroptosis.”**> The above research indicates that reducing ferroptosis could be
a prospective therapeutic method for DN. However, there is no evidence of the regulatory role of UA in ferroptosis in
DN. Therefore, the molecular mechanism by which UA modulates ferroptosis in DN remains to be elucidated.

Janus Kinase (JAK) belong to the tyrosine kinase family, and the signal transducer and activator of transcription
(STAT) signaling pathway is a downstream signaling pathway activated by JAKs.?® The JAK/STAT pathway is critical in
regulating gene expression and cellular activation, proliferation, and differentiation in response to cytokines and other
stimuli.”” The JAK/STAT pathway is activated in DN, of which the JAK2/STAT3 subtype is the most widely and
intensively studied.?® Isoliquiritigenin (ISL) displayed preventive effects on high glucose (HG)-exposed GMCs through
inhibiting JAK2/STAT3 pathway and provided an insight into the application of ISL for DN treatment.”’ Administration
of Boeravinone B showed renal protective effects against STZ-induced DN in rats via the reduction of oxidative stress,
inflammatory reactions and JAK2/STAT3 pathway.*® The relationship between the JAK2/STAT3 pathway and ferroptosis
is also gaining attention. STAT3 inhibitors can block FPN1 degradation, thereby promoting iron export, reducing iron
deposition, significantly lowering ROS and malondialdehyde (MDA) levels, and restoring glutathione peroxidase 4
(GPX4) and GSH levels. In turn, the accumulation of iron ions can activate the JAK2/STAT3 pathway.’’ More
importantly, UA was found to induce apoptosis in colorectal cancer cells partially via upregulation of miR-4500 and
inhibition of JAK2/STAT3 phosphorylation.* Therefore, this study hypothesized that UA might ameliorate DN by
inhibiting ferroptosis by regulating the JAK2/STAT3 pathway.

To explore the underlying mechanism by which UA improves DN, we employed a comprehensive approach that
combined network pharmacology analysis with experimental validation. We induced DN in a mouse model using a high-
fat diet (HFD) and STZ. High glucose-induced NRK-52E cells were used for the in vitro studies. Through Network
pharmacology and enrichment analysis, we found that the potential targets of UA in DN were closely related to
ferroptosis and were concentrated in the JAK2/STAT3 signaling pathway. Experimental verification showed that UA
effectively mitigated ferroptosis and improved DN by inhibiting the JAK2/STAT3 pathway in vivo and in vitro. These
findings are expected to provide further support for the traditional use of UA in DN treatment.

Materials and Methods

Animals and Experimental Design

Six-week-old male C57BL/6 mice at 6 weeks old were purchased from Cavens (Changzhou, China). UA (purity: 98.5%,
analytical standard) was purchased from Sigma-Aldrich (89797, St. Louis, MO, USA). The animal trial was approved by
the Ethics Committee of Jiaxing Traditional Chinese Medicine Hospital (approval number: JUMC2025-029). During the
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experiments, all mice were housed in an animal room with a 12-h light/dark cycle. All the animals were permitted to eat
and drink at any time. All animal experiments were performed and analyzed in a blinded manner. The DN model was
established as previously reported.* In brief, mice were received with a HDF (D12492, Research Diets, New Brunswick,
New Jersey, USA) which contained about 45% fat, 35% protein, and 20% carbohydrates for 4 weeks. After 4 weeks of
HDF, all mice were administered 100 mg/kg STZ (S8050, Solarbio, Beijing, China) once via intraperitoneal injection.
Ten days after STZ injection, blood samples from the tail vein of mice were collected for fasting blood glucose (FBG)
detection using a blood glucose monitoring system (ACCU-CHEK Performa; Roche, Basel, Switzerland). Urine was
collected, and 24-h urine protein levels were measured using a commercial enzyme-linked immunosorbent assay
(ELISA) kit (ml025062; Mlbio, Shanghai, China). Mice with the random FBG levels from 7.8 mM to 16.67 mM and
random urine protein levels of >20 mg/24 h identified as DN mice model were selected and included in the experiment.
These mice were identified as a DN mouse model.

There were two parts to the animal experiment. First, mice were randomly divided into four groups (n = 8/group,
4 weeks): the control, DN, DN+UA-L, and DN+UA-H groups. The mice in the control group were fed a normal diet.
Mice in the DN, DN+UA-L, and DN+UA-H groups were used as the DN mouse model. In addition, mice in the DN
+UA-L and DN+UA-H groups were then orally administered 25 mg/kg and 100 mg/kg UA (U8220, Solarbio) once a day
for 4 weeks.'®'® The dose of UA administered was obtained from the appropriate literature.'¢>*3¢

For the second part, the mice in the second part were randomly divided into 4 groups (STZ-diabetic C57BL/6 mice,
n = 8/group, 4 weeks): the DN group, the DN+UA-H group, the DN+RO8191 group, and the DN+UA-H+RO8191 group.
Mice in the DN+UA-H group were orally received 100 mg/kg UA once a day for 4 weeks, and mice in the DN+RO8191
group were intraperitoneal received 2 mg/kg JAK agonist RO8191 (IR1400, Solarbio) once a day for 4 weeks,?” mice in
the DN+UA-H+RO8191 group were orally received 100 mg/kg UA and intraperitoneal administrated 2 mg/kg RO8191
once a day for 4 weeks.

During the 4 weeks of UA and RO8191 treatment, the body weight and food and water intake of all mice were
documented. Within 24 h before the end of the experiments, urine samples of all mice were collected, and alloknesis
assessment was conducted on all mice. On the last day of the experiments, tail vein blood samples of all mice were
collected after the mice were fasted overnight fasting. Finally, all mice were sacrificed by cervical dislocation after
pentobarbital sodium injection, and their pancreas and kidney tissues were collected and weighed for later analysis.

Alloknesis Assessment

As previously reported,®® alloknesis testing was performed on all mice. Briefly, a 0.7 mN von Frey filament (NC12775,
Yuyan, Shanghai, China) was used to induce scratching responses in the neck area of all mice, and the alloknesis score
was examined by documenting the scratching numbers.

Detection of Biochemical Indicators and Kidney Index

Serum was collected by centrifuging the tail vein blood samples for 20 min at 3000 rpm and 4°C. FBG levels were then examined
using a glucose monitoring system, and fasting serum insulin (FINS) levels were measured using an enzyme-linked immuno-
sorbent assay (ELISA) kit for mouse insulin (SEKM-0141, Solarbio) according to the manufacturer’s instructions. Then, the
value of insulin resistance (HOMA-IR) and the value of homeostasis model assessment of B-cell function (HOMA-f) were
calculated using the formula HOMA-IR= (FINS x FBG)/22.5 and HOMA-§3 =20 x FINS/(FBG-3.5).>*

After the kidneys of all mice were obtained and weighed, the kidney index was calculated using the following formula:
kidney index = kidney weight/body weight. Renal function factors, including urinary albumin excretion rate (UAER), serum
creatinine (Scr), blood urea nitrogen (BUN), and 24-h urine protein, were determined using the Scr detection kit (E-BC-K 188
-M, Elabscience, Wuhan, China), UAER detection kit (E-EL-M3032, Elabscience), BUN detection kit (E-BC-K183-M,
Elabscience), and urine protein detection kit (ml025062, Mlbio, Shanghai, China), respectively.

Hematoxylin-Eosin (HE) Staining
The HE Staining Kit (C0105S) was purchased from Beyotime (Shanghai, China). The pancreas and kidney tissues were
fixed with 10% formalin fixative (IF9010, Solarbio) for 24 h. Then, the tissues were incubated with xylene (W14277,
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Yuanye, Shanghai, China) and gradient alcohol. Subsequently, paraffin (V33396, Yuanye) was used to embed the tissues,
which were further cut into 4 pm tissue slices and dewaxed. After the tissue slices were stained with hematoxylin for
10 min, hydrochloric acid alcohol (R33067, Yuanye) for 2s, and eosin for 1 min, they were subsequently treated with
xylene and neutral gum (S30509, Yuanye). Finally, a microscopic imaging system (THUNDER, Leica, Wetzlar,
Germany) was used to observe the histopathology of pancreas and kidney tissues.

Masson Staining

Kidney tissue fibrosis was detected using a Masson staining kit (G1340, Solarbio). Briefly, the tissue slice was first
incubated with Weigert iron hematoxylin staining buffer for 5 min and acid ethanol for 8s, followed by washing with
double distilled water for 30s. Then, the tissue was incubated with Masson Blue reagent for 5 min and washed with
double distilled water for 30s. Later, a Ponceau fuchsin staining solution was used to treat the tissue for 10 min and
a weak acid working buffer was used to wash the tissue for 30s. After treatment with aniline blue staining reagent for
2 min and rinsing with a weak acid working buffer for 30s, the tissue was further treated with xylene and neutral gum.
Finally, a THUNDER microscope was used to observe the tissue samples. Images were analyzed using Image-Pro Plus
software ((National Institutes of Health, Bethesda, MD, USA)) to assess the degree of fibrosis in the kidney tissue.

Acquisition of Therapeutic Targets for DN and UA

The GeneCards database (https://www.genecards.org/) was searched for DN-related genes. UA was searched as a search term

sequentially in the Swisstarget database (http://www.swisstargetprediction.ch), Targetnet database (http://targetnet.scbdd.com),
and Traditional Chinese Medicine Systems Pharmacology (TCMSP) database (https://old.tcmsp-e.com/tcmsp.php) to identify
the therapeutic targets of UA. The therapeutic targets of UA were obtained after removing duplicate values.

UA Therapeutic Targets and DN Marker Overlap
Finally, based on the targets of UA and disease genes in DN, the common targets (potential targets of UA in treating DN)
were identified and exhibited with a Venn diagram using the Venny 2.1 website (https://bioinfogp.cnb.csic.es/tools/venny/).

Construction of Protein-Protein Interaction (PPl) Network
The potential targets of UA in treating DN were put into the STRING platform (https://cn.string-db.org/cgi/input.pl), the

PPI network was constructed hiring the condition of “Multiple proteins” and “Homo sapiens” and the software of
Cytoscape 3.9.1 (National Institute of General Medical Sciences, Bethesda, MD, USA). Centiscape 2.2 plugin was used
to calculate the closeness, degree, and betweenness between nodes and hub genes.

Enrichment Analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG)
Using the DAVID database (https://david.ncifcrf.gov/home.jsp), GO function and KEGG pathway enrichment analyses of
hub genes were performed to explore the biological function and pathways of UA in DN. During the analysis, the

EE I3

parameter ‘species, “list type”, and “identifier” were successively set to “Homo sapiens”, “gene list”, and “official gene
symbol”. A q value <0.05 or P value <0.05 was arranged in descending order. Sankey diagrams and bubble charts were
constructed using R 4.2.0 software (Lucent Technologies, Murray Hill, NJ, USA).

Cell Culture and Induction

The rat kidney cell line NRK-52E (CL-0174) was obtained from Procell (Wuhan, China) and incubated in Dulbecco’s
modified Eagle’s medium (DMEM) medium (PM150270, Procell) containing 10% fetal bovine serum (FBS; FB-1058,
Biosun, Shanghai, China) and 1% penicillin-streptomycin solution (PS; P1400, Solarbio). NRK-52E cells were cultured
at 37 °C in a saturated humid environment with 5% CO,. The NRK-52E cells were epithelial cell-like and grew in an
adherent shape. Upon reaching approximately 70-80% confluence, the cells were treated. To induce the DN cell model,
NRK-52E cells were incubated in medium supplemented with 30 mM HG (HG-injured NRK-52E cells) (G8150,
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Solarbio) for 48 h. Cells cultured in medium supplemented with 5 mM glucose were regarded as the control group.*® For
UA treatment, after HG treatment, NRK-52E cells were treated with UA-L (10 uM) and UA-H (50 uM) for 24 h. For the
JAK agonist RO8191 treatment, after HG treatment, NRK-52E cells were treated with 2 uM RO8191 for 24 h.*’

Detection of Cell Viability

After HG administration, NRK-52E cells were collected and placed in 96-well plates. Each well of a 96-well plate
contained 3x10° cells in 100 puL of complete medium with or without UA. After the cells were further treated with UA
for 24 h in a 96-well plate, the culture medium was changed with a mixed solution of 90 uLL. DMEM medium and 10 puL
detection reagent of cell counting kit-8 (CCK-8) (CA1210, Solarbio) for 1 h of incubation. Finally, the optical density
(OD) of NRK-52E cells in each well was examined using a Varioskan LUX microplate reader (Thermo, Waltham,
Massachusetts, USA) at 450 nm to evaluate cell viability.

Detection of ROS Level

ROS levels in NRK-52E cells and mouse kidneys were measured by flow cytometry using an ROS assay kit (50101ESO01,
Yeasen, Shanghai, China). In brief, NRK-52E cells and kidney tissue homogenates were administered with 10 pM
DCFH-DA reagent, and DCFH-DA was pre-diluted in DMEM without FBS at a dilution ratio of 1:1000. After 20 min of
incubation at 37°C, the samples were washed four times with FBS-free DMEM. The samples were then analyzed using
an Attune NxT flow cytometer (Thermo).

Assessment of Oxidative Stress

The levels of superoxide dismutase (SOD), MDA, and iron in the NRK-52E cells and mouse kidneys were evaluated. An
MDA detection kit (ADS1001W196, AIDISHENG, Jiangsu, China), total SOD detection kit (50104ES60, Yeasen), and
iron assay kit (ml095093, MIBio, Shanghai, China) were used to examine the levels of MDA, SOD, and iron in NRK-
52E cells and kidney tissue homogenates according to the manufacturer’s instructions.

Quantification of Protein Expression

Protein expression was determined by Western blotting. Briefly, the total proteins in the NRK-52E cells and mouse
kidney tissues were obtained using the RIPA reagent (89901, Thermo), and the protein concentration was detected using
a BCA detection kit (MA0082, MeilunBio, Dalian, China). SDS-PAGE gel was prepared using Acryl/Bis 40% Solution
(B546014, Sangon Biotech, Shanghai), Tris-HC] Buffer (B546019, Sangon Biotech), and TEMED (A100761-0025,
Sangon Biotech). The protein was denatured at 100°C for 5 min together with a loading buffer (S750306, Aladdin,
Shanghai, China) and electrophoresed on an SDS-PAGE gel. After the protein in the SDS-PAGE gel was transferred to
a hydrophilic PVDF membrane (H492770, Aladdin), which was pre-activated using soaking and activation buffer
(8743277, Aladdin), the membrane was incubated with 5% defatted milk for 2 h. Later, the membrane was incubated
with relative primary antibody for 16 h at 4°C and secondary antibody for 2 h. Finally, with the aid of electrochemi-
luminescence (ECL) liquid (180-501, Tanon, Shanghai, China), the membrane was visualized using an ECL instrument
(Tanon 5200, Tanon). The antibodies used in this experiment were as follows: JAK2 (ab108596, dilution ratio 1:5000,
Abcam, Cambridge, UK), p-JAK2 (ab219728, dilution ratio 1:3000, Abcam), STAT3 (STAT3; ab68153, dilution ratio
1:2000, Abcam), p-STAT3 (ab32143, dilution ratio 1:6000, Abcam), -actin (ab8227, dilution ratio 1:5000, Abcam), and
Goat Anti-Rabbit IgG H&L (HRP; ab6721, dilution ratio 1:15000, Abcam).

Quantification of Gene Expression

The expression of genes related to ferroptosis was determined using quantitative real-time PCR (qQRT-PCR). Briefly, the
total RNA in the NRK-52E cells and mice kidneys were obtained with the aid of an Trizol (15596026CN, Thermo),
chloroform (10006818, Sinopharm (https://www.reagent.com.cn/), Shanghai, China), isopropanol (40064360,
Sinopharm), absolute alcohol (10009218, Sinopharm), and DNase/RNase water (10977015, Thermo). The concentration
of total RNA was determined using a UV spectrophotometer (NanoDrop; Thermo). cDNA was synthesized from the
isolated RNA using a reverse transcription kit (R233-01, Vazyme, Nanjing, China) and mixed with SYBR qPCR Master
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reagent (Q712-02, Vazyme), cDNA, and primers of the relative gene. Finally, the amplification reaction was performed
using a 7500 qPCR System (Thermo). qPCR conditions were 95°C for 30s, 95°C for 10s, and 60°C for 30s (40 cycles).
The mRNA level was normalized to the endogenous housekeeping gene B-actin and relative to the calibrator sample
using the 2 22T method.*® The primers used in this experiment were shown in Supplementary Table 1 (Reference

sequence of primers were shown in Supplementary data). The efficiency (e) of the PCR was calculated for each primer

using the following formula: e= 10/\(1/—8)— 1, where s is the slope of the standard curve, and only primers with
efficiencies between 85 and 115% were used in this study.**

Statistical Analysis

Data were analyzed using SPSS 19 software (IBM, Armonk, New York, USA). The experiments in vivo were repeated
eight times and the experiments in vitro were repeated five times to ensure reproducibility. The results are presented as
mean + standard deviation (SD). Normal distribution was first analyzed using the Shapiro—Wilk test, followed by the
Levene test for homogeneity of variances. Data differences between groups were analyzed using two-tailed unpaired
Student’s t-tests or one-way ANOVA with Tukey’s post hoc test. When the data deviated from a normal distribution, the
non-parametric Kruskal-Wallis test was used. P < 0.05.

Results
UA Had an Anti-Hyperglycemic Effect on DN Mice

After the DN mouse model was treated with UA for four weeks, the parameters related to diabetes in all mice were
examined. The body weight and intake of food and water from the mice in each group were documented once a week.
The body weight of DN mice was reduced, but food and water intake increased from the second week to the fourth week
(P < 0.001, Table 1). In addition, both 25 mg/kg UA treatment and 100 mg/kg UA treatment ameliorated the
manifestations caused by DN (P < 0.01, Table 1). The FBG and FINS levels of the mice in each group were also
examined. The results illustrated that FBG and FINS were elevated in DN mice compared to the mice in the control
group (P < 0.001, Figure 1A and B). FBG and FINS levels were reduced in DN mice after both 25 and 100 mg/kg UA
treatment (P < 0.001, Figure 1A and B). As expected, the reduced HOMA-B and increased HOMA-IR of DN mice were
also reversed by treatment with 25 mg/kg UA and 100 mg/kg UA (P < 0.001, Figure 1C and D). Furthermore,
histopathological analysis of mouse pancreas was performed using HE staining, as depicted in Figure 2; the interlobular
area became wider, and vacuole loads were observed in the pancreatic tissue of DN mice, while the abnormal pancreatic

Table | The Body Weight, Food Intake and Water Intake of Mice

Group n| 0W I'W 2w 3w 4 W
Bodyweight (g)

Control 8 | 17.59+0.30 | 18.60%1.05 20.95+0.44 24.81%1.29 25.75+1.69
DN 8 | 17.75+0.43 | 18.22+0.76 18.41+0.77¢% | 18.02:+1.24%0% | 18.16+].66%%*
DN+UA-L 8 | 17.57+0.18 | 17.90+0.83 1891+1.10 20.33+1.66™ | 22.1942.34%#
DN+UA-H 8 | 17.62+0.30 | 18.80+0.47 20.10£0.32% | 22.30£0.74"% | 24.03+0.80%%
Food intake (g/day)

Control 8 | 5.74x1.05 | 6.19£0.54 6.53+1.03 6.45£0.75 6.07£1.31

DN 8 | 578+1.03 | 6.47+0.8I 9.50£ 15100 | |].48%1.18%% | |1.69%1.75%
DN+UA-L 8 | 6.10£1.01 | 6.21£1.06 7.46% | 407 9.29+1.24"# | 79740377
DN+UA-H 8 | 6.23x0.53 | 6.30£1.10 7.35+0.5 1% 6.95+£0.78%% | 6.56+1.27%
Water intake (mL/day)

Control 8 | 8.58+0.49 | 8.20+0.56 8.24+0.59 8.88+0.54 8.15+0.95

DN 8 | 7.90£0.79 | |1.57+1.22%F% | |3.70£2.01%% | |509+]. 14% | |8.55+2.26%%*
DN+UA-L 8 | 7.95+0.75 | 10.56+0.68 11.32+1.44% | 11.30£1.20%% | |1.84%1.1 17
DN+UA-H 8 | 7.75£129 | 9.06+1.23# | 10.7020.83"# | 10.93+0.59"% | 10.43+0.25"#

Notes: Data are represented as mean + SD (n=8). ¥*P < 0.001 vs Control; P < 0. 01, P < 0.001 vs DN.
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Figure 1 UA had an anti-hyperglycemic effect on DN mice. (A-D) After the DN mice model was established and the mice were treated with 25 mg/kg and 100 mg/kg UA
for 4 weeks, the FBG (A) and FINS (B) of all mice were examined, the index of HOMA-B (C) and HOMA-IR (D) were calculated. Data are represented as mean + SD (n=8).
#4p < 0,001 vs Control; P < 0.001 vs DN.

Abbreviations: FBG, fasting blood glucose; DN, diabetic nephropathy; UA, Ursolic acid; FINS, fasting insulin; HOMA-, homeostasis model assessment of B-cell function;
HOMA-IR, the value of insulin resistance.

architecture changes in DN mice were restored after treatment with 25 mg/kg and 100 mg/kg UA. These findings
revealed that UA plays an anti-hyperglycemic role in DN mice.

UA Had an Ameliorating Role in the Renal Dysfunction of DN Mice

Subsequently, indicators of renal function and renal histopathology of all mice were determined. As depicted in
Figure 3A, glomerular nuclear overflow and tubular nuclear disorder in DN mice, while 25 mg/kg and 100 mg/kg UA
treatment, improved these histopathological injuries in DN mice. Masson staining revealed that significant fibrosis
occurred in the renal interstittum of DN mice, whereas after UA treatment, renal interstitial fibrosis in mice was

mitigated (Figure 3B and Supplementary Figure 1). In addition, more itch behavior (Figure 4A), heavier kidney weight

(Figure 4B), and higher kidney index (Figure 4C) were observed in DN mice than in control normal mice (P < 0.001). In
addition, UA treatment reduced itch behavior, kidney weight, and kidney index of DN mice (P < 0.001, Figure 4A—C).
Furthermore, the factors related to renal function, including Scr, BUN, UAER, and 24-h urine protein, were increased in
DN mice (P < 0.001, Figure 4D-F and Supplementary Figure 2), and were then decreased by UA treatment (P < 0.001,
Figure 4D-F and Supplementary Figure 2). These results indicate that renal function was impaired in DN mice, and UA

had an ameliorating role in renal dysfunction in DN mice.
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Figure 2 The histopathological of mice pancreas was detected through HE staining (scale bar = 100 pum (left) and 40 pum (right)); (n=8).
Abbreviations: DN, diabetic nephropathy; UA, Ursolic acid.

The Role of UA in the Treatment of DN Might Be Realized Through Ferroptosis and

the JAK2/STAT3 Signaling Pathway

UA (Figure 5A) target genes were acquired through the TCMSP, Swisstarget, and Targetnet databases, and 509 valid
genes were obtained after deleting duplicate values. Subsequently, we searched for DN-related genes using the Genecards
database and obtained a total of 4806 genes. After overlapping the UA target genes and DN marker genes (Figure 5B),
301 valid genes were obtained. To explore the interactions of these 301 genes, they were imported into the STRING
database to obtain a PPI network, which was subsequently analyzed in depth using the Cytoscape software (Figure 5C).
To further clarify the potential therapeutic effect of UA on DN, these genes were imported into the DAVID database.
Statistical significance was set at P < 0.05, and 10 entries from the GO and KEGG enrichment results were selected for
presentation. According to the GO enrichment results, it may also be involved in biological processes such as “regulation
of inflammatory response” and “response to oxygen levels” (Figure 6A). The UA-DN target may be a cellular component
of the “oxidoreductase complex” (Figure 6B). It may also be involved in molecular function such as “dioxygenase
activity” (Figure 6C). The KEGG enrichment results suggested that the mechanism of UA treatment for DN may involve
the “JAK-STAT signaling pathway” and other pathways (Figure 6D), as shown in Figure 6E. These findings further
revealed that the role of UA in the treatment of DN might be realized by regulating ferroptosis and the JAK/STAT
signaling pathway.

UA Promoted the Cell Viability and Inhibited the Ferroptosis of DN Cell Model

CCK-8 assay was used to determine the appropriate concentration of UA in vitro. NRK-52E cells were exposed to
different concentrations of UA for 24 h. UA at 400 pM had no effect on the viability of normal NRK-52E cells,
suggesting that UA had virtually no drug toxicity (P > 0.05, Figure 7A). To verify the role of UA in the ferroptosis of
DN, the HG induced NRK-52E cell model was established, and the cell model was further treated with UA. NRK-52E
cell viability was found to have a marked increase at 10, 25, and 50 uM, compared to the HG group (P < 0.001,
Figure 7B). Finally, 10 uM (UA-L) and 50 uM (UA-H) were selected as experimental drug concentrations. It was also
found that HG increased the ROS level of NRK-52E cells (P < 0.001, Figure 7C), which was then reduced by UA-L and
UA-H (P <0.001, Figure 7C). In addition, the oxidative stress-related factors were evaluated, as illustrated in Figure 7D—
F: HG induction reduced SOD levels and increased MDA and iron levels in NRK-52E cells (P < 0.001), and both UA-L
and UA-H increased SOD levels and reduced the levels of MDA and iron in HG-treated NRK-52E cells (all P < 0.05). In
addition, the expression of ferroptosis markers was further quantified, and the results showed that the levels of GPX4 and
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Figure 3 UA had an ameliorating role in the renal pathological changes of DN mice. (A) After the DN mice model was established and the mice were treated with 25 mg/kg
and 100 mg/kg UA for 4 weeks, the renal histopathological of all mice were determined using HE staining (scale bar = 100 um (left) and 40 pm (right)). (B) The kidney tissue
fibrosis of all mice was examined using Masson staining (scale bar = 100 um (left) and 40 um (right)); (n=8).

Abbreviations: DN, diabetic nephropathy; UA, Ursolic acid; HE, Hematoxylin-eosin.

solute carrier family 7 member 11 (SLC7A1l) in the HG-induced DN cell model were downregulated (P < 0.001,
Figure 7G), which were then upregulated by UA-L and UA-H treatment (all P < 0.05, Figure 7G). The above evidence
demonstrates that UA could promote cell viability and inhibit ferroptosis in a DN cell model.

UA Inhibited the Ferroptosis of DN Cell Model by Inhibiting the JAK2/STAT3 Pathway
Transduction of the JAK2/STAT3 pathway was detected. As shown in Figure 8A, the expression of p-JAK2 and p-STAT3
in NRK-52E cells was upregulated by HG induction. The upregulated levels of p-JAK?2 and p-STAT3 in HG-treated cells
were decreased by UA-L and UA-H (Figure 8A). To explore the regulatory role of UA in the JAK2/STAT3 pathway,
NRK-52E cells were treated with 2 pM RO8191 24 h after HG induction. After RO8191 treatment, the oxidative stress
and ferroptosis-related factors were then determined. As shown in Figure 8B-D, 50 pM UA increased the SOD level and
reduced the levels of MDA and iron in the HG-induced DN cell model (P < 0.001). However, RO8191 treatment reduced
the SOD level and promoted the levels of MDA and iron in the HG-induced DN cell model (all P < 0.01, Figure 8B-D).
In addition, RO8191 further abolished the effect of UA on the levels of SOD, MDA, and iron (all P < 0.01, Figure 8B—
D). Meanwhile, it was also discovered that 50 pM UA upregulated while RO8191 downregulated them GPX4 and
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Figure 4 UA had an ameliorating role in the impaired renal function of DN mice. (A) The itch behaviors of all mice were documented using Alloknesis assessment. (B, C)
The kidney weight (B) and kidney index (C) of all mice were documented. (D—F) The Scr (D), BUN (E), and UAER (F) of all mice were also determined using ELISA assay.
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Abbreviations: DN, diabetic nephropathy; UA, Ursolic acid; Scr; serum creatinine; BUN, blood urea nitrogen; UAER, urinary albumin excretion rate.

SLC7AL1l in the HG-induced DN cell model (P < 0.001, Figure 8E). Furthermore, RO8191 offset the role of UA on
GPX4 and SLC7AL1l levels in the DN cell model (all P < 0.01, Figure 8E). These phenomena confirmed that the
inhibitory role of UA in the ferroptosis of the DN cell model was realized by suppressing the JAK2/STAT3 pathway.

UA Inhibited the Ferroptosis of DN Mice by Inhibiting the JAK2/STAT3 Pathway

To further verify the above discovery in vivo, 2 mg/kg RO8191 and 100 mg/kg UA were applied to DN mice for 4 weeks,
and the kidney tissues of mice were obtained for analysis. As shown in Figure 9A, the expression of p-JAK2 and
p-STAT3 in kidney tissues was downregulated by UA and upregulated by RO8191 treatment, RO8191 further abolished
the effect of UA on the levels of p-JAK2 and p-STAT3. Meanwhile, UA treatment increased SOD and reduced the levels
of ROS, MDA, and iron in the kidney tissues of DN mice (P < 0.001, Figure 9B-E). RO8191 treatment decreased SOD
while increasing the levels of ROS, MDA, and iron in kidney tissues of DN mice (all P < 0.01, Figure 9B-E). RO8191
treatment further abolished the role of UA in ROS, SOD, MDA, and iron (all P < 0.05, Figure 9B-E). Regarding the
expression of genes related to ferroptosis, the results illustrated that the expression of GPX4 and SLC7A11 in the kidney
tissues were upregulated by UA treatment and downregulated by RO8191 treatment (P < 0.001, Figure 9F). The role of
UA in GPX4 and SLC7A11 expression was also offset by RO8191 treatment (all P < 0.01, Figure 9F). This evidence
further proved that UA inhibits ferroptosis in DN mice by suppressing the JAK2/STAT3 pathway.

Discussion

As a serious complication of diabetes, DN affects one-third of diabetes patients and leads to a huge socioeconomic
burden.” Kinds of therapeutic measures are selected to slow the progression of DN in clinical settings, but their efficacy
is still insufficient and novel drugs need to be continuously developed. The effect of UA on ameliorating DN has been
previously reported,'” and the anti-hyperglycemic and renal function protective effect of UA on DN mice was also
demonstrated in this study. This study also revealed that UA reduced ferroptosis and suppressed activation of the JAK?2/
STAT3 pathway in a DN mouse model and in cells. Moreover, the JAK2/STAT3 agonist abolished the role of UA in DN
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Figure 5 The potential targets of UA in treating DN. (A) UA molecular structure. (B) The potential targets of UA in treating DN were identified and exhibited with a Venn
diagram by using the Venny 2.1 website. (C) The PPI network of the potential targets of UA in treating DN was constructed using the STRING platform and Cytoscape 3.9.1

software.

mice and cells. This study demonstrated that UA had a therapeutic effect on DN by suppressing JAK2/STAT3 pathway-
mediated ferroptosis, providing a new theoretical basis for basic research and clinical treatment of DN.

As an active ingredient widely present in various plants, UA has been proven to have multiple pharmacological

activities, including anti-tumor, anti-inflammatory, antioxidant, and antiviral.*' The therapeutic benefits of UA in kidney

disease have been previously proven; for example, UA ameliorates renal fibrosis in rats with chronic kidney disease,**

and UA enhances NLRP3 degradation to improve lupus nephritis.*> In addition, UA is reported to have a mitigating role

in DN rats.>* Similarly, our work also proved that UA had an anti-hyperglycemic and renal function protection effect on
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Figure 6 The role of UA in the treatment of DN might be realized through ferroptosis and the JAK/STAT signaling pathway. (A—C) With the help of the DAVID database
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Figure 7 UA promoted the cell viability and inhibited the ferroptosis of DN cell model. (A and B) CCK-8 assay of UA on normal NRK-52E cells viability and HG-induced
NRK-52E cells viability. (C) After being 30 mM HG induced for 48 h and 10 uM or 50 uM UA treated for 24 h, the ROS level in cells was determined using flow cytometry.
(D-F) After being 30 mM HG induced for 48 h and 10 pM or 50 pM UA treated for 24 h, the levels of SOD (D), MDA (E), and iron (F) in cells were examined using ELISA
assay. (G) After being 30 mM HG induced for 48 h and 10 pM or 50 uM UA treated for 24 h, the expressions of GPX4 and SLC7AI | in cells were quantified by qRT-PCR
assay. Data are represented as mean + SD (n=5). ns represents no significantly, ***P < 0.001 vs Control; *P < 0.05, #Pp < 0. 01, ##p < 0,001 vs HG.
Abbreviations: UA, Ursolic acid; HG, high glucose; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; GPX4, Glutathione peroxidase 4;

SLC7AI1, solute carrier family 7 member | 1.
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Figure 8 UA inhibited the ferroptosis of DN cell model by inhibiting the JAK2/STAT3 pathway. (A) After being 30 mM HG induced for 48 h and 10 uM or 50 pM UA treated
for 24 h, the transduction of the JAK2/STAT3 pathway in NRK-52E cells was determined by Western blot. (B—E) Being further treated with 50 pM UA and 2 uM RO8191 for
24 h after 30 mM HG induced for 48 h, the levels of SOD, MDA, and iron in cells were examined using ELISA assay (B—D), and the gene levels of GPX4 and SLC7Al | in cells
were quantified by qRT-PCR assay (E). Data are represented as mean  SD (n=5). ¥P < 0. 01, *¥P < 0.001 vs HG; P < 0. 01, *P < 0.001 vs HG+UA-H.
Abbreviations: UA, Ursolic acid; HG, high glucose; SOD, superoxide dismutase; MDA, malondialdehyde; GPX4, Glutathione peroxidase 4; SLC7Al |, solute carrier family 7
member | 1.

DN mice. UA alleviates DN by suppressing oxidative stress.!” Oxidative stress is the process of excessive ROS
accumulation resulting from the imbalance between antioxidants (such as SOD) and oxidants (such as MDA), which
further contributes to oxidative damage.' In our study, UA was found to increase SOD and decrease ROS and MDA in
DN cell models and mice, further proving the antioxidant role in DN, while the deep regulatory mechanism requires
further exploration.

The abnormal accumulation of ROS and the bring-out of oxidative stress participate in the ferroptosis process, which
is an iron-dependent form of cell death caused by intracellular iron deposition, resulting in the accumulation of harmful
lipid peroxides.** Numbers research suggested that ferroptosis is closely associated with the complications of diabetes. In
type 2 diabetes, ferroptosis not only destroys the secretion of insulin and induces ROS production, but also gives rise to
the complications of diabetes including diabetic cardiomyopathy,* diabetic retinopathy,*® diabetic wound healing
disorders,*” as well as DN.*® GPX4 and SLC7A11, the members of the solute carrier family and markers of ferroptosis,
regulate the entry and exit of cystine and glutamate intracellular, and the reduction of GPX4 and SLC7A11, leading to the
damage of cell antioxidant ability and final causing the aggravating of DN.*® In this study, the iron level was increased
and the levels of GPX4 and SLC7A11 decreased in DN mice and cells, indicating that ferroptosis is enhanced in DN
mice and cells. The treatment for ferroptosis have a positive effect on DN treatment by preventing inflammation and
fibrosis caused by specific cell death patterns.’® Recent research has begun to establish a connection between natural
products and ferroptosis in DN.>' For instance, Ginkgolide B from Ginkgo biloba improves the DN by inhibiting
oxidative stress and ferroptosis.”® Glabridin, a bioactive component of licorice, ameliorates diabetic nephropathy by
regulating ferroptosis and the VEGF/Akt/ERK pathways.”* The inhibiting role of UA in ferroptosis is discovered in
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Figure 9 UA inhibited the ferroptosis of DN mice by inhibiting the JAK2/STAT3 pathway. (A) After the DN mice were treated with 2 mg/kg RO8191 and 100 mg/kg UA for
4 weeks, the transduction of JAK2/STAT3 pathway in mouse kidney tissues was detected by Western blot. (B—E) The levels of ROS (B), SOD (C), MDA (D), and iron (E) in
mouse kidney tissues were determined using ELISA assays. (F) The expressions of ferroptosis-related genes were quantified using qRT-PCR assay. Data are represented as
mean + SD (n=8). **P < 0. 01, **P < 0.001 vs DN; #P < 0.05, **P < 0. 01, P < 0.001 vs DN+UA-H.

Abbreviations: DN, diabetic nephropathy; UA, Ursolic acid; ROS, reactive oxygen species; SOD, superoxide dismutase; MDA, malondialdehyde; GPX4, Glutathione
peroxidase 4; SLC7Al I, solute carrier family 7 member |1I.

alcoholic liver injury.>* Hyaluronic acid-coated UA nanoparticles was found to inhibit ferroptosis level of temporal lobe
cortex in mice.”* UA upregulated the expression of GPX4 and SLC7A11 in the liver and exerted hepatoprotective effects
by inhibiting alcohol-induced ferroptosis.”® However, the detailed mechanism by which it inhibits ferroptosis, especially
in DN, is largely elusive. In the current study, through network pharmacology, ferroptosis was found to be enriched by
UA targets in DN. For the first time, it was discovered that UA downregulated iron levels and upregulated GPX4 and
SLC7AI11 expression in a DN mouse model and cell lines, demonstrating that UA reduced ferroptosis.

In addition to ferroptosis, we also locked JAK2/STAT3 signaling, which was enriched by the targets of UA in DN,
with the aid of network pharmacology in the current study. JAK2/STAT3 signaling, as a central communication node in
cells, exerts a crucial effect on a wide range of pathophysiological activities, such as cell differentiation, cell prolifera-
tion, immune response, and so on.>” In recent years, the first time that UA promoted the transcription of JAK2 and
STAT3 are upregulated by the DN model, and inhibiting the JAK2/STAT3 pathway in DN.>®> Similarly, we demon-
strated for the first time that UA promoted the transcription of GPX4 and SLC7A1l by inhibiting the JAK2/STAT3
pathway in DN. Recent studies suggest that JAK/STAT signaling influences ferroptosis by modulating cellular antiox-
idant defenses, such as the regulation of GPX4, which can suppress lipid peroxidation and protect against ferroptotic cell
death.”® Some researchers also found that IFN-y activated the JAK1-2/STAT1 signaling cascade, which downregulated
the expression of System Xc—components SLC7A11 and SLC3A2.%° In the field of TCM research, Erianin has been
proven to inhibit the expression of SLC7A11 and GPX4 by activating the JAK2/STAT3 signaling pathway.®® Thus, we
hypothesized if the role of UA in improving DN was realized by JAK2/STAT3 signaling-mediated ferroptosis.
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Figure 10 Schematic model of ursolic acid plays an amelioratory role in diabetic nephropathy by suppressing the JAK2/STAT3 pathway-mediated ferroptosis.
Abbreviations: JAK, Janus Kinase; STAT, signal transducer and activator of transcription; SOD, superoxide dismutase; MDA, malondialdehyde; GPX4, Glutathione
peroxidase 4; SLC7AI |, solute carrier family 7 member |1; P, Phosphorylation; 1, up-regulated; |, up-regulated.

Subsequently, the JAK2 agonist RO8191 was used in this study, and we found that RO8191 offset the function of UA in
inhibiting oxidative stress and ferroptosis. Previous reports and our results suggest that UA ameliorates DN at least in
part by inhibiting JAK2/STAT3-driven ferroptosis.

Nevertheless, this study has some limitations. First, direct targets of UA in DN have not been verified and the interactions
with other pathways (for instance NRF2) have not been explored, and the validation of targets should be included in the
proposed directions for future research. Second, this study only demonstrated the role of the JAK2/STAT3 signaling pathway
in the improvement of DN. Additional pathways and targets need to be verified in future studies. Third, the relatively small
sample size and shorter drug treatment time may reduce the power to detect subtle effects in the present study.

Further in-depth investigation is warranted. First, the conclusions obtained in this study should be verified using
various animal models of DN. Prolonged treatment time of UA and increased dose to evaluate the safety, efficacy, and
optimal dosing regimens more accurately. For preclinical research, organoids and humanized mouse models that closely
mimic human DN conditions should be used to better understand UA’s therapeutic mechanisms of UA. Finally, studies on
the safety, efficacy, and pharmacokinetics of UA should be conducted in clinical trials. These in-depth explorations are
conducive to clarifying the molecular mechanism of UA in DN treatment.

Conclusion

In conclusion, this study revealed that UA may be a natural candidate for JAK/STAT3-targeted therapy. UA had the
effect on suppressed hyperglycemia, protected renal function, reduced ferroptosis, and inactivated the JAK2/STAT3
pathway in a DN model. In addition, activation of the JAK2-STAT3 pathway offsets the role of UA in DN (Figure 10).
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However, further validation of the long-term efficacy and safety of UA in chronic DN models is required. Our research
provides a new perspective on the application of UA and demonstrates considerable potential for clinical translation in
the management of patients with UA. Further clinical research is helpful for clarifying the best treatment approach for
UA in DN and provides an important reference for clinical transformation.
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