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Background: The Chinese herbal medicine compound Xian Huang Fang (XHF) protects renal function and delays the progression of 
chronic kidney disease (CKD). Currently, XHF has been found to alleviate renal interstitial fibrosis, but the specific mechanism is still 
unclear, and its underlying molecular mechanism needs to be further elucidated.
Purpose: The objective of this study was to investigate the protective effects of XHF against renal fibrosis and the underlying 
mechanisms.
Methods: Chemical profiling of the reconstituted XHF freeze-dried powder was performed using ultra-high-performance liquid 
chromatography coupled with quadrupole-Orbitrap high-resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS). Chronic renal 
failure model was established via 5/6 nephrectomy (A/I), and renal tubular epithelial (HK-2) cell fibrosis was induced by 5 ng/mL 
Transforming growth factor β1 (TGF-β1). Mechanisms were evaluated using network pharmacology, histopathology, Western blotting, 
immunofluorescence (IF), and senescence-associated β-galactosidase (SA-β-gal) staining.
Results: XHF significantly ameliorated renal injury, reduced inflammatory infiltration in the renal interstitium, and effectively 
improved renal interstitial fibrosis (RIF) in 5/6 nephrectomy (A/I) model rats. Network analysis revealed Protein Kinase C delta 
(PKCδ) as a key target; XHF inhibited the phosphorylation of PKCδ (Tyr311), subsequently downregulating phosphorylated (p)-p38, 
p-ERK, p-JNK, and p-NF-κB both in vivo and in vitro. Furthermore, it upregulated the expression of the cell proliferation marker 
Ki67, while suppressing senescence markers (SA-β-gal activity, p21) and the senescence-associated secretory phenotype (SASP) 
factors (eg, IL-6).
Conclusion: XHF alleviates renal interstitial fibrosis by inhibiting the PKCδ/MAPK signaling pathway, thereby reducing the 
senescence of renal tubular epithelial cells.
Keywords: XHF, CKD, PKCδ, cellular senescence, SASP, network pharmacology

Introduction
CKD is an important factor contributing to the global increase in the incidence of noninfectious diseases and the increase 
in human mortality.1,2 RIF is a common pathway and a major pathological manifestation of the progression of CKD from 
different causes.3 Injured renal tubular epithelial cells (RTECs), the primary cellular component of the tubulointerstitium, 
exhibit impaired repair capacity. This manifests as cell cycle arrest, partial epithelial-mesenchymal transition (EMT), and 
critically, the acquisition of a pathological cellular senescence phenotype.4–6 Factors such as hypoxia, metabolic stress, 
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and persistent injury can trigger this damaging senescent state in RTECs.7,8 Given the lack of effective therapies to halt 
tubular damage and mitigate established fibrosis, novel strategies targeting key drivers like pathological cellular 
senescence are urgently needed.

Notably, cellular senescence is increasingly recognized not only as a consequence of aging but also as a potent driver 
of fibrosis in progressive CKD.9 Cellular senescence has been observed in renal fibrosis models, including the 5/6 
nephrectomy mouse model.10,11 The SASP creates a deleterious microenvironment that perpetuates inflammation, 
promotes fibroblast activation, and accelerates ECM deposition, thereby driving RIF progression,12,13 and its activity 
can be modulated by upstream kinases, including members of the MAPK family (p38, ERK, JNK).14,15 Targeting 
pathways that regulate this pathological senescence response, therefore, holds promise for interrupting the vicious cycle 
of inflammation and fibrosis in CKD.

The herbal combination of Rheum palmatum (Da huang) and Epimedium (Yin yang huo), referred to here as Xian 
Huang Fang (XHF), is a clinically used pairing in traditional Chinese medicine (TCM) for managing CKD.16 Bioactive 
components derived from its constituent herbs, such as icariin (Epimedium) and emodin (Rheum palmatum), possess 
documented anti–inflammatory, antioxidant, and anti-fibrotic properties.17,18 For example, our laboratory has found 
that icariin has been proven to mitigate renal fibrosis by inhibiting the activation of fibroblasts, while emodin can 
improve tubulointerstitial fibrosis in obstructed kidneys by inhibiting EZH2.19,20 While these studies highlight the 
potential of XHF and its components against fibrosis, the precise molecular mechanisms, particularly concerning its 
potential impact on the critical pathological process of cellular senescence within the fibrotic kidney, remain largely 
unexplored.

Therefore, this study investigated whether XHF alleviates RIF by targeting pathological cellular senescence. To 
elucidate the underlying mechanisms of XHF treatment, we integrated network pharmacology to predict PKCδ as 
a candidate core target and validated its role in both in vivo and in vitro renal fibrosis models exhibiting senescent 
characteristics. Furthermore, we explored the molecular mechanisms behind its effects, with special emphasis on the 
relationship between XHF and fibrosis-associated cellular senescence. The results of this study can inform further 
research on the improvement of RIF by XHF.

Materials and Methods
Preparation of XHF and Quality Control Analysis
XHF consists of 15 g Rheum palmatum and 15 g Epimedium (Lot No.160718HY/161228HX). The raw herbs for 
the preparation of XHF were provided by the Department of Pharmacy, Shuguang Hospital, Shanghai University 
of Traditional Chinese Medicine, Shanghai, China. The samples were thoroughly verified by Professor Yang Tao, 
a botanist from the Affiliated Shuguang Hospital of Shanghai University of Traditional Chinese Medicine, in 
accordance with the Chinese Pharmacopoeia. XHF was prepared by cutting the herbs into small pieces, mixing 
them, and boiling the mixture at 100 °C for 1.5 h. The resulting supernatant was concentrated under vacuum in 
a rotary evaporator, and after ultrafiltration, the concentrated extract was lyophilized to obtain a freeze-dried 
powder for storage, which was used for both in vivo and in vitro interventions. Losartan potassium tablets 
(Hangzhou Merck Sharp & Dohme Pharmaceutical Co., Ltd., batch no. N008670, specification: 50 mg/tablet) 
were formulated as a 5.0 mg/mL suspension. Chemical profiling was performed using ultra-high-performance 
liquid chromatography coupled to quadrupole-Orbitrap high-resolution mass spectrometry (UHPLC-Q-Orbitrap 
HRMS; Dionex UltiMate 3000 UHPLC system coupled to a Thermo Q Exactive MS, Syncronis C18 column, 
1.7 μm, 2.1×100 mm). Chromatographic separation was achieved with a gradient of 0.1% (v/v) formic acid in 
water (mobile phase A) and acetonitrile (mobile phase B) as follows: 0–12 min, 95% A; 12–14 min, linear 
gradient to 5% A; 14.1–16 min, 95% A. The flow rate was 0.3 mL/min with an injection volume of 3 μL. MS 
detection parameters: Full MS/dd-MS² mode; scan range: m/z 150–1200; resolution: 70,000 (Full MS), 17,500 
(MS²); H-ESI source: spray voltage +3.2 kV (positive), −2.8 kV (negative); capillary temperature: 320 °C; NCE: 
stepped 35% and 50%.
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Reagents and Antibodies
TGF-β1 (0922209–1, Peprotech), FN (ab45688, Abcam), anti-GAPDH (60,004-1-1g, Proteintech), anti-vimentin 
(SC6260, Santa Cruz), anti-α-smooth muscle actin (α-SMA) (ab124964, Abcam), anti-Ki67 (ab16667, Abcam), anti- 
p-NF-κB p65 (3033, CST), anti-phospho-PKCδ (Tyr311) (#2055, CST), anti-PKCδ (9616T, CST), anti-p-JNK (sc-6254, 
Santa Cruz), anti-JNK (sc-7345, Santa Cruz), anti-p-ERK (sc-7383, Santa Cruz), anti-ERK (4695T, CST), anti-p-p38 
(4511T, CST), anti-p38 (8690T, CST), anti-OAT3 (bs-0609R, Bioss), anti-AQP1 (ab168387, Abcam), anti-CHOP (sc- 
7351, Santa Cruz), anti-ATP1B1 (15,192-1-AP, Proteintech), and HSPA5/BiP/GRP78 (sc-13539, Santa Cruz) were used.

Animals
The animal study was reviewed and approved by the Animal Ethics Committee of Shanghai University of Traditional 
Chinese Medicine (PZSHUTCMSZY201707003). Sprague–Dawley (SD) rats (male, 8 weeks old, weighing 180–220 g) were 
purchased from Shanghai SLAC Laboratory Animal Co., Ltd. [number: SCXK (Hu) 2022-0004]. All the rats were housed 
under SPF conditions with a constant room temperature of 20–25 °C, a relative humidity of 50%-55%, and a 12 h light/ 
12 h dark cycle under SPF conditions. After one week of adaptation, 5/6 (A/I) nephrectomies were performed as follows.21 

Four weeks after surgery, 40 rats with successful modeling were randomly divided into four groups: the 5/6 (A/I) group (equal 
distilled water), the (Losartan)LOS group (50 mg/kg), the medium-dose XHF (XHFM) and high-dose XHF (XHFH) groups 
(2.7 and 5.4 g/kg). After 8 weeks of drug administration, all the rats were injected intraperitoneally with pentobarbital sodium 
(40 mg/kg). In addition, regarding the care of laboratory animals, we strictly adhere to the Guidelines on Laboratory Animal 
Welfare and Ethics issued by the Ministry of Science and Technology of the People’s Republic of China.

HE, Masson and Sirius-Red Staining
After harvesting, the kidney tissues of the rats were fixed in 4% paraformaldehyde buffer and embedded in paraffin. The 
3μm kidney tissue sections were stained with HE, Masson’s trichrome and Sirius red according to the staining 
instructions. The pathological results were observed at ×200 magnification.

Network Pharmacology
The TCMSP database (https://tcmsp.91medicine.cn) was used to search for the active ingredients of each component of 
the full formula, and then, the chemical composition was entered into the PubChem database (https://pubchem.ncbi.nlm. 
nih.gov/) to obtain the SMILES numbers of the drug components, which were entered into the SwissTargetPrediction 
website (http://www.swisstargetprediction.ch/) for target prediction. The keyword “CKD” was used in the GeneCards 
(https://www.genecards.org/), OMIM (http://www.omim.org/) and DisGeNET (http://www.disgenet.org) databases for 
disease prediction, and the data were merged and deduplicated. The VennyGeneCards (https://www.genecards.org/) 
website was subsequently used to take the intersection of XHF drugs and CKD targets to obtain the drug‒disease 
intersection targets. The overlapping targets were imported into GeneCards (https://www.genecards.org/). Similarly, 
overlapping targets between XHF and CKD-related targets were obtained and uploaded to STRING (http://string-db. 
org/) for protein‒protein interaction analysis, and a protein–protein interaction (PPI) network was constructed by 
Cytoscape 3.8.2. Finally, the core target information was entered into the DAVID database for GO function and 
KEGG pathway analysis.

Cell Culture
Human renal tubular epithelial (HK-2) cells were purchased from the Cell Culture Bank of the Chinese Academy 
of Sciences. Routine cell culture was performed with DMEM/F-12 (PM150310, Pricella) medium containing 10% 
fetal bovine serum (PYG0109, Boster) and 1% penicillin/streptomycin solution (SV30010, Cytiva), and the 
mixture was incubated at 37 °C in a 5% CO2 incubator. The cells were cultured in a 6-well plate. HK-2 cells 
were inoculated into 6-well plates, and when the cell density reached 60%-80%, the cells were starved with 0.5% 
fetal bovine serum and 1% penicillin/streptomycin in DMEM/F-12 medium. After 12 h, 1 μM rottlerin was 
added,22 and 5 ng/mL TGF-β1 (PeproTech, 100–21, Rocky Hill, NJ, USA) was added after 1 h. Various 
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concentrations of XHF were added immediately after the addition of TGF-β1. The cells were cultured for 
24 h after treatment, and the cell supernatants were collected for subsequent experimental manipulations.

CCK-8 Viability Assays
A CCK-8 assay (40203ES76, Yeasen, Shanghai, China) was used to evaluate the cell viability of HK-2 cells in vitro. 
First, 8 × 10³ cells were seeded into each well of a 96-well plate and incubated with different concentrations of TGF-β1 
for 48 h. In a separate set of experiments, cells were incubated with different concentrations of XHF for 
48 h. Subsequently, 10% CCK-8 reagent was added to each well and incubated at 37 °C for 1 h. Absorbance at 450 
nm was measured using a multimode microplate reader (CYTATION3, BioTek, USA).

Western Blot Analysis
Kidney tissues and cells were lysed with RIPA buffer containing 1% PMSF. Protein concentrations were then 
quantified via the BCA method, followed by electrophoresis on a 12% SDS‒PAGE gel. The membranes were then 
spun under wet-turn conditions for 2 h, immersed in 5% skim milk powder for 1 h, and probed with primary antibody 
and HRP-conjugated secondary antibody (1:1000; Beyotime; Shanghai, China). The bands were detected by enhanced 
chemiluminescence (ECL) (180–501 ECL, Tanon, China). The bands were analyzed quantitatively using ImageJ 
software.

IF Staining
The After paraformaldehyde fixation, treated HK-2 cells underwent immunostaining with anti-Ki-67 (1:400) and anti- 
vimentin (1:400) primary antibodies as specified by the supplier. Following incubation with FITC-tagged secondary 
antibody (2 h, RT), imaging was conducted on a Leica DMi8 fluorescence system.

SA-β-gal Staining
The β-galactosidase staining fixative was configured according to the product specification (SA-β-gal, GP1072, Servicebio) 
for the SA-β-gal assay, and the prepared tissue cryosections and cultured cells in 6-well plates were added to the configured 
β-galactosidase staining fixative for 15 min. The staining fixative was then discarded, and the cells were washed 3 times with 
PBS for 2 min each. The cells were incubated with SA-β-gal staining solution overnight at a constant temperature. After the 
positive cells were stained, the staining solution was removed, and the cells were washed twice with PBS and twice with 
purified water, stained with Nucleic Fast Red staining solution for 3 min at room temperature and then washed three times 
with water. The blue deposits in the cytoplasm of the cells were observed under a light microscope.

Statistical Analysis
All the data are presented as the means ± standard deviations (SD) and were analyzed via one-way analysis of variance 
with least significant difference (LSD)-t test for multiple comparisons using SPSS software (version 25.0, SPSS, Inc., 
Chicago, USA). p < 0.05 was considered statistically significant.

Results
UHPLC-Q-Orbitrap HRMS Analysis of XHF
XHF was formulated with 15 g Rheum palmatum and 15 g Epimedium (Table 1). The decocted mixture was lyophilized 
as standardized powder. Chemical profiling using UHPLC-Q-Orbitrap HRMS (Dionex UltiMate 3000; Q Exactive MS; 

Table 1 Herbal Composition of XHF

Chinese Name English Name Latin Name Family Part Used

Da Huang Rheum palmatum Rheum palmatum L. Polygonaceae Root

Yin Yang Huo Epimedium Epimedium brevicornum Maxim. Berberidaceae Leaf
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Syncronis C18 column) identified six characteristic constituents in the total ion chromatogram (Figure 1): aloe-emodin, 
emodin, rhein, chrysophanol, physcion, and icariin.

XHF Attenuates the Progression of 5/6 (A/I)-Induced Renal Fibrosis
To investigate the effect of XHF on renal fibrosis in CKD, we established a rat model of CKD by 5/6 nephrectomy (A/I), 
after which the rats were treated with different doses of XHF and LOS for 8 weeks. First, Compared with the sham 
group, the model group showed significantly elevated serum Scr and UACR levels, indicating renal injury. XHF 
treatment markedly reduced these parameters (Figure 2A and B). Moreover, serum IL-6 and TNF-α levels were increased 
in the model group versus the sham group, confirming an inflammatory response, whereas XHF markedly decreased 
these cytokines relative to the model group, underscoring its anti-inflammatory effect (Figure 2C and D). We also 
analyzed the effects of XHF and LOS administration on renal histopathological changes in the rats with CKD using 
H&E, Masson’s and Sirius red staining. H&E staining revealed that the morphology of the renal tubules and interstitium 
was essentially normal in the control group of rats. Compared with that in the sham group, renal tubular epithelial cell 
inflammatory cell infiltration was significantly greater in the model group, with renal tubular vacuolar degeneration and 
basement membrane thickening, and the model group presented severe renal pathological damage. XHF treatment 
significantly ameliorated these pathological changes compared to the model group (Figure 2E). In addition, Masson’s 
and Sirius red staining revealed that, compared with those in the sham-operated group, the renal tissue of the rats in the 
model group presented with collagen fiber deposition. This fibrosis was significantly reduced by XHF treatment 
compared to the model group (Figure 2E). These findings demonstrate that XHF reduced renal inflammation, ameliorated 
interstitial fibrosis, and improved renal function in CKD rats.

To further evaluate the ameliorative effect of XHF on renal fibrosis, we assessed fibrosis marker proteins, including 
FN, vimentin and α-SMA, by Western blotting. Their abnormal increase indicated enhanced formation of the extra
cellular matrix (ECM), promoting fibrosis. Western blot analysis revealed significant increases in the expression of these 
fibrotic markers in the renal tissues of the 5/6 (A/I) model group compared to the sham group. These elevated protein 
levels were significantly reduced by XHF treatment (Figure 2F–I). To further evaluate the role of XHF in renal tubular 
function, we used Western blotting to detect organic anion transporter 3 (OAT3), Na+/K+-ATPase (ATP1B1), and 
aquaporin 1 (AQP1). These proteins play key roles in renal tubular epithelial cells: AQP1 is responsible for water 
reabsorption, OAT3 is involved in the transport of organic anions, and ATP1B1 is an essential component of the Na+/K+- 
ATPase pump, which establishes the electrochemical gradient driving many tubular functions.23 Western blot analysis 
revealed no significant difference in OAT3 expression between the sham and 5/6 (A/I) model groups (Figure 2J and K). 
In contrast, ATP1B1 and AQP1 expression was significantly downregulated in the model compared to the sham group 

Figure 1 Mass analysis of XHF by UHPLC-Q-Orbitrap HRMS. Fingerprints of standard extracts of XHF mixtures by UHPLC-Q-Orbitrap HRMS in positive and negative ion 
mode.
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Figure 2 XHF ameliorates renal fibrosis and modulates water channel protein expression in 5/6 (A/I) nephrectomy-induced CKD rats. (A) Serum creatinine (Scr) levels. (B) 
Urinary albumin-to-creatinine ratio (UACR). (C and D) Serum inflammatory cytokine levels: (C) IL-6 and (D) TNF-α. (E) Representative images of renal histopathology (HE, 
Masson and Sirius red staining; Magnification × 200, Bar = 100 μm). (F) Western blot analysis of fibrotic markers (FN, vimentin, α-SMA) in kidney tissues. (G–I) 
Quantification of fibrotic protein expression (n=6) corresponding to (F). (J) Western blot analysis of solute transporters (OAT3, ATP1B1) and water channel protein 
(AQP1). (K–M) Quantification of transporter/channel protein expression corresponding to (J). Data are presented as mean ± SD (n=6). *p < 0.05, **p < 0.01, vs Sham 
group; #p < 0.05, ##p < 0.01, vs 5/6 (A/I) group. Sham: sham-operated group; 5/6 (A/I): model group.
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(Figure 2J, 2 and M). Importantly, XHF treatment significantly restored the expression of both ATP1B1 and AQP1 
compared to the model group (Figure 2L and M).

Common Targets of XHF and CKD Analysis
We used PubChem for target prediction, and after removing duplicates, a total of 139 targets were obtained, which were 
merged and deduplicated via the Gene Cards, OMIM, DisGeNET, and other databases. Then, the overlapping targets of 
CKD and XHF were intersected using VennyGeneCards, and a total of 119 targets were obtained (Figure 3A). A PPI 
network (178 nodes, 504 edges) constructed from these targets revealed PKCδ as a top hub protein based on node 
centrality, alongside CYP1B1, SRC, AKT1, PIK3CB, and ESR1 (Figure 3B). In addition, the core target information was 
entered into the DAVID database for KEGG pathway and GO analyses (Figure 3C and D). Collectively, network 
pharmacology predicts XHF-mediated amelioration of renal fibrosis and CKD progression primarily through PKCδ 
signaling pathway inhibition, with concomitant suppression of fibrosis-associated pathways.

XHF Ameliorates Renal Fibrosis by Inhibiting PKCδ and MAPK Signaling Pathways
In this study, we further investigated whether XHF could alleviate HK-2 cell injury and its TGF-β1-induced fibrotic 
phenotype. Based on CCK-8 cell viability assays, we identified TGF-β1 concentrations (5 ng/mL and 10 ng/mL) with 
minimal impact on cellular metabolic activity (Figure 4A) and safe concentrations of XHF (5, 10, or 20 μM) (Figure 4B). 
Subsequent Western blotting and IF staining analyses revealed that 5 ng/mL TGF-β1 significantly inhibited HK-2 cell 
proliferation (reduced Ki-67) and induced a fibrotic phenotype (elevated vimentin expression), successfully establishing 
a dual phenotype characterized by proliferation suppression and fibrosis. Both XHF and the PKCδ inhibitor rottlerin 
(1 μM) effectively ameliorated this phenotype (Figure 4C–H). Although network pharmacology analysis suggested 
a potential role for the AGE-RAGE signaling pathway, our experimental validation in this model, based on protein- 

Figure 3 Common targets and functional enrichment analysis for XHF in CKD. (A) A total of 119 overlapping protein targets were identified between XHF and CKD. (B) 
PPI network. (C) Enrichment results for the top 20 KEGG pathways. (D) GO term enrichment. Top biological processes (BP, upper); Top cellular components (CC, middle); 
Top molecular functions (MF, lower).
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Figure 4 XHF ameliorates TGF-β1-induced fibrosis and modulates PKCδ and its signaling pathways in HK-2 cells. (A) Viability of HK-2 cells treated with varying 
concentrations of TGF-β1 for 48 hours. (B) Viability of HK-2 cells treated with varying concentrations of XHF for 48 hours. (C) HK-2 cells were cultured with 5 ng/mL 
TGF-β1 and treated with 5, 10, or 20 μM XHF and 1 μM Rottlerin for 48 hours. Proteins were collected, and Western blot analysis was used to detect the expression of 
vimentin and α-SMA in each group. (D and E) Quantification of vimentin and α-SMA protein expression levels from (C) (n=6). (F–H) Immunofluorescence staining of Ki-67 
(cell proliferation) and vimentin (fibrosis severity) in HK-2 cells, with DAPI nuclear counterstain (Magnification × 200, Bar = 100 μm; n=3). (I) Western blot analysis of 
p-PKCδ, PKCδ, p-JNK, and JNK, p-ERK, ERK, p-p38 and p38 expression in HK-2 cells from each group. (J–M) Quantification of p-PKCδ, p-JNK, p-ERK, and p-p38 protein 
expression levels from (I). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs control group; #p < 0.05, ##p < 0.01, vs TGF-β1 group.
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protein interaction (PPI) network analysis, identified the PKCδ and its downstream MAPK pathway as the more 
significant targets regulated by XHF. Results demonstrated that both XHF and rottlerin suppressed TGF-β1-induced 
activation of the PKCδ Tyr311 phosphorylation site and significantly inhibited the phosphorylation levels of JNK, ERK, 
and p38 MAPK (Figure 4I–M). Notably, consistent results were observed in kidney tissues from 5/6 (A/I) nephrectomy 
model rats (Figure 5A–E), further validating this mechanism in vivo. Collectively, our data indicate that XHF alleviates 
renal fibrosis primarily through suppressing PKCδ phosphorylation and subsequent MAPK pathway inhibition.

XHF Ameliorates Renal Fibrosis by Inhibiting Endoplasmic Reticulum (ER) Stress and 
Cellular Senescence in 5/6 (A/I) Rats
Since ER stress is a key factor in promoting cellular senescence, we evaluated the effects of XHF on both ER stress and 
cellular senescence simultaneously. We investigated the effects of XHF on the expression of the ER stress-related 
proteins BIP and CHOP, the protein expression levels of p53/p21 pathway proteins, and the expression of SASP-related 
factors in rat kidney tissue in the 5/6 (A/I) model. First, Western blot results revealed that, compared to the sham group, 
the expression of the ER-stress chaperone BIP was significantly decreased, while the pro-apoptotic marker CHOP was 
markedly elevated in the renal tissue of model rats. Treatment with different doses of XHF did not significantly alter the 
reduced BIP levels observed in the model group, but XHFM and XHFH significantly attenuated the CHOP up-regulation 
(Figure 6A–C). Western blot analysis also revealed activation of the p53/p21 cell cycle arrest pathway in the renal tissues 
of 5/6 (A/I) model rats; notably, XHFM and XHFH all significantly inhibited this activation (Figure 6A, D and E). We 
next assessed the expression of NF-κB and the SASP-secreted factor IL-6, and our results revealed that the levels of 
p-NF-κB and IL-6 were significantly greater in the 5/6 (A/I) model rats than in the sham rats. Importantly, specific doses 
of XHF treatment (as indicated by statistical significance markers in Figure 6G and H) significantly reduced p-NF-κB and 
IL-6 levels (Figure 6F and H). In addition, SA-β-gal staining revealed a significant increase in the proportion of SA-β-gal 
positive cells in the renal tissues of the 5/6 A/I model rats compared with the sham group. Notably, XHFH treatment 
significantly reduced the proportion of SA-β-gal positive cells in renal tissue (Figure 6I and J). These findings indicate 

Figure 5 XHF attenuates PKCδ activation and downstream signaling pathways in the kidney tissue of 5/6 (A/I) nephrectomy-induced CKD rats. (A) SD rats were 
acclimatized and treated for 1 week with 5/6 nephrectomy, and after 4 weeks, the model rats were randomly divided into four groups: 5/6 (A/I), XHFM, XHFH, and LOS. 
After 8 weeks of treatment, kidney tissues were collected at the end of the experiment. Representative Western blot images showing protein expression levels of p-PKCδ, 
PKCδ, p-JNK, JNK, p-ERK, ERK, p-p38, and p38 in kidney tissues. (B–E) Quantitative analysis of the relative protein expression levels (phosphorylated/total ratio) of (B) 
p-PKCδ/PKCδ, (C) p-JNK/JNK, (D) p-ERK/ERK, and (E) p-p38/p38 corresponding to (A). Data are presented as mean ± SD (n=6). **p < 0.01, vs Sham group; ##p < 0.01, vs 
5/6 (A/I) group. Sham: sham-operated group; 5/6 (A/I): model group.
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that XHF ameliorates cellular senescence and associated SASP/inflammation. These findings indicate that XHF amelio
rates cellular senescence.

XHF Inhibits ER Stress and Senescence in TGF-β1-Induced HK-2 Cells
Building upon our in vivo findings in the 5/6 (A/I) model (Figure 6), where XHF ameliorated renal fibrosis through 
attenuating cellular senescence, we employed an in vitro TGF-β1-stimulated HK-2 cell model to mechanistically probe 
the role of cellular senescence in XHF’s action. In this established fibrotic model, TGF-β1 stimulation robustly induced 
key pathological features: significant upregulation of ER stress markers BIP and CHOP (Figure 7A–C), increased 
expression of the senescence marker p21 (Figure 7A and D), activation of the SASP-regulating transcription factor 
NF-κB, enhanced secretion of the canonical SASP factor IL-6 (Figure 7E–G), and a marked increase in SA-β-gal- 
positive senescent cells (Figure 7H and I). Both XHF and Rottlerin significantly attenuated these TGF-β1-induced 
alterations, suppressing BIP and CHOP expression (Figure 7B and C), reducing p21 levels (Figure 7D), inhibiting p-NF- 
κB and IL-6 secretion (Figure 7F and G), and decreasing SA-β-gal-positive cells (Figure 7H and I). Notably, co-treatment 

Figure 6 XHF mitigates ER stress, cellular senescence and SASP-associated inflammation in renal tissue of CKD rats induced by 5/6 (A/I) nephrectomy. (A) Western blot 
analysis of endoplasmic reticulum stress markers (BIP, CHOP) and senescence-associated proteins (p53, p21). (B–E) Quantification of (B) BIP, (C) CHOP, (D) p53, and (E) 
p21 protein levels from (A). (F) Western blotting was used to detect the protein expression of p-NF-κB, NF-κB, and IL-6. (G) p-NF-κB/NF-κB ratio and (H) IL-6 levels 
corresponding to (F). (I) SA-β-gal staining in renal sections (Magnification × 200, Bar = 100 μm). (J) Quantitative analysis of SA-β-gal positive cells in (I). Data are presented 
as mean ± SD (n=6). *p < 0.05, **p < 0.01, vs Sham group; ##p < 0.01, vs 5/6 (A/I) group. Sham: sham-operated group; 5/6 (A/I): model group.
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Figure 7 XHF attenuates TGF-β1-induced ER stress and cellular senescence in HK-2 cells. (A) Western blot analysis of ER stress markers (BIP, CHOP) and senescence marker p21 
in HK-2 cells that were cultured with 5 ng/mL TGF-β1 and treated with 5, 10, or 20 μM XHF and 1 μM Rottlerin for 48 hours. (B–D) Quantification of (B) BIP, (C) CHOP, and (D) 
p21 protein levels corresponding to (A) (n=6). (E) Western blot detection of p-NF-κB, NF-κB, and IL-6 in HK-2 cells. (F and G) Quantification of (F) p-NF-κB/NF-κB ratio and (G) 
IL-6 levels corresponding to (E) (n=6). (H) Quantification of SA-β-gal-positive cells based on staining in (I) (n=3). (I) SA-β-gal staining in HK-2 cells. (Magnification × 200, Bar = 
100 μm). The lower panels are magnifications of the black-colored squared box shown in the upper panels. (J) Western blot analysis of PKCδ/NF-κB signaling in HK-2 cells treated 
with: TGF-β1 (5 ng/mL), XHF (20 μM), Rottlerin (1 μM), or XHF (20 μM) + Rottlerin (1 μM) for 48 h. (K–M) Quantification of (K) p-PKCδ/PKCδ ratio, (L) p-NF-κB/NF-κB ratio, 
and (M) IL-6 levels corresponding to (J) (n=6). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, vs control group; #p < 0.05, ##p < 0.01, vs TGF-β1 group.
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with 20 μM XHF and Rottlerin produced greater inhibition of p-PKCδ, p-NF-κB, and IL-6 expression compared to 
individual treatments (Figure 7J–M).

Discussion
This study aims to explore the anti-fibrotic mechanisms of XHF, with a particular focus on its potential regulatory effects 
on cellular senescence in the context of RIF. By combining network pharmacology predictions and experimental 
validation, we identified PKCδ as a key potential target of XHF. Our results showed that XHF administration 
significantly ameliorated renal interstitial fibrosis, inflammation, and tubular injury in the 5/6 nephrectomy (A/I) rat 
model. Importantly, XHF treatment effectively inhibited the phosphorylation of PKCδ both in vivo and in vitro. This 
inhibition was associated with the suppression of the downstream MAPK signaling pathway (JNK, ERK, p38) and 
a reduction in key SASP factors, especially IL-6. Collectively, our findings suggest that PKCδ is a core target of XHF’s 
anti-RIF protective effects, with the potential mechanism being the alleviation of PKCδ-driven cellular senescence 
phenotypes.

Renal fibrosis is a common pathway in multiple kidney diseases, and antifibrosis remains a major focus and challenge 
in the treatment of CKD.24 Accumulating evidence indicates that cellular senescence occurs not only in naturally aging 
kidneys but also participates in driving the progression of fibrosis in renal injury.25,26 Senescent cells exhibit irreversible 
cell cycle arrest, mediated predominantly by p21 activation (typically via the p53/p21 axis) in response to diverse CKD- 
associated stressors, including oxidative stress, metabolic dysregulation, and notably, ER stress. Additional hallmarks 
include expression of SA-β-Gal and secretion of pro-fibrotic SASP factors, such as IL-6 and TGF-β1. These factors 
promote chronic inflammation and excessive deposition of ECM components, such as α-SMA and fibronectin, which 
ultimately exacerbate the processes of renal inflammation and excessive fibrosis.27,28 We observed significant signs of 
senescence, including activation of the p21 pathway, increased SA-β-Gal activity, and elevated IL-6 levels, in both the 
TGF-β1-induced HK-2 cell model and the 5/6 nephrectomy (A/I) rat model of renal interstitial fibrosis. These findings 
are consistent with those of other researchers.29,30 XHF administration effectively alleviated these senescence-associated 
markers.

PKCδ has become a molecule of significant interest in renal pathology. Studies show that PKCδ expression is 
upregulated in the renal tubules of CKD patients and in rodent fibrosis models. Its knockdown is associated with 
improved mitochondrial function, enhanced repair of renal tubular cells, and reduced SASP.31,32 While initial network 
pharmacology analysis suggested possible involvement of the AGE-RAGE pathway, our experimental validation 
prioritized PKCδ due to its established relevance in senescence and fibrosis. We demonstrated that XHF significantly 
inhibited the phosphorylation of PKCδ (Tyr311) in the fibrotic milieu. This inhibition was associated with reduced 
phosphorylation of key MAPK family members (JNK, ERK, p38) and the NF-κB p65 subunit, NF-κB activation is 
a well-established driver of pro-inflammatory cytokine production.33 IL-6 is a potent mediator that acts in an autocrine/ 
paracrine manner to promote fibrosis.34,35 These correlative findings support the hypothesis that PKCδ acts as an 
upstream regulator, orchestrating a signaling network involving MAPK, NF-κB, and ultimately IL-6 secretion, which 
is associated with fibrosis-associated senescence. The rottlerin experiments provide pharmacological evidence supporting 
PKCδ’s role in activating NF-κB in our cellular model. Nevertheless, while rottlerin experiments provide pharmacolo
gical evidence supporting PKCδ’s role, its off-target effects necessitate complementary genetic approaches in future 
studies.

In summary, this study provides evidence that XHF attenuates RIF in established experimental models. We identified 
PKCδ as a key potential target of XHF and demonstrated that XHF inhibits PKCδ phosphorylation. Our findings further 
suggest an association between PKCδ inhibition and the suppression of downstream MAPK/NF-κB signaling, leading to 
reduced levels of the critical SASP factor IL-6 and attenuation of cellular senescence markers (p21, SA-β-Gal) observed 
within the fibrotic milieu. These results establish PKCδ as a significant mediator potentially linking XHF treatment to the 
amelioration of fibrosis-associated cellular senescence and RIF progression. XHF warrants further investigation as 
a promising therapeutic candidate for CKD, with PKCδ representing a compelling mechanistic target for future 
validation.
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