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SUMMARY 

 

Background: Endothelial dysfunction represents a critical pathological feature of acute pancreatitis (AP). Shenfu 

injection (SFI) has been demonstrated to protect both endothelial cells and pancreatic tissues affected by AP; 

however, the precise mechanisms underlying its protective effects remain incompletely understood. The study in-

vestigated the protective role of SFI in oxidative-stressed endothelial cells and in acute pancreatitis through the 

regulation of CLDN4. 

Methods: Human umbilical vein endothelial cells (HUVECs) were treated with oxidized low-density lipoprotein 

(ox-LDL) to create an oxidative stress environment, followed by SFI treatment to assess cell viability, apoptosis, 

and reactive oxygen species (ROS) levels. Additionally, shRNA technology was employed to knock down CLDN4 

expression in order to evaluate its role in SFI-mediated protection. Finally, an AP rat model was established to in-

vestigate the effects of SFI on AP-induced pancreatic damage and the role of CLDN4. 

Results: SFI significantly enhances cell viability, reduces apoptosis, and lowers ROS levels in HUVECs under oxi-

dative stress. At the molecular level, SFI upregulates CLDN4 expression, and depletion of CLDN4 attenuates the 

protective effects of SFI against oxidative stress. In the AP rat model, SFI administration alleviated pancreatic tis-

sue damage and reduced inflammation, while CLDN4 knockdown diminished these protective effects. 

Conclusions: These findings identify CLDN4 as a key mediator of SFI’s protective effects on both oxidative-

stressed endothelial cells and inflamed pancreatic tissues, underscoring its potential as a therapeutic target in AP. 

(Clin. Lab. 2026;72:xx-xx. DOI: 10.7754/Clin.Lab.2025.250673) 
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INTRODUCTION 

 

The pathological events in acute pancreatitis (AP) en-

compass an intricate series of processes that result in 

pancreatic inflammation and autodigestion. These pro-

cesses entail the infiltration of immune cells, premature 

activation of digestive enzymes, excessive release of in-

flammatory cytokines, and heightened vascular perme-

ability, among others [3]. If left untreated, AP can wors-

en, triggering a systemic inflammatory response and 

multiorgan dysfunction, which may culminate in a life-

threatening condition [4,5]. 

Endothelial cells form the specialized lining of blood 

vessels and lymphatic vessels, acting as a protective 

barrier between the circulating blood or lymph and sur-

rounding tissues. These cells play a crucial role in main-

taining essential physiological processes vital for vascu-

lar health [6,7]. Dysfunction of endothelial cells is asso-

ciated with various conditions, including cardiovascular 

diseases, diabetes mellitus, and AP [8-10]. Hence, en-

hancing the function of endothelial cells could provide 

therapeutic benefits for treating these diseases. 

Shenfu injection (SFI) is a traditional Chinese medicine 

(TCM) widely employed in the treatment of various dis-

eases. It comprises ginsenosides and aconite alkaloids, 

which have demonstrated therapeutic efficacy in ad-

dressing cardiovascular diseases, ischemia-reperfusion 

injury, and AP [11-13]. At the molecular level, SFI is 

believed to enhance the functionality of vascular cells 

by activating the PI3K/Akt pathway, thereby boosting 

eNOS activity [14]. Nevertheless, the exact mechanism 

through which SFI safeguards endothelial cells remains 

inadequately understood. 

Given the critical importance of endothelial dysfunction 

in AP and the extensively documented protective effects 

of SFI on endothelial cells, it is hypothesized that SFI 

may alleviate AP symptoms by enhancing endothelial 

cell function. To test this hypothesis, the impact of SFI 

on the viability, apoptosis, and ROS levels of ox-LDL-

treated HUVECs was assessed. Subsequently, the role 

of CLDN4 in mediating the beneficial effects of SFI on 

oxidative-stressed HUVECs was investigated. Further-

more, we investigated the effect of SFI on the pancre-

atic tissue in an AP rat model and evaluated the impact 

of SFI on CLDN4-deficient inflammatory pancreatic 

tissues. 

 

 

MATERIALS AND METHODS 

 

Cell culture, ox-LDL, and Shenfu injection (SFI) 

treatment 

HUVECs were obtained from ATCC (CRL-1730) and 

grown in a complete endothelial cell culture medium 

(IMC-309, Immocell Biotechnology). The cells were 

kept in a humidified incubator with 5% CO2. For ox-

LDL (L34357, Invitrogen) treatment, the cells were in-

cubated with specified concentrations of ox-LDL for 48 

hours. For SFI treatment, the cells were exposed to 

varying concentrations of PBS-diluted SFI for 24 hours. 

The SFI was acquired from China Resources Sanjiu 

Medical & Pharmaceutical, respectively. 

 

shRNAs and non-viral transfection 

The control and CLDN4-targeting shRNAs were re-

spectively inserted into the PLKO.1-TRC-puro plasmid 

to create two resultant plasmids, called shNC and 

shCLDN4-1/-2/-3, respectively. The plasmids were fur-

ther subjected to sequencing to ensure the accuracy of 

the inserted DNA fragments. The primers used for plas-

mid synthesis are provided in Table 1. The plasmid 

transfection was carried out using the ExFect transfec-

tion reagent (T101, Vazyme, China), following the di-

rections provided by the manufacturer. 

 

CCK-8 assay 

At first, 2,000 HUVECs were seeded into each well of a 

96-well plate, and the cells were grown overnight. The 

cells were then treated with specified concentrations of 

ox-LDL for 48 hours or SFI for 24 hours. For combined 

treatment, cells were exposed to both oxLDL and SFI 

for 48 hours. Following the treatment, 10 μL of CCK8 

solution (ab228554, Abcam) was introduced into each 

well and left to incubate at a temperature of 37°C for a 

duration of 1.5 hours. The OD450 values were subse-

quently measured using a Flexstation3 microplate read-

er (Molecular Devices, USA). 

 

Annexin V/PI assay 

Annexin V/PI staining was used to evaluate cell apopto-

sis with the Apoptosis Detection Kit (V13242, Invitro-

gen). The specified treatments were applied to HUVECs 

after they were seeded into 6-well plates. After detach-

ing and pelleting the cells, they were resuspended in 

staining buffer. The next step was to incubate the cells 

in the dark for 10 minutes with a mixture of 10 μL of 

Annexin V/PI. The cell suspension was analyzed using 

a 1300 NovoCyte flow cytometer (Agilent Technolo-

gies, USA), and the results were processed with Novo-

Express® software 1.4.1 (Agilent Technologies). 

 

qPCR  

Total RNA was extracted using TRIzol reagent (1559 

6026, Invitrogen, USA) and then reverse-transcribed 

with HiScript® II Q RT SuperMix (R223-01, Vazyme, 

China). Using SYBR Green Master Mix (Q111-02, Va-

zyme), qPCR tests were carried out on a QuantStudio 6 

machine (Thermo Fisher Scientific, USA). The 2−ΔΔCt 

method was used to quantify the relative expression 

levels of the target genes. Here are the primers that were 

used for qPCR:  

CLDN4-qF: 

5’-GGGGCAAGTGTACCAACTG-3’  

CLDN4-qR:  

5’-GACACCGGCACTATCACCA-3’  

18S-qF:  

5’-CGACGACCCATTCGAACGTCT-3’  

18S-qR:  
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5’-CTCTCCGGAATCGAACCCTGA-3.  

 

Western blot  

HUVECs were extracted with RIPA buffer and protease 

inhibitors. Protein concentrations were measured with a 

BCA kit. Samples were heated, separated by SDS-

PAGE, and transferred to PVDF membranes. Mem-

branes were blocked, incubated with primary anti-

bodies, washed, and then incubated with secondary anti-

bodies. Signals were detected with ECL and imaged 

using ChemiDoc. Band intensities were analyzed with 

Image J and normalized to β-actin. Antibodies and dilu-

tions are listed in Table 2. 

 

Malondialdehyde (MDA), GSH/GSSG, superoxide 

dismutase (SOD), and nitric oxide (NO) levels evalu-

ation 

MDA, GSH/GSSG, SOD, and NO levels were mea-

sured using MDA Colorimetric Assay Kit (EEA015, In-

vitrogen), Glutathione Colorimetric Assay Kit (EIAG 

SHC, Invitrogen), SOD Colorimetric Activity Assay Kit 

(EIASODC, Invitrogen), and Nitric Oxide Assay Kit 

(EMSNO, Invitrogen), respectively. All assays were 

conducted in accordance with the manufacturer's guide-

lines. 

 

ROS level detection 

By using a ROS Fluorometric Assay Kit from Invitro-

gen (EEA019), ROS levels were measured in accor-

dance with the manufacturer's instructions. Briefly, 

HUVECs subjected to the specified treatments were re-

suspended in serum-free culture medium and incubated 

with DCF-DA at 37°C for 20 minutes in the dark with 

intermittent inversion. The cells were then washed with 

serum-free medium to remove any free DCF-DA. Final-

ly, the cells were resuspended in PBS and examined 

using flow cytometry. 

 

Establishment of acute pancreatitis (AP) rat model 

Twenty male Sprague-Dawley rats weighing 180 - 260 

grams were obtained from Zhejiang Vital River Labora-

tory Animal Technology Co., Ltd. They were randomly 

divided into five groups of six rats each: Sham, AP, 

AP+SFI, AP+SFI+AAV - shNC, and AP+SFI+AAV - 

shCLDN4. The rats were housed in a 12 - hour 

light/dark cycle environment with unrestricted food and 

water for one week. Rats in AAV-infected groups re-

ceived a daily 100 μL intraperitoneal AAV injection 

(vector genomes = 8 × 1011) for ten consecutive days. 

Rats in SFI treatment groups were given a 10 mL/kg 

intraperitoneal SFI injection 30 minutes before surgery. 

All rats were fasted for 12 hours before surgery.  

During the surgery, rats were anesthetized by 3% iso-

flurane inhalation. A midline laparotomy was done to 

open the abdominal cavity, and the bile and pancreatic 

duct was blocked at the hepatic hilum with a vascular 

clamp. Then, a 24-gauge catheter was used to intubate 

the duodenum. Sham rats were injected with sterile sa-

line, while other groups slowly received 1 mL/kg of 5% 

sodium taurocholate into the bile and pancreatic duct. 

Three days post-surgery, the rats were euthanized, and 

blood and pancreatic tissue samples were collected. The 

serum was used for ELISA assays, and the pancreatic 

tissue was partitioned into two sections: one section was 

preserved with 4% paraformaldehyde for histological 

investigation, while the other section was frozen at        

-80°C for further qPCR and Western blot assays.  

The shNC and shCLDN4 adeno-associated virus recom-

binant vector plasmids were purchased from Genomedi-

tech (Shanghai) Co., Ltd. We dissolved the recombinant 

vector plasmid (Heper Vector plasmid: rep/cap Vector 

plasmid = 1:1:1) and Obio transfection reagent separate-

ly in 500 μL Opti - MEM medium, mixed them well, 

and let them stand for 5 minutes each. Then, we added 

the Obio transfection reagent dilution dropwise into the 

plasmid dilution, mixed it gently, and left it at room 

temperature for 20 minutes to form a stable transfection 

complex. We added the complex to cultured AAV - 

293T cells. After 6 hours, we aspirated the medium, 

washed it with PBS, and added 10 ml of fresh complete 

medium. AAV virus particles were collected from in-

fected AAV - 293T cells 72 hours after transfection. 

The virus was purified by iodixanol gradient centrifuga-

tion, the viral liquid was concentrated in ultrafiltration 

tubes, and finally, the viral titer was detected by qPCR 

assay.  

All experiments were approved by the Institutional 

Ethics Committee of Zhejiang Provincial People's Hos-

pital (approval no. 20240731014701534252) and adher-

ed to protocols approved by the Animal Care and Use 

Committee of Zhejiang Provincial People's Hospital.  

 

Immunohistochemistry (IHC) 

The tissue sections were first dewaxed and rehydrated. 

After antigen retrieval, they were treated with 3% 

hydrogen peroxide, permeabilized with 0.2% Triton X - 

100 in PBS, and blocked with 1% BSA. Then, they 

were incubated with a Ki-67 antibody (ab15580, Ab-

cam, UK, 1:500) at 4°C overnight. After a PBST wash, 

the sections were exposed to HRP-conjugated goat anti-

rabbit IgG (SA00001 - 2, Proteintech, China, 1:1,000) 

at room temperature for one hour. Next, they were 

washed again and treated with a DAB working solution 

(34002, Thermo Scientific). Subsequently, they were 

counterstained with hematoxylin and mounted. Finally, 

images were captured using an IX73 inverted micro-

scope (OLYMPUS, Japan), and Ki-67+ cells were de-

termined using Image - Pro Plus 6.0 software (Media 

Cybernetics, USA).  

 

Enzyme-linked immunosorbent assay (ELISA) 

The concentrations of TNF-α, IL-1β, and IL-18 were 

measured using ELISA kits following the instructions 

provided by the manufacturer. TNF-α was measured 

using ab236712 (Abcam), IL-1β was measured using 

ab255730 (Abcam), and IL-18 was measured using 

ab213909 (Abcam). 
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Table 1. Primers for plasmid construction. 

 

Primer name Primer sequence (5’-3’) 

shCLDN4-1-F CCGGACATCATCCAAGACTTCTACACTCGAGTGTAGAAGTCTTGGATGATGTTTTTT 

shCLDN4-1-R AATTAAAAAACATCATCCAAGACTTCTACACTCGAGTGTAGAAGTCTTGGATGATGT 

shCLDN4-2-F CCGGGCAACATTGTCACCTCGCAGACTCGAGTCTGCGAGGTGACAATGTTGCTTTTT 

shCLDN4-2-R AATTAAAAAGCAACATTGTCACCTCGCAGACTCGAGTCTGCGAGGTGACAATGTTGC 

shCLDN4-3-F CCGGCGCCCTCGTCATCATCAGCATCTCGAGATGCTGATGATGACGAGGGCGTTTTT 

shCLDN4-3-R AATTAAAAACGCCCTCGTCATCATCAGCATCTCGAGATGCTGATGATGACGAGGGCG 

shNC-F CCGGTTCTCCGAACGTGTCACGTTTCTCGAGAAACGTGACACGTTCGGAGAATTTTT 

shNC-R AATTAAAAATTCTCCGAACGTGTCACGTTTCTCGAGAAACGTGACACGTTCGGAGAA 

 

 

 

 
Table 2. Western blot antibody information. 

 

Target/Antibody name Species Manufacture Catalog # Dilution 

Bax  

Mouse 

 

Immunoway, China YM3619 

 

 

1:500 

Bcl2 Proteintech, China 60178-1-Ig 

Claudin-4 

Rabbit 

Immunoway YT0951 

C-Caspase 3 

Proteintech 

19677-1-AP 

NRF2 80593-1-RR 

HO-1 10701-1-AP 

β-actin 20536-1-AP 1:1,000 

HRP-Anti-Mouse IgG 
Goat 

SA00001-1 
1:10,000 

HRP-Anti-Rabbit IgG SA00001-2 

 

 

 

 

Statistical analysis 

Statistical analyses and the creation of charts were con-

ducted using GraphPad Prism software (version 8.0). 

Data are presented as mean ± standard deviation (SD). 

Each data point represents the value of one biological 

replicate or the mean value of a technical triplicate. Un-

paired two-tailed Student's t-tests were utilized to assess 

statistical significance between two groups of data. For 

comparisons involving three or more groups, one-way 

analysis of variance (ANOVA) was applied. Statistical 

significance was considered as a p-value of less than 

0.05. The Annexin V/PI staining and Western blot were 

each replicated at least three times in independent ex-

periments. The other in vitro experiments also included 

technical triplicates. 

 

 

RESULTS 

 

SFI protects HUVECs from ox-LDL-induced dam-

age 

To validate the influence of SFI on endothelial cells un-

der oxidative stress, we first exposed HUVECs to vari-

ous concentrations of ox-LDL. After 48 hours of cul-

ture, we evaluated cell viability by employing a CCK-8 

test. The results indicated that all ox-LDL-treated 

HUVECs showed reduced viability (Figure S1A). For 

subsequent analyses, we selected a concentration of    

40 μg/mL of ox-LDL. Consistently, Annexin V/PI 

staining showed that ox-LDL significantly increased 

apoptosis in HUVECs (Figure S1B and C). Additional-

ly, ox-LDL treatment markedly elevated ROS levels in 

HUVECs, as evidenced by DCF-DA staining (Figure 

S1D and E).  

Next, we evaluated the impact of different dosages of 

SFI on HUVECs using a CCK-8 assay. The results re-

vealed that 80 μL/mL of SFI began to reduce HUVEC 

viability (Figure S1F), and this concentration was used 

in subsequent experiments. 

After these optimizations, we examined the effect of 

SFI on ox-LDL-induced HUVECs. The results of the 

Annexin V/PI staining data demonstrated that SFI treat-

ment significantly inhibited apoptosis in HUVECs ex-

posed to ox-LDL (Figure 1A and B). Consistent with 

this finding, SFI treatment improved the viability of ox-

LDL-induced HUVECs (Figure 1C). Furthermore, SFI 

reduced the elevated ROS levels in HUVECs exposed 

to ox-LDL, as indicated by DCF-DA staining (Figure 
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Figure 1. SFI protects HUVECs from ox-LDL-triggered injury. A, B - Annexin V/PI staining data showing the apoptosis of 

HUVECs with the specified treatments. C - CCK-8 assay results depicting the viability of cells with the specified treatments. D, 

E - DCF-DA staining outcomes indicating the ROS levels of HUVECs with the specified treatments. F - K - The levels of MDA 

(F), GSH (G), GSSG (H), GSH/GSSG (I), SOD (J), and NO (K) in HUVECs with the specified treatments. 
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Figure 2. SFI affects the expression of CLDN4 and genes associated with apoptosis and ROS levels in ox-LDL-treated 

HUVECs. A - qPCR data showing the mRNA level of CLDN4 in cells with the specified treatments. B, C - Western blot results 

indicating the protein expression of CLDN4, Bax, Bcl2, C-Caspase 3, NRF2, and HO-1 in HUVECs with the specified treat-

ments. 

 

 

 

1D and E). This conclusion was further supported by 

SFI's ability to lower MDA and GSSH levels while in-

creasing GSH and SOD levels in HUVECs exposed to 

ox-LDL (Figure 1F - J). Additionally, SFI treatment in-

creased NO levels in HUVECs exposed to ox-LDL, in-

dicating improved endothelial cell function (Figure 1K). 

Taken together, these observations demonstrate that SFI 

has a protective effect on HUVECs under oxidative 

stress. 

SFI induces CLDN4 expression and represses genes 

controlling apoptosis and ROS levels in ox-LDL-

treated HUVECs 

In order to clarify the mechanism by which SFI protects 

HUVECs, we initially investigated the expression of 

CLDN4, a protein that is known to be increased in lung 

tissues by SFI [15]. qPCR data revealed that CLDN4 

expression in HUVECs was suppressed by ox-LDL but 

was restored upon SFI exposure (Figure 2A). Consis-
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Figure 3. CLDN4 is required for SFI to exert its protective effect on HUVECs exposed to ox-LDL. A, B - Annexin V/PI staining 

data indicating the apoptosis of HUVECs with the specified treatments. C - CCK-8 assay results showing the viability of 

HUVECs with the specified treatments. D, E - DCF-DA staining outcomes revealing the ROS levels of HUVECs with the speci-

fied treatments. F - K - The levels of MDA (F), GSH (G), GSSG (H), GSH/GSSG (I), SOD (J), and NO (K) in HUVECs with the 

specified treatments. 
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Figure 4. Depletion of CLDN4 disrupts the influence of SFI on the levels of genes linked to apoptosis and ROS levels in 

HUVECs exposed to ox-LDL. A, B - Western blot outcomes indicating the levels of CLDN4, Bax, Bcl2, C-Caspase 3, NRF2, 

and HO-1 in HUVECs with the specified treatments. 

 

 

 

 

tently, Western blot data confirmed that SFI could res-

cue the reduced CLDN4 expression in HUVECs ex-

posed to ox-LDL (Figure 2B and C). Given the anti-

apoptotic role of CLDN4, we subsequently evaluated 

genes involved in apoptosis regulation. Western blot 

analysis showed that SFI decreased the levels of pro-

apoptotic proteins BAX and C-Caspase 3, while in-

creasing the level of the anti-apoptotic protein Bcl2 in 

HUVECs exposed to ox-LDL (Figure 2B and C). Addi-

tionally, the levels of NRF2 and HO-1, which are stimu-

lated by oxidative stress [16,17], were significantly 

downregulated by SFI (Figure 2B and C). These results 

suggest that SFI reduces apoptosis and ROS levels in 

oxidative-stressed HUVECs, potentially by restoring 

CLDN4 expression. 

 

Depletion of CLDN4 mitigates the protective effect 

of SFI on ox-LDL-treated HUVECs 

To determine whether CLDN4 mediates the protective 

function of SFI in HUVECs under oxidative stress, we 

planned to knock down CLDN4 expression in these 

cells. We started by testing the knockdown efficiency of 

shRNAs targeting CLDN4. qPCR results showed that 

all three shCLDN4s were highly efficient in depleting 

CLDN4 in HUVECs (Figure S2A). Since shCLDN4-2 

exhibited the highest efficiency, we used this shRNA in 

subsequent analyses. The data also confirmed that 

CLDN4 mRNA expression was significantly knocked 

down by this shCLDN4 in HUVECs exposed to ox-

LDL and SFI (Figure S2B).  

Following this, we assessed the effect of SFI on 

CLDN4-deficient HUVECs under oxidative stress. The 

data from Annexin V/PI staining indicated that CLDN4 

reduction abolished the anti-apoptotic effect of SFI on 

these cells (Figure 3A and B). The CCK-8 assay results 

indicated that the pro-viability impact of SFI on these 

cells was nullified upon CLDN4 deficiency (Figure 

3C). Furthermore, the antioxidant effect of SFI on ox-

LDL-induced HUVECs was mitigated by CLDN4 de-

pletion, as indicated by the levels of DCF-DA, MDA, 

GSH, GSSH, and SOD in these cells (Figure 3D-J). Ad-

ditionally, SFI could no longer improve the function of 

CLDN4-deficient HUVECs exposed to ox-LDL, as 

their NO levels were comparable to those of control 

oxidative stressed HUVECs (Figure 3K).  

At the molecular level, CLDN4 deficiency led to upreg-

ulated Bax, C-Caspase 3, NRF2, and HO-1 levels, and 

reduced expression of Bcl2 (Figure 4A and B). These 

Western blot data further supported the finding that the 

anti-apoptotic and antioxidant effects of SFI were miti-

gated in CLDN4-deficient HUVECs under ox-LDL 

treatment. Collectively, these findings indicate that 

CLDN4 plays a crucial role in SFI’s protective effect on 

oxidative stressed HUVECs.  

 

CLDN4 deficiency attenuates the impact of SFI on 

the pancreatic tissue of AP rats 

To investigate whether the SFI-CLDN4 pathway miti-

gates pancreatic tissue damage caused by acute pancrea-

titis (AP) in vivo, we developed a rat model of AP. His-

tological examination using H&E staining revealed that 

AP rats exhibited significant loss of acinar cells, infil-

tration by immune cells, and formation of cyst-like 

structures (Figure 5A). Administration of SFI reduced 
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Figure 5. CLDN4 mediates the protective effect of SFI on the pancreatic tissues of AP rats. A - H&E staining data showing the 

structure of pancreatic tissue from rats with the specified treatments. B, C - IHC data indicating the Ki-67 expression in the 

pancreatic tissues of rats with the specified treatments. D - F - ELISA results illustrating the levels of circulating TNF-α (D), 

IL-18 (E), and IL-1β (F) in rats with the specified treatments. G - L - The levels of MDA (G), GSH (H), GSSG (I), GSH/GSSG 

(J), SOD (K), and NO (L) in the pancreatic tissues from rats with the specified treatments. 

 

 

 

 

the loss of pancreatic acinar cells; however, this pro-

tective effect was diminished when AAVs carrying 

shCLDN4 were introduced (Figure 5A). Consistent with 

this, Ki-67 staining showed that SFI partially restored 

acinar cell proliferation, but this benefit was less pro-

nounced with AAV-shCLDN4 administration (Figure 

5B and C). Additionally, elevated levels of IL-1β, IL-

18, and TNF-α in AP rats were significantly decreased 

by SFI, though the reduction was less evident with 

AAV-shCLDN4 infection (Figure 5D - F). SFI also im-

pacted the levels of MDA, GSH, GSSG, SOD, and NO 

in the pancreatic tissues of AP rats, but this effect was 

diminished in the presence of AAV-shCLDN4 (Figure 

5G - L). 

Molecularly, Western blot analyses confirmed a de-

crease in CLDN4 expression in the pancreatic tissue of 

AP rats. SFI treatment effectively restored CLDN4 lev-

els, but this restoration was significantly reduced in the 

presence of AAV-shCLDN4. Additionally, Western 

blotting revealed that AP rats had increased levels of 
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Figure 6. CLDN4 deficiency abolishes the influence of SFI on the expression of genes correlated with apoptosis and ROS levels 

in the pancreatic tissues of AP rats. A, B - Western blot results showing the levels of CLDN4, Bax, Bcl2, C-Caspase 3, NRF2, 

and HO-1 in the pancreatic tissues of rats with the specified treatments. 

 

 

 

 

Bax, C-Caspase 3, NRF2, and HO-1, alongside a de-

creased Bcl2 level. SFI treatment reversed these altera-

tions, but this protective effect was lost when CLDN4 

was deficient (Figure 6A and B). The results suggest 

that CLDN4 is essential to the protective effects of SFI 

on pancreatic tissues damaged by AP. 

 

 

DISCUSSION 

 

TCM exhibits significant potential in treating various 

diseases. However, its clinical application is frequently 

constrained by the unclear nature of its active compo-

nents and the absence of well-defined pharmacological 

mechanisms. This study investigated the pharmacolo-

gical mechanism of SFI, a TCM renowned for address-

ing conditions involving endothelial dysfunction. 

SFI’s protective effects on the cardiovascular system 

have been extensively documented through animal 

models and clinical trials [18-23]. The data align with 

these findings, demonstrating that SFI reduces apopto-

sis, enhances cell viability, and lowers ROS levels in 

HUVECs under oxidative stress. Excessive ROS levels 

are commonly linked to endothelial dysfunction, as 

ROS can directly damage endothelial cells [24], sug-

gesting that SFI's antioxidant properties may signifi-
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cantly contribute to its protective effects. Nevertheless, 

the precise molecular process remains unclear. 

For instance, promoter hypermethylation or hypome-

thylation has been associated with decreased or elevated 

CLDN4 expression in various cancers [28-30]. Secreted 

signaling molecules, such as TGF-β and HIF1α, also 

modulate CLDN4 expression in diverse contexts [31, 

32]. Additionally, inflammation can influence CLDN4 

expression through inflammatory cytokines like TNF-α 

and IL-18 in other scenarios [33,34]. In HUVECs, treat-

ment with ox-LDL suppresses CLDN4 expression, indi-

cating that oxidative stress serves as another regulator 

of CLDN4 via an uncharacterized mechanism. Con-

versely, the precise mechanism by which SFI restores 

CLDN4 expression in these cells remains elusive. 

In inflammatory pancreatic tissues, CLDN4 expression 

is similarly downregulated, potentially due to height-

ened cytokine levels. SFI not only rescues CLDN4 ex-

pression but also reduces circulating cytokine levels, 

hinting at a possible feedback loop between CLDN4 

and inflammation. Further research is warranted to in-

vestigate these hypotheses. 

The study offers evidence that the SFI-CLDN4 axis 

mitigates pancreatic tissue damage in AP rats. Although 

this effect is primarily attributed to the amelioration of 

endothelial dysfunction, it is also plausible that the SFI-

CLDN4 axis directly influences other cell types, such as 

pancreatic acinar cells, by enhancing their proliferation, 

survival, and function, akin to its effects observed in in-

flammatory lung tissue [15]. Further detailed analyses 

are necessary to pinpoint the exact targets of the SFI-

CLDN4 axis within inflammatory pancreatic tissue. 

 

 

CONCLUSION 

 

In summary, the data underscore the crucial role of 

CLDN4 in mediating the protective effects of SFI on 

oxidative-stressed HUVECs and inflammatory pancre-

atic tissues. This study deepens our understanding of 

SFI’s pharmacological mechanisms and the functional 

significance of CLDN4, thereby highlighting the thera-

peutic potential of targeting the SFI-CLDN4 axis for 

treating conditions characterized by endothelial dys-

function, such as acute pancreatitis (AP). 
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