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Caffeic acid phenethyl ester restores mitochondrial homeostasis against 
peritoneal fibrosis induced by peritoneal dialysis through the AMPK/SIRT1 
pathway

Ying Lua*, Luyan Gaoa*, Wenwen Zhangb, Ying Zenga , Ji Huc and Kai Songa

aDepartment of Nephrology, The Second Affiliated Hospital of Soochow University, Suzhou, China; bDepartment of Nephrology, Zibo City 
Hospital Combined of Traditional Chinese and Western Medicine, Zibo, China; cDepartment of Endocrinology, The Second Affiliated 
Hospital of Soochow University, Suzhou, China

ABSTRACT
Increasing evidence suggests that peritoneal fibrosis induced by peritoneal dialysis (PD) is linked 
to oxidative stress. However, there are currently no effective interventions for peritoneal fibrosis. 
In the present study, we explored whether adding caffeic acid phenethyl ester (CAPE) to peritoneal 
dialysis fluid (PDF) improved peritoneal fibrosis caused by PD and explored the molecular 
mechanism. We established a peritoneal fibrosis model in Sprague–Dawley rats through 
intraperitoneal injection of PDF and lipopolysaccharide (LPS). Rats in the PD group showed 
increased peritoneal thickness, submesothelial collagen deposition, and the expression of TGFβ1 
and α-SMA. Adding CAPE to PDF significantly inhibited PD-induced submesothelial thickening, 
reduced TGFβ1 and α-SMA expression, alleviated peritoneal fibrosis, and improved the peritoneal 
ultrafiltration function. In vitro, peritoneal mesothelial cells (PMCs) treated with PDF showed 
inhibition of the AMPK/SIRT1 pathway, mitochondrial membrane potential depolarization, 
overproduction of mitochondrial reactive oxygen species (ROS), decreased ATP synthesis, and 
induction of mesothelial-mesenchymal transition (MMT). CAPE activated the AMPK/SIRT1 pathway, 
thereby inhibiting mitochondrial membrane potential depolarization, reducing mitochondrial ROS 
generation, and maintaining ATP synthesis. However, the beneficial effects of CAPE were 
counteracted by an AMPK inhibitor and siSIRT1. Our results suggest that CAPE maintains 
mitochondrial homeostasis by upregulating the AMPK/SIRT1 pathway, which alleviates oxidative 
stress and MMT, thereby mitigating the damage to the peritoneal structure and function caused 
by PD. These findings suggest that adding CAPE to PDF may prevent and treat peritoneal fibrosis.

Introduction

Peritoneal dialysis (PD) is a viable and efficient approach for 
end-stage renal disease (ESRD) [1,2]. However, extended utili-
zation of biologically incompatible peritoneal dialysis fluid 
(PDF) and peritoneal infections during PD treatment may 
result in peritoneal fibrosis [3–7] and ultrafiltration failure [8].

In response to PD, peritoneal mesothelial cells (PMCs) 
undergo a mesothelial-to-mesenchymal transition (MMT) in 
the early stages of peritoneal fibrosis [9,10]. Oxidative stress 
plays a driving part in the progression of MMT [11–17]. 
Mitochondria are the primary source of reactive oxygen spe-
cies (ROS) [18–21]. Studies have shown that clearing mito-
chondrial ROS can improve TGF-β1-induced MMT in PMCs 
[22]. Therefore, we hypothesize that mitochondrial 

homeostasis may be a target for preventing and treating 
MMT during PD.

Up to now, there are no effective interventions for 
PD-induced peritoneal fibrosis. Some researchers attempted 
to add molecular hydrogen (H2) to PDF and found that it can 
reduce oxidative stress and alleviate peritoneal fibrosis [23–
25]. Caffeic acid phenethyl ester (CAPE), which is a dietary 
drug and a potent antioxidant [26,27], has been shown to 
alleviate neuronal damage induced by various harmful fac-
tors via adjusting the AMPK/SIRT1 pathway [28,29]. 
Additionally, multiple other studies suggest that the benefi-
cial impacts of CAPE are achieved through AMPK activation 
[30–32]. Therefore, we hypothesized that CAPE may regulate 
mitochondrial homeostasis by adjusting the AMPK/SIRT1 
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pathway, thereby mitigating the damage to the peritoneum 
caused by PD.

In this study, we explored the impacts of adding CAPE to 
PDF on PD-related peritoneal fibrosis in vivo and investigated 
its impact on mitochondrial homeostasis and the AMPK/
SIRT1 pathway in vitro. The results of this study offer fresh 
perspectives on the treatment approaches for PD-related 
peritoneal fibrosis.

Materials and methods

Animals

Male 7-week-old Sprague-Dawley rats weighing 200–220 g 
were acquired from the Experimental Animal Center of 
Soochow University. They were kept in a regulated environ-
ment at a temperature of 22 ± 1 °C, following a 12-h light-dark 
cycle. The rats were provided with unrestricted access to 
food and water. The study followed the principles outlined in 
the Declaration of Helsinki and was approved by the Ethics 
Committee for Experimental Animal Care and Use at Soochow 
University (Approval No JD-LK-2021-003-01).

Animal model

An animal model was conducted as previously described 
[33]. Briefly, rats were intraperitoneally injected with 20 mL 
PDF containing 4.25% glucose (Baxter Health care, USA) daily 
and intraperitoneally injected with 0.6 mg/kg of lipopolysac-
charide (LPS) (Sigma–Aldrich, L2012) on days 1, 3, 5, and 7. 
Rats were euthanized on days 0, 7, 14, and 28, and perito-
neal tissues were collected.

In vivo experimental design

Rats were randomly divided into four groups with 8 rats in 
each group as follows: (i) intraperitoneal injection of 20 mL/
day of normal saline and defined as the control group; (ii) 
intraperitoneal injection of 20 mL/day of normal saline con-
taining CAPE (Selleck, S7414) at a daily dose of 4 mg/kg and 
defined as the CAPE group; (iii) intraperitoneal injection of 
20 mL/day of 4.25% PDF and intraperitoneal injection of 
0.6 mg/kg of LPS on days 1, 3, 5, and 7 and defined as the 
PD group; and (iv) addition of CAPE at a daily dose of 4 mg/
kg to the PDF in the PD group and defined as the PD + CAPE 
group. All the rats were in good condition with stable weight 
gain throughout the entire experiment. On the 28th day of 
the experiment, rats were euthanized after the peritoneal 
equilibrium test and blood, peritoneal dialysate, and parietal 
peritoneum were collected.

Assessment of the peritoneal transport function by 
peritoneal equilibration test (PET)

PET was performed to assess the peritoneal permeability in 
rats as previously described [34]. PDF containing 2.5% PDF 
was injected into the rat peritoneal cavity at a volume of 

20 mL. Dialysate and blood samples (1 mL) were collected 
immediately (0 h) and at 2 h after infusion. The ultrafiltration 
volume (UV) and peritoneal solute transport were calculated 
as previously described [34].

Histological and immunohistochemical examination

Hematoxylin and eosin (H&E) and Masson’s trichrome were 
used to observe peritoneal thickness and the collagen-positive 
area. Peritoneal thickness was defined as previously described 
[35]. After routine deparaffinization, the slices were treated 
with 3% H2O2 to eliminate endogenous peroxidase activity 
and followed by antigen retrieval using proteinase K. The 
slides were blocked with 10% donkey serum. Primary anti-
bodies against α-SMA (Abcam, ab5694), CD31 (Servicebio, 
GB11063-2), Collagen-I (Col-I) (Abcam, ab260043) and TGFβ1 
(Abcam, ab215715) were added to the slides at a dilution of 
1:100 and incubated overnight at 4 °C. At least 5 fields of 
view were examined for each slide using a microscope (Zeiss 
Axio Scope A1, Germany). Image J 1.8.0 was used to analysis 
and the results were expressed as the average of 5 indepen-
dent measurements per slide.

Primary rat peritoneal mesothelial cell (PMC) culture and 
grouping

As previously described, PMCs were isolated from rat perito-
neum using enzymatic digestion. Cells were incubated in the 
M199 culture medium (Gibco,11150059) supplemented with 
10% fetal bovine serum (Gibco,10099141C). The cells were 
divided into four groups as follows: the control group (cells 
cultured in complete medium), CAPE group (complete 
medium containing 4 μM CAPE), PDF group (2.5% PDF: com-
plete medium [V/V] = 1:1), and PDF + CAPE group (addition of 
4 μM CAPE to the PDF group). Compound C (5 μM), an AMPK 
inhibitor, was used to inhibit AMPK pharmacologically.

Western blot analysis

Total proteins were extracted from PMCs. A total of 20 μg pro-
tein was separated by SDS–PAGE. The following primary anti-
bodies were used: α-SMA, E-cadherin and TGFβ1 (Abcam, 
ab215715), AMPK (Cell Signaling Technology, 5831 T), p-AMPK 
(Cell Signaling Technology, 2535 T) and SIRT1 (Cell Signaling 
Technology, 9475 T), (all diluted 1:1000). The expression levels of 
the target proteins were analyzed using Image J 1.8.0 software.

Cell viability determination

The CCK-8 assay kit (Meilunbio) was utilized to assess cell via-
bility. In brief, cells were cultured under the specified condi-
tions as follows. In each well, 10 microliters of CCK-8 solution 
were added, and the cells were then incubated at a tempera-
ture of 37 °C for a duration of 2 h. Using a multifunctional 
microplate reader (TECAN Infinite 200 Pro, Switzerland), the 
measurement of absorbance was taken at 450 nm.
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MDA, SOD activity and GSH detection

MDA levels and SOD activity in peritoneal tissue and cells were 
measured using the MDA assay kit (Beyotime, S0131) and the 
SOD activity assay kit (Beyotime, S0101S) separately, following the 
manufacturer’s instructions. The levels of glutathione (GSH) in the 
peritoneal tissues and cells were evaluated using the GSH assay 
kit (Sigma-Aldrich, MAK440), according to the instructions manual.

Adenosine triphosphate (ATP) assay

According to the manufacturer’s instructions, the ATP in the 
omentum tissue and PMCs was measured by utilizing the 
enhanced ATP assay kit (Beyotime, S0027). The relative light 
units (RLU) were measured using a multifunctional micro-
plate reader (TECAN Infinite 200 Pro, Switzerland).

ROS detection

The total ROS level in the cells was assessed by employing 
the fluorescent probe DCFH-DA (Beyotime, S0033). Cells were 
incubated in a light-protected 37 °C 5% CO2 incubator for 
20 min after adding a final concentration of 10 μmol/L 
DCFH-DA. After washing the cells, the fluorescence intensity 
was measured using a flow cytometer (FCM, NovoCyte 
2060 R). We detected the generation of mitochondrial ROS by 
utilizing the MitoSOX Green probe (Invitrogen, M36005). The 
images were acquired with a Zeiss LSM (Zeiss LSM, Germany).

Mitochondrial membrane potential detection

The JC-1 probe (Beyotime, C2003S) was utilized to assess the 
mitochondrial membrane potential (MMP). Following particu-
lar interventions, the cells were rinsed once with PBS. Next, 
cell culture medium and JC-1 staining working solution were 
introduced (1:1). 20 min later, the liquid above was removed, 
and the cells were rinsed two times using JC-1 staining solu-
tion. Next, culture medium was introduced, and the cells 
were examined using a confocal laser scanning microscope 
(Zeiss LSM, Germany). The software ImageJ 1.8.0 was used to 
analyze the intensity of fluorescence.

Transmission electron microscopy

Cell aggregates were immersed in 2.5% glutaraldehyde and 
fixed at 4 °C followed by washing with PBS. Subsequently, sam-
ples were dehydrated in alcohol solutions and then embedded 
in resin and kept overnight at 37 °C. Then, the resin blocks were 
sliced into 60–80 nm sections using an ultramicrotome, stained 
on 150-mesh copper grids. Finally, the mitochondria were 
observed under a transmission electron microscope.

Transient transfection

According to the manufacturer’s protocol, siRNA was trans-
fected into peritoneal mesothelial cells using LipofectamineTM 

2000 (Invitrogen, 11668019). Briefly, 100 pmol of siRNA was 
diluted in 250 µl of Opti-MEM (Gibco, 11058021). Then, 5 µl 
of Lipofectamine™2000 was diluted in 250 µl of Opti-MEM 
and incubated at room temperature for 5 min. After 5 min, 
the diluted oligomer was mixed with diluted 
Lipofectamine™2000. After a 20-min incubation, the com-
plexes were added to each well to replace the cul-
ture medium.

Statistical analysis

The quantitative data are presented as the mean ± standard 
deviation (SD). Multiple group comparison was done using 
one-way analysis of variance followed by the Bonferroni 
test. GraphPad Prism 8 software was used for the data 
analysis.

Results

Establishment of the peritoneal fibrosis model

A peritoneal fibrosis model was established by intraperito-
neal injection of PDF and LPS. To observe the progression of 
fibrosis, we obtained the parietal peritoneum on days 0, 7, 
14, and 28 after drug administration. Peritoneal pathological 
changes were evaluated using H&E and Masson’s staining. As 
shown in Figure 1, on day 0, the rat peritoneum had a 
smooth surface with a layer of flat PMCs, and the submeso-
thelial matrix was thin. On day 7, there was submesothelial 
matrix edema and increased infiltration of inflammatory cells. 
From day 14 to 28, in addition to infiltrating inflammatory 
cells, collagen deposition became more severe in the subme-
sothelial layer.

CAPE alleviates PD-induced peritoneal fibrosis

First, we observed the peritoneal changes in different groups 
using H&E and Masson’s staining. As shown in Figure 2A and 
B, the peritoneum of the PD rats exhibited thickening and 
significant collagen deposition. However, the addition of 
CAPE to the PDF significantly alleviated the peritoneal dam-
age in PD rats including alleviated peritoneal thickening, 
decreased collagen fiber deposition and reduced inflamma-
tory cell infiltration. Additionally, immunohistochemical stain-
ing of CD 31 in peritoneum indicated that CAPE decreased 
neovascularization (Figure 2C and D). Next, we evaluated the 
peritoneal transport function using PET. As expected, com-
pared to the control rats, the PD rats showed a significant 
decrease in UV, which was accompanied by an increased D2h 

creatinine/P2h creatinine ratio and a decreased D2h glucose/D0h glucose 
ratio, indicating impaired peritoneal ultrafiltration function 
and increased peritoneal permeability. In comparison, the 
addition of CAPE to PDF reversed the impairment of the 
ultrafiltration function and the increased peritoneal permea-
bility induced by PD (Figure 2E). These results suggest that 
the addition of CAPE to PDF alleviates peritoneal damage in 
PD rats.
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CAPE alleviates PD-induced MMT and oxidative stress in 
vivo and in vitro

TGF β1 is an important factor mediating MMT. α-SMA is a 
marker of myofibroblasts, and collagen-I (Col-I) is a major com-
ponent of the extracellular matrix. Therefore, we evaluated the 
expression of TGF β1, α-SMA, and Col-I using immunohisto-
chemistry. As shown in Figure 3A and B, compared to control 
rats, TGF β1- and α-SMA-positive cells of PD rats significantly 
increased. However, the addition of CAPE to PDF reduced the 
number of TGF-β1- and α-SMA-positive cells. Additionally, Col-I 
in the submesothelial layer was significantly increased in PD 
rats, while CAPE significantly reduced the expression of Col-I.

Next, we attempted to examine the impact of CAPE on the 
PDF-induced MMT of PMCs in vitro. We first examined whether 
CAPE exerted cytotoxicity on PMCs under normal culture con-
ditions. As shown in Figure 3C, CAPE exhibited cytotoxicity on 
PMCs when the concentration reached above 8 μM. Therefore, 
we chose a concentration of 4 μM CAPE for further experi-
ments. As shown in Figure 3D, PDF upregulated TGF β1 and 
α-SMA and downregulated E-cadherin. CAPE effectively 
reversed the PDF-induced upregulation of TGF β1 and α-SMA 
and the downregulation of E-cadherin. The findings suggest 
that CAPE inhibits PDF-induced MMT of PMCs in vitro.

Oxidative stress is a significant catalyst of MMT and leads to 
peritoneal fibrosis [36]. The impact of CAPE on oxidative stress 
in the peritoneum was assessed during PD conditions. As shown 
in Figure 3E–G, compared to the control rats, the PD rats exhib-
ited a significant increase in MDA levels and a decrease in GSH 
levels and SOD activity in the peritoneum. The addition of CAPE 
to PDF partially reversed these changes. In vitro, PDF promoted 

ROS generation and decreased GSH levels and SOD activity. 
Treatment with CAPE significantly inhibited ROS generation and 
increased GSH levels and SOD activity (Figure 3H–J). The find-
ings indicate that the addition of CAPE to PDF alleviates oxida-
tive stress in peritoneal tissues under PD conditions.

CAPE rescues mitochondrial homeostasis in the PD state

We further investigated the mechanism by which CAPE improves 
oxidative stress. Mitochondria are the main sources of ROS. We 
found that PDF increased mitochondrial ROS, while CAPE signifi-
cantly reversed this change (Figure 4A). Significant alterations in 
mitochondrial structure were observed in PDF-stimulated PMCs 
after 12 h, as evidenced by transmission electron microscopy. 
These changes included shortened length, mitochondrial swell-
ing, and a loss of cristae, while CAPE partially restored mito-
chondrial morphology (Figure 4B). In addition, the stimulation 
of PMCs with PDF resulted in a decreased ATP, while treatment 
with 4 µM CAPE restored ATP levels (Figure 4C). Consistent with 
the results obtained in vitro, compared to the control rats, PD 
rats exhibited a significant decreased ATP in the omentum, 
while CAPE alleviated the inhibition of ATP (Figure 4D).

CAPE activates the AMPK/SIRT1 pathway in PDF-treated 
PMCs

The AMPK/SIRT1 pathway is vital for regulating intracellular 
signals, which are essential for maintaining mitochondrial 
homeostasis [37]. Consequently, we explored the impact of 
CAPE on the AMPK/SIRT1 pathway. Immunoblotting results 

Figure 1. E stablishment of PD-induced peritoneal fibrosis in vivo. Rats were euthanized on days 0, 7, 14, and 28, and peritoneal tissues were collected. 
(A) The parietal peritoneal tissues were assessed by H&E and Masson’s staining. Magnification, ×400. (B) The bar graphs represent the thickness of the 
peritoneum and Masson-positive areas at different time points. Data were expressed as the mean ± SD. ns, no significance, *p < 0.05, ***p < 0.001.
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showed that exposure of PMCs to PDF for 12 h resulted in a 
decrease in AMPK phosphorylation and SIRT1 expression 
(Figure 5A). CAPE reversed the decrease in AMPK phosphory-
lation but SIRT1 expression (Figure 5A). PMCs exposed to PDF 
for 24 h still significantly inhibited AMPK phosphorylation and 

SIRT1 expression (Figure 5B). At this point, CAPE reversed the 
decrease in AMPK phosphorylation and the downregulation of 
SIRT1 in PDF-treated PMCs (Figure 5B). The findings indicate 
that CAPE could potentially enhance mitochondrial homeosta-
sis through the AMPK/SIRT1 pathway.

Figure 2.  CAPE alleviates PD-induced peritoneal fibrosis. (A) The structural changes of the rat peritoneum in different groups were observed using H&E 
and Masson’s staining. Magnification, ×400. (B) The bar graphs represent the thickness of the peritoneum and Masson-positive areas. (C) Immunohistochemical 
staining of CD31 in the rat peritoneum of different groups. Magnification, ×400. (D) The bar graph represents CD31-positive vessels in peritoneum. (E) The 
results of the peritoneal equilibration test. Data were expressed as the mean ± SD. ns, no significance, **p < 0.01, ***p < 0.001.
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CAPE maintains mitochondrial homeostasis and alleviates 
MMT via the AMPK/SIRT1 pathway

We validated whether the AMPK/SIRT1 pathway is involved 
in the beneficial effects mediated by CAPE using an AMPK 
inhibitor (Compound C) and siRNA targeting SIRT1. The 
findings indicated that positive impacts of CAPE on restor-
ing MMP (Figure 6A) and reducing mitochondrial ROS pro-
duction (Figure 6B) were neutralized by Compound C or the 
SIRT1 knockdown. Further exploration revealed that the 
pharmacological inhibition of AMPK or the knockdown of 

SIRT1 partially abolished the beneficial effects of CAPE on 
reducing total intracellular ROS production (Figure 6C) and 
meanwhile neutralized the effects of CAPE on restoring 
GSH, SOD and ATP synthesis (Figure 6D–F). CAPE effectively 
reversed the PDF-induced upregulation of TGF β1 and 
α-SMA and the downregulation of E-cadherin (Figure 6G). 
The beneficial effect of CAPE on MMT were partially abol-
ished by Compound C or the SIRT1 knockdown (Figure 6G). 
These results indicate that CAPE maintains mitochondrial 
homeostasis by activating the AMPK/SIRT1 pathway, and 
thereby inhibit MMT of PMCs.

Figure 3.  CAPE alleviates PD-induced MMT and oxidative stress in vivo and in vitro. (A) Immunohistochemical staining of α-SMA, TGF β1, and Col-I in the 
rat peritoneum of different groups. Magnification, ×400. (B) The bar graphs represent α-SMA-, TGF β1-positive cells and Col-I-positive areas in peritoneum. 
(C) Cell viability was determined using the CCK-8 assay kit, and the results showed that CAPE exhibited cytotoxicity on PMCs when the concentration 
reached above 8 μM. (D) After pretreatment with 4 μM CAPE, cells were stimulated with 2.5% PDF for 24 h, and the protein levels of E-cadherin, α-SMA, 
and TGF β1 in PMCs from different groups were detected. (E-G) MDA, GSH and SOD levels in the peritoneal tissue of each group of rats. (H-J) Intracellular 
ROS, GSH and SOD levels from different groups. ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001.
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Discussion

In this study, PD rats exhibited peritoneal thickening accom-
panied by increased vascularization and collagen deposition. 
The addition of CAPE to PDF significantly inhibited 

PD-induced MMT, alleviated peritoneal fibrosis, and improved 
the ultrafiltration function. In vitro, PDF downregulated the 
AMPK/SIRT1 pathway, increased oxidative stress, and induced 
MMT of PMCs. CAPE reversed the inhibition of AMPK phos-
phorylation, activated the AMPK/SIRT1 pathway, inhibited 

Figure 3.  Continued.
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mitochondrial membrane depolarization, restored ATP syn-
thesis and reduced mitochondrial ROS generation. The effects 
of CAPE were neutralized by an AMPK inhibitor and siSIRT1. 
Our findings suggest that CAPE maintains mitochondrial 
homeostasis by upregulating the AMPK/SIRT1 pathway, alle-
viating oxidative stress, inhibiting MMT, and thereby mitigat-
ing the damage to peritoneal structure and function 
induced by PD.

PMCs play a critical role in the integrity of the peritoneal 
structure and function as the first line of defense against PDF 
exposure. Previous studies have found that long-term PD can 
increase PMC apoptosis and induce MMT [36,38,39]. In this 
study, we found that the peritoneum of the model rats 
exhibited thickening and increased collagen deposition with 
significant upregulation of TGFβ1, α-SMA, and Col-I in the 
peritoneum. Similar results were observed in PMCs cultured 

Figure 4.  CAPE rescues mitochondrial homeostasis in the PD state. (A) Confocal microscopic images revealed increased mitochondrial ROS in PDF-induced 
PMCs, which was significantly reversed by CAPE. Magnification, ×200. (B) Transmission electron microscopy images of mitochondria in PMCs, with a scale 
bar of 500 nm, indicate the disappearance of mitochondrial cristae (arrow) and mitochondrial swelling and cristae reduction (star). (C) ATP levels in PMCs 
in the indicated groups. (D) ATP levels in the omentum. *p < 0.05, **p < 0.01, ***p < 0.001.



Renal Failure 9

in vitro with upregulation of the fibroblast markers TGFβ1 
and α-SMA and downregulation of the epithelial marker 
E-cadherin. Therefore, consistent with previous studies 
[36,40], our results confirm that PD can induce MMT, which 
leads to peritoneal fibrosis.

Increasing studies have found that oxidative stress is an 
important event in PD-related peritoneal fibrosis [36,40–42]. 
Glucose is an effective osmotic agent that is widely used in 
PD due to its low cost and easy metabolism. For example, in 
the 2.5% glucose-based PDF, the glucose concentration is 
138 mmol/L. Cells exposed to a high glucose environment 
release a large amount of ROS [36,41]. Our previous research 
has shown that high glucose can cause oxidative stress dam-
age to PMCs and induce apoptosis and MMT, which leads to 
peritoneal fibrosis and ultrafiltration failure [36]. In this study, 
we found that MDA in the peritoneum of PD rats was signifi-
cantly increased, while GSH and SOD activity was decreased. 
Consistent with the in vivo study, PDF promoted ROS gener-
ation and reduced GSH and SOD activity in cultured PMCs.

Caffeic acid phenethyl ester (CAPE) is the main active 
component of propolis and has been shown to possess 
effective antioxidant and antifibrosis properties [26,27]. CAPE 
inhibits liver fibrosis in rats by suppressing the TGF-β1/Smad3 
and NF-κB pathways, while inducing the Nrf2 and autophagy 
pathways [43–45]. Additionally, CAPE alleviates airway remod-
eling in chronic asthma through modulation of the 
ROS-responsive MAPK/Akt pathway and the NF-κB/TGF-β1 
pathway [46,47]. There is also evidence to suggest that CAPE 
mitigates cardiac hypertrophy by regulating the MEK/ERK 

and TGF-β1/Galectin-3 pathways [48,49]. In terms of attenu-
ating renal fibrosis, studies have shown that KS370G, a syn-
thetic CAPE derivative, reduces obstructive nephropathy [50], 
and mitigates renal ischemia-reperfusion injury by inhibiting 
the TGF-β/Smad3 pathway. Another derivative of CAPE, 
CAPE-pNO2, ameliorates diabetic nephropathy by suppress-
ing oxidative stress, inflammation, and fibrosis via the Akt/
NF-κB/iNOS pathway [51]. According to previous research, in 
vivo, the maximum single dose of CAPE administered via 
intraperitoneal injection can reach up to 34 mg/kg [27], while 
multiple dosing regimens range from 10 μmol/kg*d (equiva-
lent to 2.84 mg/kg*d) to 10 mg/kg*d [51–53]. In our prelimi-
nary research, CAPE was administered orally by gavage at a 
daily dose of 10 mg/kg. Despite the significant alleviation in 
peritoneal fibrosis [40], the rats receiving CAPE suffered 
reduced food intake and weight loss. In this study, CAPE was 
added into the PDF and administered it via intraperitoneal 
injection, significantly reducing the effective dose. We found 
that CAPE (4 mg/kg) added to the PDF was effective in alle-
viating peritoneal fibrosis. Further research revealed that 
CAPE significantly reduced oxidative stress and inhibited 
MMT under PD conditions in vivo and in vitro. Mitochondria 
serve as the primary sources of ROS and are also the target 
of these molecules [54]. Damaged mitochondria release 
mitochondrial ROS, triggering inflammation and immune 
responses, which in turn leads to mitochondrial damage [55]. 
Under PD conditions, glucose-rich PDF causes mitochondrial 
dysfunction in human PMCs, resulting in increased mitochon-
drial ROS generation, cell apoptosis, and mtDNA damage 

Figure 5.  CAPE activates the AMPK/SIRT1 pathway in PDF-treated PMCs. (A) Immunoblotting results showed that exposure of PMCs to PDF for 12 h resulted 
in a decrease in AMPK phosphorylation and SIRT1 expression. CAPE reversed the decrease in AMPK phosphorylation but SIRT1 expression. (B) PMCs 
exposed to PDF for 24 h still significantly inhibited AMPK phosphorylation and SIRT1 expression. At this point, CAPE reversed the decrease in AMPK phos-
phorylation and the downregulation of SIRT1 in PDF-treated PMCs. *p < 0.05, **p < 0.01, ***p < 0.001.
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[17,56]. In this study, we found that PDF induced mitochon-
drial morphological changes, depolarization of the MMP, 
increased mitochondrial ROS production, and decreased ATP 

synthesis in PMCs. Consistent with previous studies, our 
research also confirmed that mitochondrial dysfunction con-
tributed to PD-induced peritoneal damage. We also 

Figure 6.  CAPE maintains mitochondrial homeostasis via the AMPK/SIRT1 pathway. The beneficial effects of CAPE on restoring MMP (A) and reducing mitochon-
drial ROS (B) were neutralized by Compound C or the SIRT1 knockdown. Magnification, ×400. (C) The beneficial effect of CAPE on inhibiting total intracellular ROS 
depended on AMPK and SIRT1. (D) GSH levels in PMCs in the indicated groups. (E) GSH levels in PMCs in the indicated groups. (F) ATP levels in PMCs in the 
indicated groups. (G) The protein levels of E-cadherin, α-SMA, and TGF β1 in PMCs from different groups were detected. *p < 0.05, **p < 0.01, ***p < 0.001.
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demonstrated that the addition of CAPE to the PDF can 
reverse the above events. However, the mechanisms by 
which CAPE maintains mitochondrial function remain unclear.

Therefore, we proceeded to explore the mechanisms of 
the safeguarding impact of CAPE on mitochondria. 
AMP-activated protein kinase (AMPK) is a conserved serine/
threonine kinase that regulates energy homeostasis and is 
responsible for monitoring cellular energy input and output 
[57,58]. It has been demonstrated that impaired AMPK is 
associated with metabolic diseases [59]. Additionally, AMPK is 
a key protein involved in multiple signaling pathways. 
Phosphorylated AMPK activates silent mating-type informa-
tion regulation 2 homolog 1 (SIRT1), which plays a crucial 
regulatory role in mitochondrial homeostasis and oxidative 
stress [60–63]. Previous studies have shown that CAPE has a 
protective effect on various neurological disorders by activat-
ing the AMPK/SIRT1 pathway. For example, it reverses cell 
death and subsequent cognitive impairment in the hippo-
campus and cortex of mice [64], protects PC12 (neuroendo-
crine) cells from cisplatin-induced neurotoxicity [28], 
accelerates functional recovery in mice with traumatic brain 
injury [65], and alleviates neuroinflammation in microglial 
cells [66]. In this study, we found that PDF inhibited AMPK 
phosphorylation, downregulated SIRT1, induced mitochon-
drial membrane potential depolarization and mitochondrial 
ROS generation, and suppressed ATP synthesis. This suggests 
that PDF downregulates the AMPK/SIRT1 pathway, disrupting 
mitochondrial homeostasis and energy metabolism. However, 
adding CAPE to the PDF activates the AMPK/SIRT1 pathway 
and restores mitochondrial membrane potential and energy 
metabolism. The protective effect of CAPE on mitochondrial 
homeostasis was abolished by an AMPK inhibitor or silencing 
SIRT1 with siRNA, which also abolished the alleviation of 

oxidative stress. Therefore, we speculate that the protective 
effect of CAPE on the peritoneum partially depends on acti-
vating the AMPK/SIRT1 pathway and thereby exerts benefi-
cial effects on maintaining mitochondrial homeostasis.

In summary, our study is the first to demonstrate that 
adding CAPE to the PDF regulates mitochondrial homeostasis 
by activating the AMPK/SIRT1 pathway, thereby alleviating 
PD-induced oxidative stress, reversing the process of MMT, 
and ultimately ameliorating peritoneal fibrosis caused by PD 
(Figure 7). This study provides a theoretical basis for the 
application of CAPE in the prevention and treatment of 
PD-related peritoneal fibrosis.
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