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Abstract. The high glucose (HG)‑induced epithelial‑mesen-
chymal transition (EMT) of peritoneal mesothelial cells (PMCs) 
serves an important role in peritoneal fibrosis (PF) during 
peritoneal dialysis. Our previous study reported that zinc (Zn) 
supplementation prevented the HG‑induced EMT of rat PMCs 
in vitro. In the present study, the role of Zn in HG‑induced EMT 
was investigated in vivo using a rat model of PF. Additionally, 
the molecular mechanisms underlying HG‑induced EMT 
were studied in human PMCs  (HPMCs). In the rat model 
of PF, HG treatment increased the glucose transfer capacity 
and decreased the ultrafiltration volume. Histopathological 
analysis revealed peritoneal thickening, increased expression 
of vimentin and decreased expression of E‑cadherin. ZnSO4 
significantly ameliorated the aforementioned changes, whereas 
Zn inhibition by clioquinol significantly aggravated the effects 
of HG on rats. The effects of Zn on HPMCs was assessed using 
western blot analysis, Transwell assays and flow cytometry. It 
was revealed that Zn also significantly suppressed the extent 
of the EMT, and reduced reactive oxygen species production 
and the migratory ability of HG‑induced HPMCs, whereas 
Zn inhibition by N',N',N',N'‑tetrakis (2‑pyridylmethyl) ethyl-
enediamine significantly potentiated the HG‑induced EMT of 
HPMCs. HG‑stimulated HPMCs exhibited increased expres-
sion of nuclear factor‑like 2 (Nrf2) in the nucleus, and total 
cellular NAD(P)H quinone dehydrogenase 1 (NQO1) and heme 
oxygenase-1 (HO‑1), the target proteins of the Nrf2 antioxidant 
pathway. Zn supplementation further promoted nuclear Nrf2 

expression, and increased the expression of target proteins of 
the Nrf2 antioxidant pathway, whereas Zn depletion decreased 
nuclear Nrf2, NQO1 and HO‑1 expression compared with the 
HG group. In conclusion, Zn supplementation was proposed 
to suppress the effects of HG on the EMT by stimulating the 
Nrf2 antioxidant pathway and subsequently reducing oxidative 
stress in PMCs.

Introduction

Peritoneal dialysis (PD) is one of the most common treatments 
for managing patients with end‑stage renal disease (ESRD). 
On average, ~11% of patients with ESRD receive PD glob-
ally (1); however, PD solution can induce pathological changes 
in the peritoneum with regards to function and structure, such 
as peritoneal fibrosis (PF), which may result in the failure of 
PD (2,3). These changes occur due to the high glucose concen-
trations (HG), products of glucose degradation, lactate and low 
pH of PD solution (4).

Accumulating evidence indicates that the epithelial‑mesen-
chymal transition (EMT) is a pivotal point in the progression 
and pathogenesis of peritoneal fibrosis (PF), resulting in the loss 
of epithelial characteristics and gain of mesenchymal charac-
teristics (5‑7). Previous studies reported that HG increased the 
expression of transforming growth factor‑β1 (TGF‑β1), which 
induced the EMT in peritoneal mesothelial cells (PMCs) (8,9). 
Additionally, it has been reported that HG‑based PD solu-
tion induced peritoneal EMT by generating reactive oxygen 
species  (ROS), whereas antioxidants effectively inhibited 
the HG‑induced EMT in the rat peritoneum and human 
PMCs (HPMCs) (10,11).

Zinc (Zn) is an essential microelement that is involved 
in various cellular functions, including the transcription and 
replication of genes, signal transduction, and the regulation 
of cell apoptosis and differentiation (12‑15). Previous studies 
demonstrated that Zn supplementation inhibited fibrosis 
in various animal models, including models of myocardial 
fibrosis, liver fibrosis, perivascular fibrosis, vasculitis and 
cystic fibrosis (16‑19). Our previous study reported that Zn 
serves an important role in preventing the HG‑induced EMT of 
rat PMCs in vitro (20); however, its functions and mechanisms 
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in vivo remain unclear. In the present study, the role of Zn in 
the HG‑induced EMT was investigated in a rat model of PF 
in vivo, and the effects of Zn on HPMCs were determined, in 
addition to the underlying molecular mechanisms.

Materials and methods

Main reagents. ZnSO4 (Xinhua Pure Chemical Industries), 
4.25% dextrose PD fluid (Baxter Healthcare Ltd.), Zn chelator 
N,N,N',N'‑tetrakis (2‑pyridylmethyl) ethylenediamine 
(TPEN; Sigma‑Aldrich; Merck KGaA) and clioquinol (CQ; 
Sigma‑Aldrich; Merck KGaA) were used during the study. 
Monoclonal antibodies against E‑cadherin (cat. no. 3195), 
vimentin (cat. no. 5741), NAD(P)H quinone dehydrogenase 1 
[cat. no. 3187, (NQO‑1)], heme oxygenase‑1 [cat. no. 5853, 
(HO‑1)], Nrf‑2 (cat. no. 12721), GAPDH (cat. no. 5174) and 
Lamin B (cat. no. 13435) were purchased from Cell Signaling 
Technology, Inc. A Pierce ECL detection kit was obtained 
from Pierce (Thermo Fisher Scientific, Inc.). All reagents used 
were of analytical grade.

Animal model of PF. A total of 40 male Sprague‑Dawley 
rats (200‑250 g, 8‑10 weeks) were obtained from the Center 
of Experimental Animals of China Medical University 
(Shenyang, China). Rats were housed in controlled conditions, 
at a temperature of 20‑25˚C with 40‑70% humidity under 
a 12:12‑h light/dark cycle, with access to food and water 
ad libitum.

Rats were randomly allocated into four groups with 10 rats 
in each group: The negative control (NC) group, which were 
treated daily via intraperitoneal administration of 100 ml/kg 
of 0.9% saline for 4 weeks; the HG group, which received daily 
intraperitoneal administration of 100 ml/kg of 4.25% dextrose 
PD fluid for 4 weeks; the HG + Zn group, which received daily 
intraperitoneal administration of 3 mg/kg ZnSO4 and 100 ml/kg 
of 4.25% dextrose PD fluid for 4 weeks; the HG + CQ group, 
which were treated daily via intraperitoneal administration of 
20 mg/kg CQ and 100 ml/kg of 4.25% dextrose PD fluid for 
4 weeks. Prior to sacrifice, 100 ml/kg of 4.25% dextrose PD 
fluid was intraperitoneally administered to the rats. At 2 h later, 
the rats were anaesthetized, the peritonea were opened, and 
all the fluid contents were immediately collected to determine 
the volume (ml). The ultrafiltration volume (UV) was calcu-
lated using the following formula: Drainage volume‑initial 
injection volume. The glucose concentration in the dialysate 
was determined using a glucose assay kit (cat. no. ab65333, 
Abcam) to assess the transfer capacity of glucose, according 
to the manufacture's protocols. In addition, the visceral and 
parietal peritonea were kept for subsequent examination.

All animal experiments in the present study were approved 
by the Institutional Animal Ethics Committee of China 
Medical University. All animal procedures were performed 
according to the Animal Care Institutional Guidelines for 
experimental animals.

Pathology and immunohistochemistry. For pathological 
examination, the parietal peritoneum was fixed in 4% parafor-
maldehyde for 12 h at room temperature. Paraffin‑embedded 
sections (4 µm) were prepared and stained with hematoxylin 
(room temperature for 15 min) and eosin (room temperature 

for 3 min; H&E) and/or Masson's trichrome (room tempera-
ture for 10 min); 5 random visual fields from each section were 
imaged under a light microscope (magnification, x10 and 20) 
and selected for measuring the thickness of the peritoneum. 
Image‑Pro Plus version 6.0 (Media Cybernetics, Inc.) was 
used to analyze the images. ‘Peritoneal thickness’, which 
indicated the extent of fibrosis, was defined as the thickness 
of the submesothelial zone measured from the inner surface of 
the abdominal muscle to the mesothelium (21). The average 
of five random visual fields was used to quantify the thickness 
of each section.

For immunohistochemical staining, paraffin‑embedded 
sections were heated at 60˚C for 10 min, washed with xylene 
and rehydrated in a descending alcohol series. The deparaf-
finized sections were blocked with 3% hydrogen peroxide 
(room temperature for 10  min) and non‑immune goat 
serum (KIT‑9710; Fuzhou Maixin Biotech Co., Ltd.; room 
temperature for 20 min). Then, tissues were incubated with 
primary antibodies against E‑cadherin (1:200; Cell Signaling 
Technology, Inc.) and vimentin (1:200; Cell Signaling 
Technology, Inc.) at 4˚C overnight following antigen retrieval 
in boiling sodium citrate buffer (10 mM, pH 6.0) for 5 min. 
After washing with phosphate‑buffered saline (PBS), tissue 
sections were incubated with a horseradish peroxidase 
(HRP)‑conjugated secondary antibody (KIT‑9710; Fuzhou 
Maixin Biotech Co., Ltd.) at 37˚C for 30  min. Reaction 
products were visualized by incubation with 3,3'‑diamino-
benzidine at 37˚C for 30 min and then counterstained with 
hematoxylin at room temperature for 3 min. As a negative 
control, tissue samples were subject to the same staining 
procedures with no incubation with primary antibodies. A 
minimum of five fields were randomly selected in each section 
and images were acquired by a fluorescence microscope 
(Nikon Corporation) at a magnification of x20. Image‑Pro 
Plus was used to calculate the number of cells positive for 
E‑cadherin and vimentin in each field. According to the 
proportion of positive cells, the following standard was used: 
0, negative; 1, 1‑20%; 2, 21‑50%; 3, 51‑80%; 4, 81‑100%.

Cell culture. HMrSV5, the HPMC line, was provided by 
Professor Huimian Xu of The First Affiliated Hospital of 
China Medical University (Shenyang, China). Cells were 
isolated from human omentum by enzymatic disaggregation 
and cultured in RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo 
Fisher Scientific, Inc.) (22). All cells were incubated at 37˚C 
in a 5% CO 2. atmosphere. Confluent cells presented as a 
monolayer with characteristic cobblestone‑like appearance. 
The following groups were allocated: The NC group (HPMCs 
without any treatment); the HG group [HPMCs treated with 
HG (126 mM)]; the HG + Zn group [HPMCs co‑treated with 
HG (126 mM) and ZnSO4 (10 µM)]; the HG + TPEN group 
[HPMCs co‑treated with HG (126 mM) and TPEN (1 µM)]; 
and the Zn group [HPMCs treated with ZnSO4 (10 µM) alone]. 
Cultures were incubated for 48 h.

Cell migration assay. Cell migration ability was assessed 
using a Transwell assay with 24‑well Transwell chambers 
(Corning, Inc.) with 8‑µm pores. A cell suspension containing 
5x105 cells/ml was seeded into the upper chamber in serum‑free 
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medium. The medium in the lower chamber contained 10% 
FBS. Cells were untreated or pre‑treated with ZnSO4 (10 µM) 
or TPEN (1 µM) in the presence or absence of HG (126 mM). 
Following incubation at 37˚C for 24 h, a cotton‑tipped swab was 
used to carefully remove the cells that had not migrated through 
the pores; the cells that had migrated onto the lower surface were 
stained with 0.1% crystal violet for 5 min at room temperature. 
Five random visual fields in each section were analyzed under 
a light microscope (magnification, x20) and cells were counted. 
Three independent experiments were performed.

Detection of intracellular ROS levels. An ROS assay was 
performed using an ROS assay kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's protocols. 
Briefly, HPMCs were treated as aforementioned. Then, 
5x106 cells were incubated with 10  µmol/l dichlorodihy-
drofluorescein diacetate (DCFH‑DA; Beyotime Institute of 
Biotechnology) probes at 37˚C for 30 min. Following washing 
with PBS three times, DCFH‑DA was deacetylated by a intra-
cellular nonspecific esterase to 2,7‑dichlorofluorescein (DCF), 
a fluorescent compound. The fluorescence spectrum of DCF 
which is excited at 488 nm and emitted at 525 nm is very similar 
to FITC. So FITC can be used to detect DCF fluorescence 
using a flow cytometer (BD FACSCaliber; BD Biosciences). 
Results were analyzed using Cell Quest software version 5.1 
(BD Biosciences).

Western blotting. For western blotting, tissues and HPMCs 
were lysed in RIPA buffer (Sigma‑Aldrich; Merck KGaA) 
with protease inhibitors (Sigma‑Aldrich; Merck KGaA). 
Supernatants containing total proteins were harvested to 
detect HO‑1, NQO1, E‑cadherin, vimentin and GAPDH. 
Nuclear proteins of the HPMCs were extracted using a 
nuclear protein extraction kit (Sigma‑Aldrich; Merck KGaA) 
to detect Lamin B and nuclear factor‑like 2 (Nrf2). Protein 
(30 µg) determined by BCA assay (Beyotime Institute of 
Biotechnology) was separated via 10% SDS‑PAGE and trans-
ferred to polyvinylidene difluoride membranes, which were 
blocked with 5% BSA (Beijing Solarbio Science & Technology 
Co., Ltd.) in Tris‑Buffered saline containing 0.1% Tween-20 
for 1 h at room temperature, and then incubated with specific 
primary antibodies (1:1,000; Cell Signaling Technology, Inc.) 
against HO‑1, NQO, GAPDH, E‑cadherin, vimentin, Nrf2 and 
Lamin B at 4˚C overnight. Blots were subsequently incubated 
with a horseradish peroxidase‑conjugated secondary antibody 
(cat. no. E030120‑02; 1:2,000; EarthOx Life Sciences) for 1 h 
at room temperature. Proteins were visualized using chemi-
luminescence and clarity western ECL substrate (Bio‑Rad 
Laboratories, Inc.). Densitometric analysis of the western 
blots was performed using ImageJ v1.48 software (National 
Institutes of Health).

Statistical analysis. SPSS (Version  17.0; SPSS, Inc.) was 
used to analyze statistics. All data were presented as the 
mean ± standard deviation, and all experiments were performed 
at least three times. After statistical significance was estab-
lished by one‑way ANOVA, post hoc multiple comparisons 
were performed using Tukey's multiple comparison test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Zn prevents fibrosis in a rat model of PF. As presented in 
Fig.  1, the rats in the HG group exhibited significantly 
reduced UV values and an increased glucose transfer capacity 
compared with the NC. Zn supplementation significantly 
reduced the glucose transfer capacity and increased the UV 
compared with HG treatment alone, whereas CQ treatment 
significantly increased the glucose transfer capacity, but 
decreased the UV.

It was observed via H&E staining that inflammatory cells 
infiltrated the interstitium, fibers were exposed, mesothelial 
cells became round and cylindrical, and cells shed in the HG 
group  (Fig. 2A and B). Furthermore, the HG + CQ group 
presented a further elevated inflammatory response and 
significantly thicker peritoneum compared with the HG group. 
Masson's trichrome staining also demonstrated that HG treat-
ment significantly increased the thickness of the peritoneal 
collagen fibers compared with the NC group (Fig. 2C and D). 
This thickening may increase the permeability of perito-
neal membrane and the absorption of glucose, which could 
reduce the osmotic pressure of peritoneal permeation and 
affect ultrafiltration. Immunohistochemical staining revealed 
significantly increased expression of vimentin, and decreased 
expression of E‑cadherin in the HG group, compared with the 
NC group (Fig. 3). Zn supplementation significantly amelio-
rated these pathological alterations, whereas CQ aggravated 
the effects of HG on the PMCs (Figs. 2 and 3).

Zn inhibits the HG‑induced EMT of HPMCs. Concentrations 
and durations of treatment of HG, Zn and TPEN were estab-
lished according to our previous studies (20,23,24). Following 
exposure of HPMCs to HG for 48 h, E‑cadherin expression 
decreased, whereas the expression of vimentin was signifi-
cantly upregulated compared with the NC group  (Fig. 4). 
Co‑treatment with Zn (10 µM) for 48 h in HPMCs resulted 
in a significant alleviation of HG‑induced EMT‑associated 
alterations, whereas co‑treatment with the Zn chelator TPEN 
(1  µM) significantly aggravated HG‑induced changes in 
expression, consistent with the results of the in vivo experi-
ments.

Zn inhibits the HG‑induced migration of HPMCs. The roles 
of Zn in the migration of HPMCs were investigated by using 
a Transwell cell migration assay; cells exhibit increased 
migration following EMT (25,26). HG stimulation for 24 h 
significantly increased the migration of HPMCs compared with 
the NC group (Fig. 5). Co‑treatment with ZnSO4 significantly 
reversed the HG‑stimulated increase in migration, whereas 
co‑treatment with the Zn chelator TPEN further promoted the 
migration of HPMCs (Fig. 5).

Zn inhibits HG‑induced ROS generation of HPMCs. The 
effects of Zn on the intracellular generation of ROS were also 
determined, as ROS generation may promote the onset of 
EMT. HG significantly increased the levels of ROS in HPMCs 
compared with the NC group  (Fig.  6). Co‑treatment with 
ZnSO4 significantly inhibited the HG‑stimulated increase in 
ROS levels, whereas co‑treatment with the Zn chelator TPEN 
further increased ROS levels in HPMCs (Fig. 6).
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Zn activates the Nrf2 antioxidant pathway of HPMCs induced 
by HG. The Nrf2 antioxidant pathway has been reported to be 
involved in regulating ROS generation and the EMT (27,28). 
Therefore, the effects of Zn on the activity of the Nrf2 antioxi-
dant pathway in HPMCs was determined via western blotting. 
As presented in Fig. 7, the expression levels of nuclear Nrf2 
and target proteins of the Nrf2 antioxidant pathway, including 
NQO1 and HO‑1, were upregulated in HG‑induced HPMCs 
compared with the NC group. Co‑treatment with TPEN (1 µM) 
notably inhibited the expression of these proteins, whereas 
co‑treatment with ZnSO4 (10 µM) significantly promoted the 
expression of nuclear Nrf2, NQO1 and HO‑1 compared with 
the HG group. The group treated with Zn alone presented no 

significant alterations in expression compared with the NC 
group.

Discussion

In the present study, a rat model of PF was induced by a 4.25% 
glucose dialysis solution. The HG group exhibited the induction 
of EMT and characteristics of PF compared with the control 
group, indicating that this model is a reliable animal model for 
studying PD‑induced PF. Zn deletion employed by CQ further 
promoted HG‑induced EMT in the rat PF model. Notably, Zn 
supplementation was able to significantly inhibit the EMT 
by promoting the expression of E‑cadherin, inhibiting the 

Figure 2. Effects of Zn on the peritoneal thickness in a rat model of peritoneal fibrosis. (A) H&E staining of the peritoneum and (B) peritoneal thickness in 
rats from each group (magnification, x10). (C) Masson's trichrome staining of the peritoneum and (D) peritoneal thickness in rats from each group (magnifica-
tion, x20). Peritoneal thickness was defined as the thickness of the submesothelial zone measured from the inner surface of the abdominal muscle to the 
mesothelium. Data are presented as the mean ± standard deviation. P‑values were determined using ANOVA with Tukey's post hoc test. *P<0.05 vs. NC; 
#P<0.05 vs. HG. NC, negative control; HG, high glucose; CQ, chloroquine; Zn, ZnSO4.

Figure 1. Effects of Zn on peritoneal function in a rat model of peritoneal fibrosis. (A) Ultrafiltration volume and (B) glucose transfer capacity were used to 
indicate the peritoneal function in each group. Data are presented as the mean ± standard deviation. P‑values were determined using ANOVA with Tukey's post 
hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. NC, negative control; HG, high glucose; CQ, chloroquine; Zn, ZnSO4.
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expression of vimentin and decreasing the peritoneum thickness, 
thus improving peritoneal function. Various studies (29,30) 
have demonstrated the capacity of CQ to target chelatable Zn. 
There is evidence that mice injected intraperitoneally with 
CQ exhibited notable reductions in chelatable Zn in the brain, 
testes and pancreas (31,32). CQ has also been reported to be a 
therapeutic agent due to its ability to reduce Zn accumulation in 
neuritic plaques of Alzheimer's disease (33). Intraperitoneally 
injected CQ is considered safe (32). The lipophilic nature of 
CQ suggests that it can pass directly into the peritoneum (32). 
Therefore, CQ was selected in the present study for the in vivo 
experiments to inhibit the effects of endogenous Zn.

TPEN [Kd=2.6x10−16 M  (34)], another Zn chelator, 
exhibited an increased affinity for Zn2+ compared with CQ 

[Kd=~1x10‑7 M (34)]. Previous studies (35,36) indicated TPEN 
was an effective tool for inhibiting Zn in cell models, so it was 
selected for the in vitro experiments.

A concentration of 126 mM glucose was used to induce 
EMT, based on our previous in vitro study  (20,23). EMT 
not only serves an important role in certain physiological 
processes, such as embryogenesis, but also is involved in the 
pathophysiological process of tissue fibrosis (37).

The EMT of PMCs has been reported to be a crucial mech-
anism underlying PF, and increasing evidence has indicated 
that inhibition of the EMT may alleviate PF (38,39). Numerous 
genes are involved in regulating EMT, including E‑cadherin, 
occludin, desmoplakin, α‑smooth muscle actin, N‑cadherin, 
vimentin, fibronectin, collagen  I and snail  (40,41). In the 

Figure 3. Effects of Zn on the expression of E‑cadherin and vimentin in the peritoneum in a rat model of peritoneal fibrosis. Expression of (A and B) E‑cadherin 
and (C and D) vimentin as determined using immunohistochemistry (magnification, x20). (E) Western blotting assay of E‑cadherin and vimentin in the 
peritoneum of rats from each group. (F and G) Densitometry analysis. Data are presented as the mean ± standard deviation. P‑values were determined using 
ANOVA with Tukey's post hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. NC, negative control; HG, high glucose; CQ, chloroquine; Zn, ZnSO4.
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present study, the EMT markers vimentin and E‑cadherin 
were selected for analysis. Consistent with our previous 
study (20), Zn supplementation significantly protected against 
HG‑induced EMT in HPMCs. The acquisition of increased 
migration potential is a typical feature of cells undergoing 
EMT (42). Therefore, the migratory ability of cells was evalu-
ated using a Transwell cell assay. The data revealed that the 
increase in migration induced by HG was suppressed by Zn 
supplementation.

Previous studies indicated that high concentrations of 
glucose induce ROS production in HPMCs (43,44), which 
may be involved in peritoneal EMT induced by HG and 
glucose‑based PD solution. In addition, accumulating evidence 
has demonstrated that Zn inhibition can result in oxidative 
stress, leading to cell component damage and alterations in 
cellular functions (45,46). Conversely, Zn supplementation 
has been reported to decrease ROS generation (47,48). In the 

present study, Zn supplementation reduced ROS generation in 
the HG‑stimulated HPMCs, whereas Zn depletion increased 
ROS generation, indicating that Zn supplementation may 
inhibit the EMT of HPMCs by reducing ROS generation.

The Nrf2 pathway exerts an important role in antioxida-
tive processes. Under normal conditions, Nrf2 interacts with 
Kelch‑like ECH‑associated protein 1 (Keap1) to form a 
compound complex in the cytoplasm, which is degraded by the 
ubiquitin‑proteasome pathway (49). On exposure to excessive 
ROS, Nrf2 can dissociate from Keap1 and accumulate in the 
nucleus, subsequently binding with antioxidant responsive 
element sequences and activating antioxidant‑associated genes, 
including NAD(P)H dehydrogenase, NQO‑1 and HO‑1 (50,51). 
The present findings revealed that HG induced the expression 
of nuclear Nrf2 and the target genes of the Nrf2 pathway, indi-
cating that HG may activate the Nrf2 pathway by inducing ROS 
production. Of note, Zn supplementation further promoted the 

Figure 5. Effects of Zn on the HG‑induced increase in the migration of HPMCs. (A and B) Transwell assay revealed the migration ability of HPMCs following 
co‑treatment with HG, and TPEN or ZnSO4 for 24 h (magnification, x20). Data are presented as the mean ± standard deviation. P‑values were determined using 
ANOVA with Tukey's post hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. NC, negative control; HG, high glucose; hpf, high‑power field; TPEN, N,N,N',N'‑tetrakis 
(2‑pyridylmethyl) ethylenediamine; Zn, ZnSO4; HPMC, human peritoneal mesothelial cell.

Figure 4. Effects of Zn on the HG‑induced epithelial‑mesenchymal transition of HPMCs. (A) Western blotting. Densitometry analysis of (B) E‑cadherin 
and (C) vimentin expression in HPMCs following co‑treatment with HG, and TPEN or ZnSO4 for 48 h. Data are presented as the mean ± standard 
deviation. P‑values were determined using ANOVA with Tukey's post hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. NC, negative control; HG, high glucose; 
TPEN, N,N,N',N'‑tetrakis (2‑pyridylmethyl) ethylenediamine; Zn, ZnSO4; HPMC, human peritoneal mesothelial cell.
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Figure 7. Effects of Zn on the activity of the Nrf2 antioxidant pathway in HPMCs stimulated with HG. HPMCs were co‑treated with HG, and TPEN or ZnSO4 
for 48 h. Expression levels of (A and B) N‑Nrf2, and (C‑E) HO‑1 and NQO1, target proteins of the Nrf2 antioxidant pathway, were analyzed via western blot-
ting. Data are presented as the mean ± standard deviation. P‑values were determined using ANOVA with Tukey's post hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. 
NC, negative control; HG, high glucose; TPEN, N,N,N',N'‑tetrakis (2‑pyridylmethyl) ethylenediamine; Zn, ZnSO4; HPMC, human peritoneal mesothelial cell; 
N‑, nuclear; Nrf2, nuclear factor‑like 2; HO‑1, heme oxygenase-1; NQO1, NAD(P)H quinone dehydrogenase 1.

Figure 6. Effects of Zn on intracellular ROS in the HPMCs stimulated by HG. HPMCs were co‑treated with HG, and TPEN or ZnSO4 for 48 h. (A) Intracellular 
ROS were measured by flow cytometry using an oxidation‑sensitive fluorescent probe, dichlorodihydrofluorescein diacetate, which is oxidized to 
2,7'‑dichlorofluorescein in the presence of ROS. (B) Data are presented as the mean ± standard deviation. P‑values were determined using ANOVA with 
Tukey's post hoc test. *P<0.05 vs. NC; #P<0.05 vs. HG. NC, negative control; HG, high glucose; TPEN, N,N,N',N'‑tetrakis (2‑pyridylmethyl) ethylenediamine; 
Zn, ZnSO4; HPMC, human peritoneal mesothelial cell; ROS, reactive oxygen species.
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expression of nuclear Nrf2 and target genes of the Nrf2 pathway, 
suggesting that Zn supplementation may inhibit the EMT of 
HPMCs by activating the Nrf2 pathway and subsequently 
decreasing oxidative stress. Kim and Vaziri  (52) reported 
that severe oxidative stress and inflammation decreased Nrf2 
activity, whereas the Nrf2 repressor, Keap1 was upregulated, 
and the products of Nrf2 target genes decreased, consistent 
with the present findings. The HG + TPEN group also demon-
strated increased ROS, and a decrease in the expression of 
nuclear Nrf2 and target proteins of the Nrf2 pathway; however, 
Nrf2‑associated protein expression was not significantly 
different compared with that in the HG group.

Our previous studies (20,23,24) revealed that Zn attenuated 
the HG‑induced EMT of peritoneal mesothelial cells by down-
regulating TGF‑β expression and inhibiting mitogen‑activated 
protein kinase (MAPK), NF‑κB, and TGF‑β/Smad pathways. 
In the present study, Zn was reported to activate the Nrf2 
pathway. Therefore, it was hypothesized that Nrf2 regulates 
the MAPK, NF‑κB and TGF‑β/Smad pathways by regulating 
the expression of TGF‑β1. The potential associations between 
these pathways will be investigated by silencing TGF‑β1 and 
Nrf2 in future experiments.

In conclusion, the present findings demonstrated that Zn 
reversed HG‑induced EMT by activating the Nrf2 pathway. Zn 
supplementation may be effective in preventing HG‑induced 
PF; however, further investigation is required to reveal whether 
Nrf2 pathway activation is the primary mechanism by which 
Zn alleviates PF induced by a glucose‑based PD solution, 
and whether patients will benefit from Zn supplementation to 
prevent PF in PD.
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