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Abstract. Advanced oxidation protein products (AOPPs) are 
uremic toxins. The present study aimed to investigate the effects 
of AOPPs on the epithelial mesenchymal transition (EMT) 
and apoptosis of rat crypt epithelial cells, and to assess the 
signaling pathways involved. The oxidized rat serum albumin 
was obtained by sodium hypochlorite modification as AOPPs, 
and the rat serum albumin (RSA) without sodium hypochlorite 
modification was set as the control. Different concentrations 
of AOPPs or RSA were incubated with rat crypt epithelial 
cells (IEC‑6 cells). After culturing for 48 and 72 h, apoptosis 
was detected by flow cytometry. IEC‑6 cells were divided 
into three groups: A normal group, an AOPPs group and an 
RSA group. Three groups of cells were collected following 
treatment for 2 h, and the phosphorylation levels of Akt and 
p65 NF‑κB were detected by western blotting. After 72 h of 
treatment, the cells were collected and the apoptotic rate was 
detected by flow cytometry. The expression of EMT‑related 
proteins was detected by reverse transcription‑quantitative 
polymerase chain reaction and western blotting. The apoptotic 
rate of IEC‑6 cells increased with the concentration of AOPPs, 
and the apoptotic rate of the AOPPs group was higher than 
that of the RSA group. The expression of fibronectin, snail, 
slug and collagen I in the AOPPs group was lower than that 
in the RSA group, while the expression of E‑cadherin was not 
significantly different between the two groups. In addition, the 
expression of fibronectin, snail, slug and collagen I genes in 
the AOPPs‑treated group was equal to or lower than that in 
the normal group. Compared with the normal group, the Akt 

phosphorylation level was decreased and the p65 phosphoryla‑
tion level was increased in the AOPPs‑ or RSA‑treated groups. 
Compared with the AOPPs‑treated group, Akt and p65 phos‑
phorylation levels in RSA‑treated group were slightly higher. 
In conclusion, AOPPs trigger apoptosis and inhibit the EMT 
of rat crypt epithelial cells, which may be associated with the 
inhibition of Akt phosphorylation and the promotion of p65 
phosphorylation.

Introduction

Advanced oxidation protein products (AOPPs) are uremic 
toxins created during oxidative stress through the reaction of 
plasma proteins with chlorinated oxidant. The AOPPs were 
found in the plasma of patients with chronic renal failure 
in 1996 by Witko‑Sarsa et al (1). AOPPs may serve as a novel 
marker of oxidative stress in uremia and postmenopausal 
osteoporosis (2). It was reported that AOPPs may induce 
the respiratory burst of neutrophils and monocytes, and 
the damage of monocytes to produce cytokines and endo‑
thelial cells, which is associated with disorders of immune 
function and atherosclerosis in patients with chronic renal 
failure (3‑7).

Inflammatory bowel disease (IBD) is a common gastroin‑
testinal disease, which is difficult to treat. The intestinal tract in 
a chronic inflammatory state often leads to intestinal epithelial 
damage, which affects the quality of life of patients (8). The 
serum level of AOPPs was markedly increased in patients with 
IBD (9). AOPPs have been reported to deposit in the intestinal 
lesions of patients with IBD and to promote the synthesis of 
type I collagen in intestinal epithelial cells (10). These studies 
suggest a correlation between AOPPs and intestinal epithelial 
lesions. However, in‑depth studies regarding this are lacking.

Crypt epithelial cells in the intestinal tract have a high 
potential to proliferate and differentiate, and serve a major role 
in repairing the intestinal epithelium (11). In the present study, 
a sodium hypochlorite modified method was used to produce 
oxidized rat serum albumin (RSA) (12), which mimicked the 
effects of AOPPs. The present study aimed to investigate the 
effects of AOPPs on apoptosis and epithelial mesenchymal 
transition (EMT) in rat crypt epithelial cells. Additionally, the 
potential signaling pathways were determined.
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Materials and methods

Preparation of AOPPs. AOPPs were prepared as previously 
described (12,13). In brief, 100 mg RSA (EY‑D0667; Yiyan 
Biological Technology) was dissolved in 5 ml sterile water, 
with 73.1 µl 10% sodium hypochlorite under stirring condi‑
tions at room temperature for 30 min, and dialyzed at 4˚C in 
PBS for 24 h. The dialysate was changed every two hours, 
filtered and sterilized, and kept at ‑20˚C for use. RSA without 
sodium hypochlorite modification was weighed and dissolved 
in 5 ml sterile water, filtered and sterilized, and stored at ‑20˚C 
as a control.

Treatment with AOPPs and determination of apoptosis. 
Crypt epithelial IEC‑6 cells were obtained from Bena 
BIOTECH (bncc338482) and cultured in Dulbecco's modi‑
fied Eagle's medium supplemented with 10% FBS (HyClone; 
GE Healthcare Life Sciences) in a 37˚C incubator with 5% CO2.

The optimal concentrations of AOPPs were selected based 
on the aforementioned experiments. IEC‑6 cells were divided 
into three groups: Normal control, AOPPs and RSA groups. 
Three groups of cells were collected after 2 h of treatment, 
and the phosphorylation level of p65 in Akt and NF‑κB was 
detected by western blotting. After 72 h of treatment, the cells 
were collected and the apoptotic rate was detected by flow 
cytometry. The expression of E‑cadherin, fibronectin, snail, 
slug and collagen I associated with EMT was detected by 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) and western blotting.

The cells in the exponential growth phases were cultured in 
a six‑well plate. Following treatment with different concentra‑
tions of AOPPs (100, 200 or 400 µg/ml) or RSA (100, 200 or 
400 µg/ml) for 48 or 72 h, the cells were collected. The apoptotic 
rate was determined by flow cytometry using Annexin V‑APC 
and 7‑aminoactinomycin D (7‑AAD). The supernatant was 
discarded, and the cells were washed twice with 1 ml PBS 
for each well. A total of 200 µl trypsin with EDTA was added 
into each well in a 37˚C incubator for digestion. The cells were 
collected following centrifugation (2,000 x g for 3 min at room 
temperature). A total of 3 µl Annexin V‑APC and 5 µl 7‑AAD 
were added to each tube respectively and incubated at room 
temperature in the dark for 10 min. Subsequently, the apoptotic 
rate was detected using a flow cytometer.

RT‑qPCR. Total RNA was extracted from each group of cells 
using an Ultrapure RNA Extract kit (CW0581M; CWBio). 
After RNA was extracted, cDNA was synthesized according 
to the reverse transcription kit (CW2569M; CWBio). cDNA 
was used as a template and detected on the fluorescence 
quantitative PCR using UltraSYBR Mixture (CW0957M; 
CWBio). The thermocycling conditions were as follows: Initial 
denaturation at 95°C for 10 min, followed by 40 cycles of PCR 
at 95°C for 10 sec, 60°C for 30 sec and 72°C for 30 sec. The 
expression levels of E‑cadherin, fibronectin, snail, slug and 
collagen were detected by qPCR in each group, which were 
normalized to GAPDH, as previously described (14) using the 
the 2‑ΔΔCq method (15). The primers are listed in Table I.

Western blotting. Protein was extracted using RIPA buffer 
(89901; Thermo Fisher Scientific, Inc.) and the concentration 

was determined using the bicinchoninic acid method 
(CW0014S; CWBio). The proteins were denatured at 100˚C. A 
total of 20 µg protein in each group was run on 10% sodium 
dodecyl sulfate‑polyacrylamide gels and transferred onto nitro‑
cellulose membranes. The membranes were then blocked with 
5% skimmed milk for 30 min at room temperature, followed 
by an incubation with the primary antibodies at 4˚C overnight. 
The primary antibodies used were against anti‑E‑cadherin 
(1:500; AF0131; Affinity Biosciences), anti‑Fibronectin 
(1:1,000; ab32419; Abcam), anti‑Snail (1:500; AF603; Affinity 
Biosciences), anti‑Slug (1:500; AF4002; Affinity Biosciences), 
anti‑Collagen I (1:500; AF7001; Affinity Biosciences), 
anti‑pan‑Akt (1:500; ab8805; Abcam), anti‑NF‑κB p65 
(1:1,000; bs‑0465R; BIOSS), anti‑phospho‑NF‑κB p65 (1:500; 
AF2006; Affinity) and anti‑phospho‑Akt (1:500; bs‑2720R; 
BIOSS). Subsequently, the membrane was incubated with 
a horseradish peroxidase (HRP)‑labeled goat anti‑rabbit 
IgG secondary antibody (cat. no. 65‑6120; Thermo Fisher 
Scientific, Inc.) and a HRP‑labeled goat anti‑mouse IgG 
secondary antibody (cat. no. 31430; Thermo Fisher Scientific, 
Inc.) at room temperature for 1‑2 h. Enhanced chemilumines‑
cence solution (cat. no. SW2010‑1; Beijing Solarbio Science 
& Technology Co., Ltd.) was added to the membrane and 
exposed in the gel imaging system. The gray values of anti‑
body bands were analyzed by ‘Quantity one’ software v4.6 
(Bio‑Rad Laboratories, Inc.).

Statistical analysis. All data were statistically analyzed using 
SPSS 19.0 (IBM Corp.) and significant differences were deter‑
mined by one‑way analysis of variance, followed by Tukey's 
post hoc tests. P<0.05 was considered to indicate a statistically 
significant difference.

Results

AOPPs promotes the apoptosis of IEC‑6 cells. The apoptotic 
rates of IEC‑6 cells following treatment with AOPPs or RSA 
for 48 and 72 h are shown in Fig. 1. The apoptotic rate of 
IEC‑6 cells treated with AOPPs increased with the increased 
concentration of AOPPs for 48 h (from 8.5‑12.9%), while treat‑
ment with similar concentrations of RSA for 48 h did not cause 
apoptosis in IEC‑6 cells (from 6.5 to 8.1%; Fig. 1A and C). By 
contrast, treatment with 400 µg/ml AOPPs or RSA for 72 h 
significantly induced apoptosis in IEC‑6 cells (compared with 
the normal group, P<0.05). Furthermore, the apoptotic rate in 
the AOPPs treatment group was higher than that in the RSA 
treatment group (P<0.05; Fig. 1B and D).

AOPPs inhibits the EMT of rat crypt epithelial cells. 
EMT‑related protein expression was detected in rat crypt 
epithelial cells treated with AOPPs and RSA for 72 h. The 
protein expression of fibronectin, snail and slug in the AOPPs 
group was lower than that in the control and RSA groups, while 
the expression of E‑cadherin was promoted by treatment with 
AOPPs (vs. normal, P<0.05; Fig. 2A and B). Collagen I was 
not significantly different among the groups (Fig. 2A and B). 
The mRNA expression of fibronectin, snail, slug, E‑cadherin 
and Collagen I was also detected (Fig. 2C). Consistent with 
the protein expression results, AOPPs decreased slug expres‑
sion and promoted E‑cadherin expression, compared with the 
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Figure 1. AOPPs promoted the apoptosis of IEC‑6 cells. (A) IEC‑6 cells were treated with AOPPs or RSA for 48 h; representative images of flow cytometry. 
(B) IEC‑6 cells were treated with AOPPs or RSA for 72 h; representative images of flow cytometry. (C) Quantitative data of the apoptotic rate in IEC‑6 cells 
treated with AOPPs or RSA for 48 h. (D) Quantitative data of the apoptotic rate in IEC‑6 cells treated with AOPPs or RSA for 72 h. *P<0.05 vs. control; #P<0.05 
vs. RSA. AOPPs, RSA.

Table I. Primer sequences of the genes.

  Primer length, Product length, Annealing temperature,
Gene Primer sequence (5'‑3') bp bp ˚C

E‑cadherin forward FACTCTTCTCCTGGTCCTGTCA 21 240 58.4
E‑cadherin reverse CTCTAAGTCCTTTCTTGGTTGC 22
Fibronectin forward CTATTTACCAACCCCAGACCC 21 87 58.6
Fibronectin reverse GCATTCCCACAGAGTAGACCA 21
Snail forward ATGAGGACAGTGGCAAAAGC 20 113 56.9
Snail reverse CGGGAAGGCAATGAAGG 17
Slug forward CAACTACAGCGAACTGGACAC 21 207 58.2
Slug reverse ACACGCCCCAAAGATGAG 18
Collagen I forward GCCTGAGCCAGCAGATTGA 19 258 58.9
Collagen I reverse GCTTCTTCTCCTTGGGGTTT 20
GAPDH forward CAACGGGAAACCCATCACCA 20 96 62
GAPDH reverse ACGCCAGTAGACTCCACGACAT 20
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control groups. By contrast, AOPPs did not affect fibronectin 
and snail expression. RSA treatment promoted E‑cadherin, 
fibronectin and snail expression, but decreased slug and 
collagen I expression (Fig. 2C).

AOPPs decreases the phosphorylation of Akt and promotes 
the phosphorylation of P65. The phosphorylation of Akt and 
NF‑κB levels was detected. Compared with the control group, 
Akt phosphorylation levels in the AOPPs‑ and RSA‑treated 

groups was decreased, while NF‑p65κB phosphorylation was 
increased (vs. normal, P<0.05). Akt and p65 phosphorylation 
in the RSA treatment group was slightly higher than that in the 
AOPPs treatment group (Fig. 3).

Discussion

The results of the present study suggested that AOPPs 
promoted apoptosis and prohibited EMT in crypt epithelial 

Figure 3. AOPPs reduced phosphorylation of Akt and promoted the phosphorylation of P65. *P<0.05 vs. control; #P<0.05 vs. AOPPs. AOPPs.

Figure 2. AOPPs inhibited the EMT of rat crypt epithelial cells. (A) EMT‑related protein expression; representative blots of the related proteins. (B) Quantitative 
data of the related protein expression. (C) EMT‑related gene expression at mRNA level. *P<0.05 vs. control; #P<0.05 vs. AOPPs. AOPPs; EMT, epithe‑
lial‑mesenchymal transition.
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cells. Furthermore, it was demonstrated that AOPPs likely 
exhibited these functions through the Akt and NF‑κB signaling 
pathways. The present study reported novel effects of AOPPs 
on the biological activities of crypt epithelial cells.

It has been reported that AOPPs may increase reactive 
oxygen species (ROS) production in IEC‑6 cells, activate 
the c‑JNK signaling pathway, and induce apoptosis in IEC‑6 
cells (16). The results of the present study suggested that the 
apoptotic rate of IEC‑6 cells treated with AOPPs increased with 
the increasing concentration of AOPPs over a 48 h period. By 
contrast, similar concentrations of RSA treated for 48 h did not 
cause apoptosis in IEC‑6 cells. Moreover, the apoptotic rate of 
AOPPs‑ or RSA‑treated cells at 72 h increased compared with 
that of 48 h, and the apoptotic rate of the AOPPs treatment 
group was higher than that of RSA treatment group. It can be 
inferred that AOPPs deposited in intestinal lesions may inhibit 
the recovery of intestinal epithelial cells, and serum albumin 
alone may promote the apoptosis of intestinal epithelial 
cells under the conditions of IBD and other diseases (17,18). 
Therefore, it can be concluded that the common symptoms of 
IBD, intestinal hemorrhage, may worsen the disease.

AOPPs may activate the TGF‑β/Smad signaling pathway 
by inducing ROS, which leads to the upregulation of EMT in 
liver cells (19). It has also been found that AOPPs may upregu‑
late the inflammatory response of osteoblast‑like cells and 
activate the NF‑κB signaling pathway, in order to inhibit the 
proliferation and differentiation of osteoblast‑like cells (20). 
The phosphatidylinositol‑3‑kinase (PI3K)/Akt signaling 
pathway is one of the main pathways regulating cell prolif‑
eration and apoptosis (21), and Akt phosphorylation level is a 
key indicator reflecting the activity of the PI3K/Akt signaling 
pathway (22,23). NF‑κB is composed of P50 and p65 proteins, 
and p65 phosphorylation level is a key index reflecting the 
activity of the NF‑κB signaling pathway (24,25). The present 
study reported that the Akt phosphorylation level decreased 
and the p65 phosphorylation level increased in AOPPs‑ or 
RSA‑treated cells, which corresponded with the increase in 
the apoptotic rate. However, although the apoptotic rate of cells 
in the RSA treatment group was lower, the phosphorylation 
level of p65 was higher than that in AOPPs treatment group, 
which suggested that RSA may activate the inflammatory 
response associated with the NF‑κB signal pathway of intes‑
tinal epithelial cells, and the apoptosis of intestinal epithelial 
cells induced by AOPPs was not only controlled by the NF‑κB 
signaling pathway.

EMT refers to the process through which epithelial cells 
change into mesenchymal cells. The mesenchymal cells 
produced by EMT are mainly fibroblasts; therefore, EMT is an 
important mechanism leading to tissue fibrosis (26,27). In the 
present study, the effects of AOPPs on the EMT of intestinal 
epithelial cells were analyzed by detecting the expression of 
E‑cadherin, fibronectin, snail, slug and collagen I (28,29). The 
results of the present study suggested that the expression of 
E‑cadherin in IEC‑6 cells treated with AOPPs was higher, 
while fibronectin was lower than that in the control group. 
These data indicated that AOPPs decreased the EMT of 
IEC‑6 cells. In addition, transcription factors promoting EMT 
phenotype transformation, including snail and slug, were also 
lower in APPPs‑treated cells. These results further suggested 
that AOPPs prohibited EMT, unlike RSA. The present study 

reported that the mRNA expression of EMT‑related genes 
was inconsistent with the protein expression. These data 
suggested that AOPPs regulated the EMT at the translation 
level. Considering that the fibrosis of skin tissue will form 
scars, which is helpful for skin healing and has a certain 
protective effect, the inhibition of EMT of intestinal epithelial 
cells by AOPPs may be one of the reasons for IBD intestinal 
bleeding (30).

In conclusion, AOPPs promote apoptosis and inhibit the 
EMT of rat crypt epithelial cells, which may be associated 
with the inhibition of Akt phosphorylation and the promotion 
of p65 phosphorylation.
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