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ABSTRACT

Intestinal epithelial cell (IEC) cycle arrest has recently been found to be involved in the pathogenesis of Crohn's
disease (CD). However, the mechanism underlying the regulation of this form of cell cycle arrest, remains un-
clear. Here, we investigated the roles that advanced oxidation protein products (AOPPs) may play in regulating
IEC cycle arrest. Plasma AOPPs levels and IEC cycle distributions were evaluated in 12 patients with CD.
Molecular changes in various cyclins, cyclin-dependent kinases (CDKs), and other regulatory molecules were
examined in cultured immortalized rat intestinal epithelial (IEC-6) cells after treatment with AOPPs. The in vivo
effects exerted by AOPPs were evaluated using a normal C57BL/6 mouse model with an acute AOPPs challenge.
Interestingly, plasma AOPPs levels were elevated in active CD patients and correlated with IEC G1 phase arrest.
In addition, IEC treatment with AOPPs markedly reduced the expression of cyclin E and CDK2, thus sensitizing
epithelial cells to cell cycle arrest both in vitro and in vivo. Importantly, we found that AOPPs induced IEC G1
phase arrest by modulating two membrane receptors, RAGE and CD36. Furthermore, phosphorylation of c-jun N-
terminal kinase (JNK) and the expression of p27kipl in AOPPs-treated cells were subsequently increased and
thus affected cell cycle progression. Our findings reveal that AOPPs influence IEC cycle progression by reducing
cyclin E and CDK2 expression through RAGE/CD36-depedent JNK/p27kip1 signaling. Consequently, AOPPs may

represent a potential therapeutic molecule. Targeting AOPPs may offer a novel approach to managing CD.

1. Introduction

Crohn's disease (CD) is a relapsing inflammatory disease of the
gastrointestinal tract [1]. Throughout the pathogenesis of CD, intestinal
epithelial cells (IEC) remain the main targets of various pro-in-
flammatory factors [2,3]. IEC dysfunction has been reported to result in
increased intestinal permeability and excessive translocation of com-
mensal bacteria into the lamina propria, thus contributing to chronic
mucosal inflammation in CD [4,5]. IEC cycle arrest, and cell death, are
hallmarks of intestinal mucosal inflammation and have been recognized
as both initiating and aggravating factors in the pathogenesis of CD
[6,7]. However, the regulation of epithelial cell cycle arrest remains
poorly understood.

Cell cycle arrest is a complex process, often triggered by various
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stimuli in a variety of pathophysiological conditions [8,9]. In recent
studies, oxidative stress has been verified as one of the stimuli that
induces cell cycle arrest in the setting of various disease processes
[10,11]. Advanced oxidation protein products (AOPPs), novel protein
markers of oxidant-mediated protein damage, have been found to
participate in a variety of pathological changes, including the induction
of cell death [12], endothelial cell perturbation [13], and the formation
of atherosclerosis [14]. Importantly, the accumulation of AOPPs has
been reported to contribute substantially to cell cycle arrest [15]. Our
previous study confirmed that AOPPs induce S-phase arrest in hepato-
cytes and thus impair liver regeneration [16].

Recent studies have highlighted important roles for cyclin-depen-
dent kinase inhibitors (CKIs) in regulating the epithelial cell cycle
during inflammation [17]. The overexpression of CKIs, which regulate
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Fig. 1. Accumulation of AOPPs in plasma correlated with cell cycle arrest in CD patients. (a) The relative plasma concentration of rAOPPs in controls (n = 12)
and CD patients (n = 12). Plasma AOPPs were increased in CD patients compared to healthy subjects. (b) Bar graphs representing flow cytometry results showing G1
phase arrest in CD patients (n = 3) when compared with healthy controls (n = 3). (c-e) Images representative of immunohistochemical staining revealed the
expression of cyclin E, CDK2 and p27kip1 in intestinal tissues from 12 healthy subjects and 12 CD patients. Scale bar, 20 pm. Data for the accompanying graphs were
generated from immunoreactive scores (IRS). Overall, these results show a reduction of cyclin E (c) and CDK2 (d) with an induction in p27kipl (e). Data are
represented as IRS of cyclin E, CDK2 and p27kip1 in controls and CD patients. (f, g) Pearson correlation and linear analysis showing that the accumulation of AOPPs
was negatively associated with cyclin E and CDK2 expression in tissues from CD patients (R = —0.661, P = 0.19; R = —0.683, P = 0.14). (h) Pearson correlation
and linear analysis showing that the increased expression of p27kipl was positively associated with AOPPs levels (R = 0.724, P = 0.008). **P < 0.01 versus
controls. CD, Crohn's disease; rAOPPs, relative AOPPs.
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the cell cycle by binding to and inactivating a number of cyclin-CDK
complexes, results in IEC cycle arrest [18]. One member of the CKI
family, p27kip1, is well known to be a negative regulator of G1 pro-
gression [19]. AOPPs were previously reported to induce the over-ex-
pression of p27kipl and cause Gl phase arrest in human proximal
tubular cells [15]. However, the epithelial cell activity of p27kip1 in the
setting of chronic inflammatory conditions, such as CD, has not been
studied extensively.

Our previous studies found plasma AOPPs to be elevated in CD
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Fig. 2. AOPPs treatment induced G1 phase arrest in IEC-6 cells in a con-
centration- and time-dependent manner. IEC-6 cells were treated with control
medium, RSA (50 pg/ml), or the indicated concentration of AOPPs for 24 h (a,
d, f) or 200 pg/ml of AOPPs at the indicated times (b, e, g), or 200 pg/ml of
AOPPs for 24 h (c). Cell cycle distributions were determined by quantitative
fluorescence-activated cell sorting (FACS) (a, b). Flow cytometry revealed that a
challenge with AOPPs increased the percentage of cells arrested in G1 in a dose-
and time-dependent manner. Quantitative analyses of FACS data represent the
percentage of G1 phase cells. (c¢) Immunofluorescence staining for cyclin E and
CDK2 revealed that stimulation with AOPPs resulted in a significant reduction
of cyclin E and CDK2 in IEC-6 cells. Scale bar, 20 um. (d, e) Representative
Western blotting and bar graphs depicting densitometry quantification showing
a reduction of cyclin E and CDK2 protein expression in IEC-6 cells after AOPPs
treatment. (f, g) mRNA expression of cyclin E and CDK2 was determined by
qPCR. Bar graphs showing qPCR results revealed that AOPPs treatment reduced
cyclin E and CDK2 gene expression. Relative protein and mRNA levels of cyclin
E and CDK2 were normalized with GAPDH, respectively. Data are presented as
mean * SD from three independent experiments; error bars indicate SD.
*P < 0.05 and **P < 0.01 vs control. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; qPCR, quantitative real-time polymerase chain reaction.

patients and deposited in intestinal tissues; AOPPs accumulation re-
sulted in IEC depletion and promoted epithelial-mesenchymal transi-
tion (EMT) via NADPH oxidase activation and the generation of re-
active oxygen species (ROS) [20,21]. In addition, AOPPs reduced the
expression of calcium transport channels in the intestinal epithelium,
resulting in inflammatory bowel disease-associated osteoporosis [22].
These findings led us to address the question of whether AOPPs induce
IEC cycle arrest, thereby initiating and exacerbating inflammatory in-
jury. In the present study, our findings reveal that AOPPs exhibit their
negative regulatory function upon IEC cycle progression by activating
the RAGE/CD36-c-jun N-terminal kinase (JNK)-p27kipl signaling
pathway, thus implicating AOPPs as key players in the pathogenesis of
CD.

2. Results

2.1. Plasma AOPPs accumulate in active CD and correlate with IEC G1
phase arrest

To investigate the potential role of AOPPs in IEC cycle arrest, we
evaluated the plasma AOPPs concentrations of 12 active CD patients
and 12 healthy subjects. Flow cytometry was used to measure the cell
cycle distribution of IEC in surgically resected tissues. In comparison
with healthy subjects, plasma AOPPs levels were increased in active CD
patients (p < 0.01; Fig. 1a). In addition, intestinal epithelial cell G1
phase arrest was quite marked in CD patients (p < 0.01; Fig. 1b). To
further clarify the relationship between AOPPs and the IEC cycle, we
evaluated the expression of G1 phase-associated proteins and cyclin-
dependent kinases (CDK) including cyclin E, cyclin D, CDK2, CDK4, and
CDKG® in intestinal tissues. As shown in Fig. 1c and d, staining revealed
high concentrations of cyclin E and CDK2 in normal tissues while re-
vealing low concentrations in CD-affected tissues. Staining for cyclin D,
CDK4, and CDK6 did not differ significantly between the two tissue
groups (data not shown). Immunoreactive score analysis further re-
vealed that the intensities of cyclin E and CDK2 in CD tissues were
weaker than in normal tissues (p < 0.01). In contrast, CD tissues
showed significantly stronger p27kipl staining than tissues from
healthy subjects (p < 0.01; Fig. 1le). Pearson correlation and linear
regression analyses additionally revealed that AOPPs accumulation was
negatively correlated with cyclin E and CDK2 expression in CD tissues
(Fig. 1f and g), while high expression of p27kipl was strongly and
positively correlated with increased AOPPs levels (R = 0.724,
p = 0.008; Fig. 1h). These findings suggested that the accumulation of
AOPPs was associated with IEC G1 phase arrest in CD patients.
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Fig. 3. AOPPs-enhanced p27kip1 expression in IEC-6 cells. IEC-6 cells were treated with control medium, RSA (50 pg/ml), or 200 ug/ml of AOPPs for 24 h (a, f),
or the indicated concentration of AOPPs for 24 h (b, d) or 200 ug/ml of AOPPs for the indicated times (c, e). (a) Immunofluorescence staining for p27kip1 revealed
that AOPPs stimulation enhanced the expression of p27kipl in IEC-6 cells. Scale bar, 20 um. (b, c¢) Representative Western blotting and bar graphs depicting
densitometry quantification and showing augmentation of p27kipl in IEC-6 cells after AOPPs treatment. (d, €) mRNA expression of p27kipl was determined by
qPCR. Bar graphs showing qPCR results revealed that AOPPs treatment increased p27kipl gene expression in a dose- and time-dependent manner. Relative protein
and mRNA levels were normalized with GAPDH, respectively. (f) Results of co-immunoprecipitation analysis revealed that AOPPs treatment enhanced the binding of

p27kip1 to cyclin E-CDK2 complexes in IEC-6 cells. Data are presented as mean

**pP < 0.01 versus control.

SD from three independent experiments; error bars indicate SD. *P < 0.05 and

2.2. AOPPs induce G1 phase arrest in IEC-6 cells

Based on the findings mentioned above, we next used normal rat
IEC-6 cells as an in vitro model to investigate whether the accumulation
of AOPPs directly regulates the IEC cycle. We studied the cell cycle
distribution of IEC-6 cells by quantitative fluorescence-activated cell
sorting (FACS) analysis. Treatment of cells with AOPPs increased the
proportion of IEC-6 cells arrested in G1 phase in a concentration- and
time-dependent manner (Fig. 2a and b). We further studied the ex-
pression of cyclins and CDK proteins related to G1 phase arrest using
immunofluorescence, Western blotting, and quantitative real-time
polymerase chain reaction (RT-qPCR) analyses. Immunofluorescence
confirmed that treatment with AOPPs significantly reduced cyclin E and
CDK2 expression (Fig. 2c). Similarly, exposure of IEC-6 cells to AOPPs
led to the downregulation of cyclin E and CDK2 expression at both
protein (Fig. 2d and e) and gene (Fig. 2g and h) levels. Cyclin D, CDK4,
and CDK6 expression was unaffected by AOPPs treatment
(Supplementary Fig. 1a and b). We thus concluded that AOPPs act to
promote G1 phase arrest via cyclin E and CDK2 suppression in IEC-
6 cells.

2.3. AOPPs induce G1 phase arrest in IEC-6 cells via p27kip1 regulation

p27kipl is a critical modulator of G1 progression and interacts with
and inhibits a number of cyclin-CDK complexes [19]. We studied
p27kipl levels and the interaction of p27kipl with cyclin-CDK com-
plexes in AOPPs-treated IEC-6 cells. As shown in Fig. 3a-e, AOPPs
treatment significantly induced dose- and time-dependent increases in
p27kipl, while unmodified RSA had no such effect. Fig. 3f shows how
the incubation of IEC-6 cells with AOPPs induced more binding of
p27kipl to cyclin E-CDK2 complexes when compared with cells cul-
tured in control medium, whereas the combination of p27kipl with
cyclin D-CDK4/6 complexes did not increase (Supplementary Fig. 1c).
To evaluate whether the expression of p27kip1 is required for AOPPs to
suppress cell cycle progression in IEC-6 cells, we silenced p27kip1 using
small interfering RNA (siRNA) transfection before exposing cells to
AOPPs. The silencing efficiency was then verified by Western blotting.
The transfection of siRNA resulted in a 73% reduction of protein ex-
pression (Supplementary Fig. 2a). As expected, p27kipl siRNA trans-
fection significantly alleviated AOPPs-induced G1 phase arrest
(p < 0.01; Fig. 4a), the inhibition of cyclin E and CDK2 (Fig. 4b-d), as
well as the interaction of p27kip1 with cyclin E-CDK2 complexes in IEC-
6 cells (Fig. 4e). These results suggested that p27kipl plays a critical
role in AOPPs-induced G1 phase arrest in IEC-6 cells.

2.4. AOPPs induce G1 phase arrest in IEC-6 cells via the activation of JNK

Previous research has demonstrated that the activation of in-
tracellular mitogen-associated protein kinases (MAPKs), including JNK,
extracellular signal-regulating kinases 1/2 (ERK1/2 or p44/42 MAPK),
and p38 MAPK, regulates cellular responses to stress and affects cell
growth and death processes [23]. To determine whether the MAPK
pathway is involved in AOPPs-induced G1 phase arrest, we evaluated
MAPK activity in IEC-6 cell cultures treated with AOPPs. Our findings
revealed that JNK (Fig. 5a), ERK1/2 and p38 MAPK (Supplementary
Fig. 3a) phosphorylation markedly increased from 30 to 120 min after

AOPPs treatment (p < 0.01). To further evaluate the role of the MAPK
pathway in G1 phase arrest, IEC-6 cell cultures were incubated with a
JNK inhibitor (SP600125), a MEK1/2 inhibitor (U0126) and a
P38 MAPK inhibitor (SB203580), respectively, prior to AOPPs treat-
ment. Our findings revealed that the AOPPs-induced G1 phase arrest in
IEC-6 cells was ameliorated by the JNK inhibitor (p < 0.01; Fig. 5b),
but not by MEK1/2 and p38 MAPK inhibitors (Supplementary Fig. 3b).
We subsequently confirmed that the JNK inhibitor restored AOPPs-in-
duced expression changes in cyclin E, CDK2, and p27kip1 (Fig. 5c-€). In
addition, the increased binding of p27kip1 to cyclin E-CDK2 complexes
in AOPPs-treated IEC-6 cells was attenuated by the JNK inhibitor
(Fig. 5f), suggesting that the AOPPs-induced G1 phase arrest in IEC-
6 cells is mediated by JNK activation.

2.5. AOPPs enhance the expression of RAGE and CD36 in IEC-6 cells

It has previously been reported that cell membrane receptors, in-
cluding RAGE and CD36, are involved in a variety of intestinal in-
flammatory responses [24-26]. RAGE and CD36 are also known to be
responsible for AOPPs-triggered cellular responses to oxidative stress
[13,27,28]. As shown in Fig. 6a, AOPPs enhanced the expression of
RAGE and CD36 in IEC-6 cells. Moreover, AOPPs challenge significantly
augmented RAGE and CD36 expression in cultured IEC-6 cells at both
the protein and mRNA levels in a dose- and time-dependent manner
(Fig. 6b—i). We further evaluated whether AOPPs interact with RAGE or
CD36 in IEC-6 cells by using a co-immunoprecipitation assay. Fig. 6j
and k show that AOPPs were detected by an anti-AOPPs antibody in
anti-RAGE and anti-CD36 immunoprecipitates from AOQOPPs-treated
cells, but not in control cells. These findings therefore revealed that
AOPPs increase the expression of RAGE and CD36, as well as the in-
teraction of AOPPs with these two membrane receptors.

2.6. The AOPPs-induced G1 phase arrest in IEC-6 cells is mediated by
RAGE and CD36

To confirm the role of RAGE and CD36 in AOPPs-induced IEC-6 G1
phase arrest, we pre-incubated cells with RAGE- and CD36-specific
siRNA respectively prior to AOPPs exposure. The efficiency of each
siRNA was demonstrated by Western blotting. Transfection of siRNA
resulted in a ~71.5% and ~72.0% reduction of protein expression,
respectively (Supplementary Fig. 2b). As shown in Fig. 7a, both siRNAs
significantly inhibited AOPPs-induced G1 phase arrest (p < 0.01). Si-
milarly, the AOPPs-induced activation of JNK was clearly inhibited by
RAGE and CD36 siRNA (p < 0.01; Fig. 7b). Furthermore, knocking
down endogenous RAGE and CD36 expression restored the AOPPs-in-
duced reduction of cyclin E and CDK2 and overexpression of p27kipl
(Fig. 7c and d), as well as the interaction of p27kipl with cyclin E-CDK2
complexes (Fig. 7e). These findings confirm that RAGE and CD36 are
crucial mediators of AOPPs-induced IEC-6 G1 phase arrest.

2.7. Effects of an acute AOPPs challenge upon IEC G1 phase arrest in mice

To examine whether the effects we observed in vitro also occur in
vivo, we treated normal male C57BL/6 mice with a daily intraperitoneal
injection containing AOPPs for 5 days. Flow cytometry analysis re-
vealed primary IEC G1 phase arrest to be significantly increased in
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Fig. 4. AOPPs-induced G1 phase arrest in IEC-6 cells via p27kip1 regulation. IEC-6 cells were transfected with p27kip1 siRNA for 48 h and then incubated with
200 pg/ml of AOPPs for 24 h. (a) Flow cytometry results revealed that p27kipl siRNA attenuated the effects of AOPPs-induced G1 phase arrest in IEC-6 cells.
Quantitative analyses of FACS data represent G1 phase cell percentages. (b) Immunofluorescence staining for cyclin E and CDK2 revealed that p27kipl siRNA
enhanced the expression of cyclin E and CDK2 in AOPPs-treated cells. Scale bar, 20 um. (c) Representative Western blotting and bar graphs depicting densitometry
quantification and showing that AOPPs-induced reduction of cyclin E and CDK2 protein expression were reversed by p27kipl siRNA transfection. (d) Bar graph
representing qPCR results illustrating that p27kip1 siRNA enhanced cyclin E and CDK2 mRNA expression in AOPPs-treated cells. Relative protein and mRNA levels
were normalized with GAPDH, respectively. (e) Results of co-immunoprecipitation analysis showing that p27kip1 siRNA transfection significantly alleviated AOPPs-
induced interaction of p27kipl with cyclin E-CDK2 complexes in IEC-6 cells. Data are presented as mean = SD from three independent experiments; error bars
indicate SD. *P < 0.05 and **P < 0.01 vs control; #P < 0.05 and ##P < 0.01 versus AOPPs-treated cells. siRNA, small interfering RNA; NC siRNA, Negative
Control siRNA; + NC siRNA, AOPPs plus NC siRNA treatment; +p27 siRNA (1), AOPPs plus p27 siRNA (1) treatment.

AOPPs-treated mice when compared with mice administered with a
vehicle (phosphate-buffered saline [PBS]) (p < 0.01; Fig. 8a). As illu-
strated in Fig. 8b and c, the expression of cyclin E and CDK2, at both the
mRNA and protein levels, was reduced after AOPPs treatment in mice
(p < 0.01). Immunohistochemistry further confirmed weakly positive
staining of cyclin E and CDK2 in AOPPs-challenged mice (Fig. 8d).
These data suggest that AOPPs trigger IEC G1 phase arrest in vivo.

2.8. AOPPs induce IEC G1 phase arrest in mice via the RAGE/CD36-JNK-
p27kip1 pathway

Finally, we investigated the effects of AOPPs upon activation of the
RAGE/CD36-JNK-p27kipl pathway in mice. Compared with vehicle-
treated mice, RAGE and CD36 expression, activation of JNK, p27kipl
expression, and binding of p27kip1 to cyclin E-CDK2 complexes, were
significantly enhanced in AOPPs-challenged mice (Fig. 9a-h). To fur-
ther clarify the role of the RAGE/CD36-JNK-p27kipl pathway in
AOPPs-induced IEC G1 phase arrest in vivo, we treated mice with AOPPs
in addition to RAGE, CD36, and p27kipl siRNA, respectively. The ef-
ficiency of each siRNA was confirmed by Western blotting. Transfection
of siRNA resulted in a marked reduction of protein expression
(Supplementary Fig. S4). As shown in Fig. 8a-d, the knock-down of
RAGE, CD36, and p27kip1 attenuated AOPPs-induced primary IEC G1
phase arrest and the inhibition of cyclin E and CDK2 in mice. We also
found that the blockade of RAGE and CD36 significantly reversed the
AOPPs-induced activation of JNK and the overexpression of p27kip1, as
well as the interaction of p27kipl with cyclin E-CDK2 complexes
(Fig. 9d-h). Collectively, these results indicate that AOPPs induce in
vivo IEC Gl phase arrest in a RAGE/CD36-JNK-p27kipl-dependent
manner.

3. Discussion

The etiology of CD is associated with excessive mucosal damage
caused by specific intestinal antigens, as well as chronic mucosal in-
flammation caused by commensal bacterial translocation into the la-
mina propria through impairments in the intestinal mucosa [29,30].
Intestinal healing after inflammatory attacks is important in the main-
tenance and recovery of intestinal mucosal integrity and intestinal
homeostasis [31,32]. IEC are the structural and functional base of the
intestinal mucosal barrier, and their cycle arrest and death are im-
plicated in both the initiation and progression of CD due to homeostatic
dysregulation [7,33]. We previously found that cell death plays a cru-
cial role in the pathogenesis of CD via a redox pathway. However, the
fundamental mechanisms of cell cycle arrest in IEC have not yet been
elucidated. Here, we found marked G1 phase arrest in CD intestinal
epithelium and determined that this correlated with the deposition of
AOPPs. We also provided in vivo and in vitro evidence that AOPPs in-
duced the occurrence of IEC Gl-phase arrest via a RAGE/CD36-JNK-
p27kipl pathway.

Our previous study demonstrated that the accumulation of AOPPs
induced excessive NADPH oxidase-dependent generation of in-
tracellular superoxide, which in turn activated cascades of signaling
events, triggered apoptosis, and resulted in EMT in IEC [20,21]. Despite
the fact that cell apoptosis and EMT are the direct consequences of

AOPPs treatment, how AOPPs transmit signals across the IEC plasma
membrane to initiate specific transduction pathways remains poorly
understood. Perhaps the primary reasons for this are that specific re-
ceptors for AOPPs are located on cell membranes. RAGE is a member of
the immunoglobulin superfamily and has been implicated in the
transduction of signals from multiple ligands, including advanced gly-
cation end products (AGEs) and AOPPs [34,35]. RAGE has been found
to play a key role in multiple epithelial dysfunctions via transport sig-
nals originating from the extracellular environment [36,37]. In this
study, we provided several lines of evidence demonstrating that the
AOPPs-induced IEC Gl-phase arrest is mainly mediated by RAGE.
Previous research also found that CD36, a transmembrane protein of
the class B scavenger receptor, is capable of binding AOPPs [38]. CD36
serves as an important receptor in transmitting signals from AOPPs
among various cell types, including cardiomyocytes and proximal
tubular epithelial cells [12,35]. Here, we verified that the knock-down
of CD36 partly attenuated AOPPs-induced IEC G1-phase arrest. To our
knowledge, this is the first study to identify the interaction of AOPPs
with RAGE and CD36 in IEC; our findings revealed that RAGE and CD36
receptors play crucial roles in AOPPs-mediated IEC G1-phase arrest.

MAPKs are important mediators playing a pivotal role in cellular
differentiation, proliferation, and survival, including the JNK, extra-
cellular signal-regulating kinasel/2 (ERK1/2 or p44/42 MAPK) and
p38 MAPK [39-42]. In the present study, we found enhanced levels of
JNK phosphorylation after treatment of IEC with AOPPs. Moreover, the
membrane receptors RAGE and CD36 have also been identified to be
upstream regulators of JNK signaling. Our findings were consistent with
previous reports of RAGE and CD36-triggered JNK/MAPK phosphor-
ylation in hepatocytes, cardiomyocytes and macrophages [43-46].
Moreover, JNK, but not ERK1/2 or p38 MAPK phosphorylation, has
been identified to play a role in IEC AOPPs-triggered G1 phase arrest in
this study, but whether there is a redox-dependent effect on JNK-
mediated G1 phase arrest should be further investigated. In our pre-
vious study, AOPPs induced the impairment of liver regeneration via S-
phase arrest in hepatocytes. In addition, we showed that AOPPs sti-
mulation triggered JNK phosphorylation. Further investigation re-
vealed that JNK signaling is not the key regulator in AOPPs-induced S-
phase arrest in hepatocytes [16]. Our observations suggest that the
effect of JNK phosphorylation in AOPPs-induced cell cycle arrest de-
pend upon the particular cell line.

Control of G1 to S phase transition in the cell cycle is crucial for the
regulation of cell proliferation [47]. Reports have shown that the ex-
pression of D-type cyclins and CDK4/6 activation occurs in early G1
phase [48]. However, it is not until near the end of G1, when cyclin E is
expressed and Cdk2 is activated [49]. Our studies have shown that
intracellular protein levels and kinase activities of the G1 phase, such as
cyclin E and CDK2, were reduced in IEC after treatment with AOPPs,
but cyclin D and CDK4/6 were not affected, thus suggesting disruption
of late G1 phase. p27kipl, a member of the Cip/Kip family of CDK
inhibitors, binds to a wide range of cyclin-CDK complexes, including
cyclin D-CDK4/6 and cyclin E-CDK2, which are active throughout G1
and S phases [18]. The effects of AOPPs upon cell cycle machinery
shows similarities with alterations observed during IFN-a-induced G1
phase arrest [50], including the upregulation of p27kipl protein.
AOPPs treatment, analogous to the effects of CRP and TGF-
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Fig. 5. AOPPs-induced G1 phase arrest in IEC-6 cells via
the activation of JNK. IEC-6 cells were treated with 200 pg/
ml of AOPPs for the time periods indicated (a) or pretreated
with a JNK inhibitor (SP600125), at 10 uM, for 1 h and then
incubated with 200 pg/ml of AOPPs for 24 h (b-e). (a)
Representative Western blotting and densitometry quantifi-
cation showing that AOPPs enhanced the phosphorylation of
JNK in IEC-6 cells in a time-dependent manner. (b) Flow
cytometry showing that the JNK inhibitor suppressed AOPPs-
induced G1 phase arrest in IEC-6 cells. Quantitative analyses
of FACS data represent Gl phase cell percentages. (c)
Immunofluorescence staining for cyclin E, CDK2 and p27kip1
revealed that a JNK inhibitor enhanced the expression of
cyclin E and CDK2 and weakened the expression of p27kipl
AOPPs-treated cells. Scale bar, 20 pym. (d) Representative
Western blotting and bar graphs depicting densitometry
quantification revealed that the AOPPs-induced reduction of
cyclin E and CDK2 and upregulation of p27kip1 could all be
blocked by a JNK inhibitor. (e) Bar graph showing the results
of qPCR assays for mRNA expression. The JNK inhibitor in-
creased cyclin E and CDK2 expression and decreased p27kip1
expression in IEC-6 cells after AOPPs treatment. Relative
protein and mRNA levels were normalized with GAPDH, re-
spectively. (f) Results of co-immunoprecipitation analysis
showing that the JNK inhibitor attenuated the AOPPs-in-
duced increased binding of p27kipl to cyclin E-CDK2 com-
plexes in IEC-6 cells. Data are presented as mean * SD from
three independent experiments; error bars indicate SD.
*P < 0.05and **P < 0.01 versus control; #P < 0.05 and
##P < 0.01 versus AOPPs-treated cells. JNK, c-jun N-term-
inal kinase. +SP600125, AOPPs plus an inhibitor of JNK
treatment.
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[19,51,52], resulted in the increased association of p27kipl protein
with cyclin E-CDK2 complexes, thereby inhibiting their activity. Despite
recent studies having demonstrated that the elevation of p27kipl di-
rectly inhibits the expression of cyclin D1 or the activity of cyclin D-
CDK4 complexes [53,54], our current results revealed that AOPPs did
not affect the combination of p27kipl with cyclin D-CDK4/6 com-
plexes. We propose that AOPPs induced IEC arrest late in the G1 phase

Redox Biology 25 (2019) 101196

Fig. 6. AOPPs treatment enhanced RAGE and CD36 expression in IEC-
6 cells. IEC-6 cells were incubated with 200 ug/ml of AOPPs for 12 h (a, j) or
60min (a, k), or the indicated concentrations of AOPPs for 12 h (b, f) or 60min
(d, h), or 200 pg/ml of AOPPs for the time periods otherwise indicated (c, e, g,
i). (a) Immunofluorescence staining for RAGE and CD36 revealed AOPPs sti-
mulation to have resulted in a significant induction of RAGE and CD36 in the
IEC-6 cell membrane. Scale bars, 20 um. (b-i) Representative Western blotting
and bar graphs representing mRNA levels and showing dose- and time-depen-
dent effects of AOPPs treatment on upregulating RAGE and CD36 expression.
Relative protein and mRNA levels were normalized with GAPDH, respectively.
(j, k) Co-immunoprecipitation of AOPPs and RAGE or CD36 in cultured IEC-
6 cells. The binding of AOPPs to RAGE or CD36 was analyzed by im-
munoprecipitation using anti-RAGE or anti-CD36 antibodies and was followed
by immunoblotting using an anti-AOPPs antibody. Data are presented as
mean * SD from three independent experiments; error bars indicate SD.
*P < 0.05and **P < 0.01 vs. control. RAGE, receptor for advanced glycation
end products; CD36, a scavenge receptor.

via p27kipl.

In addition, we found that the AOPPs-induced upregulation of p27
kip1 was associated with upstream JNK phosphorylation in IEC-6 cells.
Recent investigations have revealed that p27 kip1 is an important target
gene for MAPK signaling pathways, including MAPK and MAPK kinase
(MAPKK) [55-57]. Downstream of JNK, p27 kipl expression was in-
hibited by a JNK inhibitor along with reversal of G1 phase arrest. Our
current findings agree with previous research that JNK negatively
regulate cell cycle progression from G1 to S phases in response to
mammalian cell stress [58].

In summary, our findings reveal that AOPPs possess a potent ability
to suppress cell cycle progression and DNA synthesis in IEC. This in-
hibition of cell cycle progression may contribute to the obstruction of
self-healing in IEC. In addition, we provide mechanistic evidence that
cell cycle arrest in IEC may be regulated through the enhanced ex-
pression of RAGE/CD36, phosphorylation of JNK, and activation of
p27kipl with subsequent inhibition of related cell cycle proteins such
as cyclin E and CDK2. Thus, targeting AOPPs may present a novel and
effective therapeutic strategy for the management of CD.

4. Materials and methods
4.1. Human tissues and blood samples

Intestinal specimens and blood samples were collected from 12
patients with CD. Three of these patients underwent surgical resection
while the rest underwent endoscopy at Nanfang Hospital of Southern
Medical University (Guangzhou, China) from 2014 to 2015. The clinical
features of these patients are shown in Table 3. The diagnosis of CD was
based on established clinical and histological criteria. Patients with
malignant tumors, cardiovascular diseases, severe infections, or who
were using infliximab were excluded from this study. Normal intestinal
tissues, used as controls, were obtained from 12 healthy volunteers
without any coexisting disease. Venous blood samples were collected
prior to surgery or endoscopy. All procedures followed the ethical
principles of the World Medical Association (WMA) Declaration of
Helsinki. This study was approved by the Medical Ethical Committee of
Nanfang hospital.

4.2. Plasma AOPPs determination

The concentration of AOPPs in plasma was assessed using spectro-
photometry and expressed in equivalents of chloramine-T, as described
previously'®. In brief, 200 ul of serum samples (1:5 diluted in PBS),
200 pl of chloramine-T (Sigma) for calibration (0-100 uM), and 200 pl
of PBS as a blank control, were placed in a 96-well plate. Subsequently,
10 ul of 1.16 M potassium iodide and 20 pl of acetic acid was added to
each well, and absorbance at 340nm was measured immediately.
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Fig. 7. The AOPPs-induced G1 phase arrest in IEC-6 cells was mediated by RAGE and CD36. IEC-6 cells were pre-incubated with RAGE and CD36 siRNA for 48 h
before 200 pg/ml of AOPPs treatment for 120min (b) or 24 h (a, c—e). (a) Flow cytometry results showing a decreased percentage of cells in G1 in response to RAGE
and CD36 siRNA in AOPPs-treated cells. Quantitative analyses of FACS data represent percentages of G1 phase cells. (b) Expression levels of phosphorylated and total
JNK were detected by Western blotting. The AOPPs-induced activation of JNK was inhibited by RAGE and CD36 siRNA. (c) Representative Western blotting and bar
graphs depicting densitometry quantification and showing the increase in cyclin E and CDK2 and decrease in p27kipl resulting from RAGE and CD36 siRNA
treatments in AOPPs-treated cells. (d) Bar graphs representing data acquired from qPCR analysis of cyclin E, CDK2 and p27kipl mRNA expression in AOPPs-treated
IEC-6 cells with RAGE and CD36 siRNA treatments. Relative protein and mRNA levels were normalized with GAPDH, respectively. (e) co-immunoprecipitation
analysis results showing that both RAGE and CD36 siRNA suppressed AOPPs-induced interaction of p27kipl with cyclin E-CDK2 complexes. Data are presented as
mean * SD from three independent experiments; error bars indicate SD. *P < 0.05 and **P < 0.01 versus control; #P < 0.05 and ##P < 0.01 versus AOPPs-
treated cells. +CD36 siRNA (2), AOPPs plus CD36 siRNA (2) treatment; +RAGE siRNA (1), AOPPs plus RAGE siRNA (1) treatment.

AOPPs concentrations were expressed as micromoles per liter of Amoebocyte Lysate kit (BioWhittaker, Walkersville, MD, USA) and
chloramine-T equivalents. rAOPPs levels were determined by dividing were found to be below 0.05ng/mg protein. The content of AOPPs in
the AOPPs concentration by albumin levels. the AOPPs treatment and unmodified RSA was 55.05 * 3.05 umol/g

and 0.2 + 0.02 umol/g of protein, respectively.
4.3. Isolation of human primary IEC
4.7. Cell culture
Surgically resected small intestinal tissue was opened long-

itudinally, washed in phosphate-buffered saline (PBS), and cut into 5- The immortalized rat IEC line (IEC-6) was purchased from the
mm fragments. The intestinal fragments were then resuspended in Committee on Type Culture Collections (Chinese Academy of Sciences,
10 ml of 5 mM EDTANa, solution and agitated on a shaking platform for Beijing, China) and cultured in DMEM supplemented with 10% fetal
10 min at 37 °C. Digested samples were then inspected under a micro- bovine serum. Cells were maintained at 37 °C in a 5% CO2 atmosphere.
scope to ensure separation of the various tissue components. For all experiments, cells were grown to 80%-90% confluence and
When > 70% of epithelial crypt/villus units were separated from the made quiescent by incubation in a serum-free DMEM overnight before
intestinal fragments, the digestive solution was neutralized by the ad- stimulation with AOPPs.
dition of 10 ml ice-cold Dulbecco's modified Eagle medium (DMEM)
with 10% fetal bovine serum and filtered through a 70 um filter, fol- 4.8. Immunofluorescence
lowed by centrifugation steps at 1000 rpm for 10 min to remove the
supernatant. Finally, cells were washed in PBS and resuspended in ice- IEC-6 cells were cultured on coverslips, fixed with paraformalde-
cold 70% ethanol prior to flow cytometry analysis. hyde for 15 min, and permeabilized with 0.5% Triton X-100 for 20 min.
After blocking with 5% bovine serum albumin for 30 min, the slides
4.4. Cell cycle analysis were incubated with primary antibodies against cyclin E, CDK2, RAGE
(Abcam), p27kipl (CST), and CD36 (Novus) overnight at 4 °C. Sections
To determine cell cycle distribution, IEC were resuspended in ice- were then stained with rhodamine-conjugated secondary antibodies
cold 70% ethanol and incubated at 4 °C overnight. The next day, the (Invitrogen, Carlsbad, CA) and the nuclei were stained with 4’,6-dia-
cells were centrifuged and washed in ice-cold PBS and subsequently midino-2-phenylindole (DAPI). Images were captured using an

incubated with anti-EpCAM (eBioscience™, USA) at 4 °C for 30 min, Olympus BX-53 fluorescence inverted microscope (Olympus, Tokyo,
followed by incubation with 100 ul RNase A at 37 °C for 30 min and Japan).
400 pl propidium iodide at 4 °C for 30 min. Cells (1 X 10%/ml) were
then analyzed using flow cytometry (BD FACSCalubur™, USA) and cell 4.9. Western blotting analysis
proportions (in %) were measured using FlowJo7.6.1 software.
Cultured cells, and frozen intestinal tissue samples from experi-

4.5. Immunohistochemical staining mental mice, were lysed in RIPA buffer containing 1 X protease cock-
tail inhibitor (Sigma). Lysates were then separated on SDS-poly-

Paraffin-embedded intestinal tissue sections were cut to a thickness acrylamide gels for electrophoresis. The separated proteins were

of 4 um, deparaffinized in xylene, and rehydrated in graded alcohols. transferred to PVDF membranes (Millipore, Billerica, MA), and the
Antigen retrieval was achieved by microwaving at 100 °C with an an- membranes were incubated with primary antibodies overnight at 4 °C.
tigen unmasking solution (10 mM citrate buffer, pH 6.0). Hydrogen After incubating the membranes with horseradish peroxidase (HRP)-
peroxide (3%) was used to eliminate endogenous peroxidase. After conjugated secondary antibody (Cell Signaling Technology [CST],
serum blocking, the sections were subsequently incubated with primary Beverly, MA, USA) for 1 hat room temperature, immunoreactive pro-
antibodies against cyclin E, CDK, RAGE (Abcam), CD36 (Novus), and teins were visualized by chemiluminescence detection reagents
p27kipl (Servicebio, Wuhan, China) overnight at 4°C followed by (Millipore) using the FluorChem E system (ProteinSimple, USA) and
biotinylated secondary antibodies (Zhongshanjingiao, Beijing, China). blots were quantified using AlphaView SA software (Alpha Innotech
Proteins were visualized as brown pigments via a standard diamino- Corporation, USA). Several primary antibodies were use. Anti-rabbit
benzidine (Zhongshanjinqgiao) protocol. Slides were then lightly coun- cyclin E, anti-rabbit CDK2, anti-rabbit cyclin D1, anti-rabbit cyclin D3,
terstained with hematoxylin and positive immunostaining was ex- anti-rabbit CDK4, anti-rabbit CDK6, anti-rabbit p27kip1, anti-phospho-
amined with an Olympus BX-53 microscope (Olympus). rabbit JNK, anti-rabbit JNK, anti-phospho-rabbit ERK1/2, anti-rabbit
ERK1/2, anti-phospho-rabbit p38 MAPK, and anti-rabbit p38 MAPK

4.6. AOPPs preparation were all purchased from CST. Anti-rabbit RAGE was purchased from

Abcam (Cambridge, UK), anti-rabbit CD36 was purchased from Novus
AOPPs were prepared in vitro by mixing RSA (Sigma, St Louis, MO) (Novus Biologicals, Inc., USA) and anti-mouse GAPDH was purchased
with hypochlorous acid (Fluke, Buchs, Switzerland) for 30 min, as de- from Zhongshanjinqiao (Beijing, China).
scribed previously [20,21]. AOPPs samples were then dialyzed against
PBS for 24h to remove free HCIO and passed through a Detoxi-Gel 4.10. RT-gPCR
column (Pierce, Rockford, IL) to remove contaminated endotoxin. The
endotoxin levels in AOPPs samples were measured with a Limulus Total RNA was prepared from cells using Trizol reagent (Takara,

11
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Fig. 8. Acute AOPPs administration induced G1 phase arrest in C57BL/6 mouse IEC. (a) Primary intestinal epithelial cells were collected from mice after
treatment with AOPPs for 5 days and analyzed by flow cytometry. The line chart indicates the percentage of G1 phase cells. Data revealed that AOPPs administration
induced primary IEC G1 phase arrest compared with mice which were treated with a vehicle, and that treatment with AOPPs + CD36 siRNA, +RAGE siRNA and
+p27kipl siRNA attenuated G1 phase arrest in these cells. (b) Bar graphs representing qPCR analysis showing levels of cyclin E and CDK2 mRNA in mice with or
without AOPPs treatment. (c) Representative Western blotting and densitometry quantification showing protein levels of cyclin E and CDK2 in mice with or without
AOPPs treatment. Relative mRNA and protein levels were normalized with GAPDH, respectively. (d) Representative images of immunohistochemical staining for
cyclin E and CDK2 in mice with or without AOPPs administration. Scale bars, 20 um. Data are represented as mean * SD, n = 5; error bars indicate SD. *P < 0.05
and **P < 0.01 versus the vehicle group; #P < 0.05 and ##P < 0.01 versus the AOPPs-treated group. Vehicle, PBS treatment.
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Fig. 9. AOPPs challenge induced the activation of
RAGE/CD36, JNK and p27kipl in vivo. (a)
Representative images of immunohistochemical
staining for RAGE and CD36 in mice with or without
AOPPs treatment. Scale bars, 20 um. (b) Bar graphs
representing qQPCR analysis showing the levels of RAGE
and CD36 mRNA in mice with or without AOPPs ad-
ministration. (c) Western blotting revealed augmenta-
tion of protein expression of RAGE and CD36 in mice
with or without AOPPs administration. Relative mRNA
and protein levels were normalized with GAPDH, re-
spectively. (d) Representative Western blotting
showing significant phosphorylation of JNK in mice
IEC after AOPPs treatment. Blockade of RAGE and
CD36 significantly reversed the AOPPs-induced acti-
vation of JNK. Bar graphs represent densitometric
quantification and illustrate the ratio of phosphory-
lated JNK to total JNK. (e) Representative images of
immunohistochemical staining for p27kipl in mice.
Scale bars, 20 um. (f) Representative Western blotting
show protein expression of p27kipl in vivo. (g) Bar
graphs representing qPCR analysis showing mRNA le-
vels of p27kipl in vivo. Relative protein and mRNA
levels were normalized with GAPDH, respectively. (h)
Co-immunoprecipitation analysis showing the interac-
tion of p27kip1 with cyclinE-CDK2 complexes in mice.
Data are represented as mean * SD,n = 5; error bars
indicate SD. *P < 0.05 and **P < 0.01 versus the
vehicle group; #P < 0.05 and ##P < 0.01 versus the
AOPPs-treated group.
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Table 1
Sequences of specific primer pairs.

Primers 5-3"

CCNE2-Rattus GCCCAGATAATTCAGGCCAAGA
CAGACAGTACAGGTGGCCAACAA
CCTGCACCAGGACCTCAAGAA
CGGTGAGAATGGCAGAATGCTA

GAAGATGTCAAACGTGAGAGTGTC

CDK2-Rattus

CDKN1B-Rattus and Mus

TCCAAGTCCCGGGTTAGTTC
AGER-Rattus CTCACAGCCAATGTCCCTAATA

GAATCAGAGGTTTCCCATCCA
CD36-Rattus AGGAAAGCCTGTGTACATTTCT

GTCCTATGCTCATCTTCGTTAGG

GAPDH-Rattus and Mus GGCACAGTCAAGGCTGAGAATG

ATGGTGGTGAAGACGCCAGTA
CCNE2-Mus GTAGACTGGATGGTGCCTTT
TCTGTCCTCCATGGGTATCT
CDK2-Mus CAGAGGTGCAGAGAAGGATTAG
AAGCTGGAAGTCGGGTTAAG
AGER-Mus CTGGCACTTAGATGGGAAACT
GCTCTGACCGCAGTGTAAA
CD36-Mus CCTCTGACATTTGCAGGTCTATC
GCATTGGCTGGAAGAACAAATC
Table 2
Sequences of specific siRNAs.
siRNA 5-3"
CDKN1B-Rattus-(1) CCCGGUCAAUCAUGAAGAATT
UUCUUCAUGAUUGACCGGGTT
CDKN1B-Rattus-(2) GGCAUUUGGUGGACCAAAUTT
AUUUGGUCCACCAAAUGCCTT
CD36-Rattus-(1) GGAAGUUGUCCUUGAAGAATT
UUCUUCAAGGACAACUUCCIT

CD36-Rattus-(2) GGAGCCAUCUUUGAGCCUUTT

AAGGCUCAAAGAUGGCUCCTT

AGER-Rattus-(1) CCUUCCAGCUAUCGGAAUUTT
AAUUCCGAUAGCUGGAAGGTT
AGER-Rattus-(2) GGAAGCCGGAAAUUGUGAATT
UUCACAAUUUCCGGCUUCCTT
CD36-Mus GCUAUUGCGACAUGAUUAATT
UUAAUCAUGUCGCAAUAGCTT
AGER-Mus GCUGGCACUUAGAUGGGAATT
UUCCCAUCUAAGUGCCAGCTT
CDKN1B-Mus GGCCAACAGAACAGAAGAATT
UUCUUCUGUUCUGUUGGCCTT
Negative Control- Rattus and Mus UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

Table 3
Clinical features of patients with CD (n = 12).
Parameter CD
Gender
Male 8
Female 4
Age (years) 33.50 = 12.72
Albumin (g/L) 33.75 £ 5.38
CRP 29.65 + 19.86
ESR 29.88 + 13.01
CD, Crohn's disease; CRP, C reactive protein; ESR, ery-

throcyte sedimentation rate.

Dalian, China) in accordance with the manufacturer's instructions. First
strand cDNA synthesis was carried out by reverse-transcription using
PrimeScript™ RT Master Mix (Takara) and qPCR was performed using
SYBR Green mix (Takara). Reactions were performed as described
previously [20,21] using the LightCycler 480°® System (Roche, Basel,
Switzerland). The specific sequences of the primer pairs are given in
Table 1. The mRNA levels of the genes targeted were determined using
the 2724°T method after normalizing with glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH).
4.11. Immunoprecipitation

The interaction of p27kip1 with cyclin E-CDK2 or cyclin D-CDK4/6
complexes in cultured IEC-6 cells was evaluated via immunoprecipita-
tion. In brief, cell lysates were pre-incubated with protein A/G agarose
beads (7seapharmtech, Shanghai, China) and incubated with the anti-
p27kipl antibody (CST) for 2h. Protein complexes obtained by im-
munoprecipitation were then separated using SDS-PAGE gel and de-
tected by Western blotting using anti-cyclin E, anti-CDK2, anti-cyclin
D1, anti-cyclin D3, anti-CDK4, anti-CDK6 or anti-p27kipl rabbit anti-
bodies (CST). The binding of AOPPs to CD36 and RAGE were de-
termined by  immunoprecipitation as  described  above.
Immunocomplexes were obtained by incubating cell lysates with anti-
CD36 rabbit (Novus) or anti-RAGE rabbit (Abcam) antibodies and as-
sayed separately by immunoblotting with an anti-AOPPs mouse anti-
body. The anti-AOPPs monoclonal antibody was a gift from Professor
Fu Ning (Southern Medical University, Guangzhou, China).

4.12. Cell siRNA transfection

Oligo nucleotide siRNA duplexes were synthesized by Shanghai
Gene Pharma (Shanghai, China); the sequences are given in Table 2.
Transfections of siRNA into IEC-6 cells were carried out with Lipo-
fectamine 3000 (Invitrogen, Carlsbad, CA) according to the manufac-
turer's instructions. Approximately 48 h after transfection, cell lysates
were collected, and their efficiency was examined by Western blotting.

4.13. Animal experiments

Male C57BL/6 mice (6 weeks, weighing 19-20 g) were obtained
from Jinan Pengyue Experimental Animal Breeding Center (Shandong,
China) and housed in the Southern Medical University Animal
Experiment Center (Guangzhou, China). All mice were randomly di-
vided into eight groups (n = 5 in each group) and given intraperitoneal
injections of the following: (i) vehicle group: daily injection of PBS (pH
7.4); (ii) AOPPs group: daily injection of AOPPs (50 mg/kg) for 5 days;
(iii/iv/v/vi) AOPPs plus control siRNA/CD36 siRNA/RAGE siRNA/
p27kipl siRNA-treated group: injection of control siRNA, CD36 siRNA,
RAGE siRNA or p27kipl siRNA (all from Gene Pharma) mixed with
Entranster ™-in vivo transfection reagent (Engreen Biosystem, Beijing,
China) for 48, respectively, before daily injection of AOPPs (50 mg/
kg) for 5 days. For each injection, 1 pg/ul of siRNA was mixed with
50 ul Entranster™-in vivo following the manufacturer's instructions.
Mice were anesthetized and sacrificed after treatment as indicated, and
intestinal tissues were collected for various analyses. All animal ex-
periments were approved by the Committee on Animal
Experimentation of Southern Medical University. The experimental
procedures with animals complied with ARRIVE guidelines and were
performed in accordance with the U.K. Animals (Scientific Procedures)
Act, 1986. In addition, all animal experiments were approved by the
Laboratory Animal Care and Use Committee of Southern Medical
University.

4.14. Isolation of mice primary IEC

Mice were killed by cervical dislocation. A midline incision was
subsequently made and facilitated removal of the intestines from the
duodenum to the ileum. After cleaning the mesentery, the intestines
were opened longitudinally, washed in PBS 5 to 6 times, and cut into 5-
mm fragments. Tissue was incubated in 2mM EDTANa, for 10 min at
room temperature to detach the epithelium from the basement mem-
brane. Epithelial cells were then collected by centrifugation at
1000 rpm for 10 min and resuspended in ice-cold 70% ethanol prior to
analysis with flow cytometry.
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4.15. Statistical analysis

All experimental data are presented as mean = standard deviation
(SD) and experiments were performed in triplicate. Statistical analyses
were conducted with SPSS 20.0 software (SPSS, Inc., Chicago, IL).
Differences in variables between groups (AOPPs treatment vs control,
inhibitor treatment, or siRNA treatment) were determined via in-
dependent sample t-tests. Pearson correlation and linear regression
analysis were applied to assess the correlation between AOPPs levels
and cyclin E, CDK, or p27kipl. p < 0.05 was considered to be statis-
tically significant.
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