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a b s t r a c t

Oxidative stress has been confirmed in relation to intestinal mucosa damage and multiple bowel dis-
eases. Hydroxyproline (Hyp) is an imino acid abundant in sow's milk. Compelling evidence has been
gathered showing the potential antioxidative properties of Hyp. However, the role and mechanism of
Hyp in porcine intestinal epithelial cells in response to oxidative stress remains unknown. In this study,
small intestinal epithelial cell lines of piglets (IPEC-1) were used to evaluate the protective effects of Hyp
on 4-hydroxy-2-nonenal (4-HNE)-induced oxidative DNA damage and apoptosis. IPEC-1 pretreated with
0.5 to 5 mmol/L Hyp were exposed to 4-HNE (40 mmol/L) in the presence or absence of Hyp. Thereafter,
the cells were subjected to apoptosis detection by Hoechst staining, flow cytometry, and Western blot or
DNA damage analysis by comet assay, immunofluorescence, and reverse-transcription quantitative PCR
(RT-qPCR). Cell apoptosis and the upregulation of cleaved-caspase-3 induced by 4-HNE (40 mmol/L) were
inhibited by 5 mmol/L of Hyp. In addition, 5 mmol/L Hyp attenuated 4-HNE-induced reactive oxygen
species (ROS) accumulation, glutathione (GSH) deprivation and DNA damage. The elevation in tran-
scription of GADD45a (growth arrest and DNA-damage-inducible protein 45 alpha) and GADD45b
(growth arrest and DNA-damage-inducible protein 45 beta), as well as the phosphorylation of H2AX
(H2A histone family, member X), p38 MAPK (mitogen-activated protein kinase), and JNK (c-Jun N-ter-
minal kinase) in cells treated with 4-HNE were alleviated by 5 mmol/L Hyp. Furthermore, Hyp supple-
mentation increased the protein abundance of Krüppel like factor 4 (KLF4) in cells exposed to 4-HNE.
Suppression of KLF4 expression by kenpaulone impeded the resistance of Hyp-treated cells to DNA
damage and apoptosis induced by 4-HNE. Collectively, our results indicated that Hyp serves to protect
against 4-HNE-induced apoptosis and DNA damage in IPEC-1 cells, which is partially pertinent with the
enhanced expression of KLF4. Our data provides an updated explanation for the nutritional values of
Hyp-containing animal products.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The intestinal epithelium is known as a tissue with high self-
renewal capacity in mammalians (Umar, 2010). Redox homeosta-
sis is critical for the absorption and metabolism of nutrients in
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intestinal epithelial cells, as well as the integrity of the intestinal
mucosa (Circu and Aw, 2011). Excessive intracellular accumulation
of reactive oxygen species (ROS) may lead to lipid peroxidation,
producing malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-
HNE) (Ayala et al., 2014). Growing evidence indicates that 4-HNE
functions as a vital second messenger of oxidative stress,
damaging macromolecules such as DNA, protein, and lipid, and
thus amplifying cellular injury in various cell types (Okada et al.,
1999; Almeida et al., 2009; Yang et al., 2019). Consistently, 4-
HNE-induced oxidative damage has been implicated in a variety
of cellular processes, including cell proliferation, differentiation,
DNA damage, apoptosis, and the development of intestinal diseases
(Circu and Aw, 2012). Therefore, it is of significance to explore the
detrimental effect of oxidative stress on DNA integrity and
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underlyingmechanism, whichmay assist in the development of the
potential strategies for maintaining intestinal homeostasis.

The sows' milk is the main source of nutrients for the growth
and development of neonates (Spencer et al., 2003). We previously
reported that the concentration of hydroxyproline (Hyp; including
both free and peptide-bond form) ranged from 6.3 to 9.0 mmol/L in
sow's milk (Wang et al., 2013), which is higher than that of other
amino acids. However, the functional role of Hyp in the intestine of
neonates is not well-defined. Biochemically, Hyp is known as a key
component for the synthesis of collagen in animals (Hausmann and
Neuman, 1961). Milic et al. (2015) demonstrated that Hyp has the
ability to neutralize hydroxyl radicals ($OH) in vitro, indicating an
anti-oxidative capacity to ROS insult. In addition, peptides derived
from porcine collagen which is rich in Hyp exhibit potent radical-
scavenging ability (Ao and Li, 2012). Moreover, accumulated evi-
dence indicates that Hyp content in cultured cells and human urine
samples is increased in response to oxidative stress and hypoxic
conditions due to enhanced degradation of collagen (Takahashi
et al., 2000; Lee et al., 2011). These findings hint of a potential ef-
fect of Hyp in maintaining intracellular redox state. The present
study aims to test the hypothesis that Hyp attenuates 4-HNE-
induced oxidative DNA damage and apoptosis, and to elucidate the
potential mechanisms.

2. Materials and methods

2.1. Reagents and chemicals

Trans-4-hydroxyproline-L-proline was bought from Sigma (St.
Louis, MO, USA). 4-HNE was purchased from Cayman Chemical
(Ann Arbor, MI, USA). Dulbecco's modified eagle medium (DMEM)-
F12 medium and fetal bovine serum (FBS) were from GIBCO-BRL
(Grand Island, NY, USA). DMEM medium was custom-made from
GIBCO-BRL (Grand Island, NY, USA). Histone H2AX Monoclonal
Antibody (pSer139) was bought from Epigentek (Farmingdale, NY,
USA). Beta-actin antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies for phospho-p38 MAPK
(mitogen-activated protein kinase, Thr180/Tyr182), p38 MAPK,
phospho- JNK (c-Jun N-terminal kinase, Thr183/Tyr185), JNK,
cleaved-caspase-3 were obtained from Cell Signaling Technology
(Beverly, MA, USA). Peroxidase-conjugated and Fluorescein (FITC)-
conjugated secondary antibodies were from Huaxingbio Biotech-
nology Co. (Beijing, China). TRIzon Reagent was obtained from
Aidlab biotech Co. (Beijing, China). PrimeScript RT Master Mix and
SYBR Premix EX Taq II kits were purchased from Takara Biotech-
nology Co. (Dalian, China).

2.2. Cell culture

Intestinal porcine epithelial cell line-1 (IPEC-1) cells were
maintained in DMEM/F-12 (1:1) supplemented with 10% fetal
bovine serum (FBS), 1% penicillinestreptomycin and were incu-
bated at 37 �C in a humidified 5% CO2 atmosphere.

2.3. Cell counting kit-8 (CCK-8) assay

Cell viability was determined by CCK-8 (ZOMANBIO Biotech-
nology Co., Beijing, China) following themanufacturer's instruction.
IPEC-1 cells were seeded in a 96-well plate at a density of
1 � 104 cells/well in 100 mL growth medium. After an overnight
incubation, cells were pretreated with indicated doses of Hyp for
12 h in DMEM medium supplemented with 5% FBS after a starva-
tion in serum-free DMEMmedium for 6 h and thenwere subjected
to DMEM medium containing 4-HNE or 4-HNE plus Hyp for
designated time points. Following the addition of 10 mL CCK-8
8

reagent to each well, the plate was incubated for 30 min at 37 �C.
Subsequently, the absorbancewasmeasured by amicroplate reader
at 450 nm.

2.4. Hoechst staining

To visualize the apoptotic cells through nuclear change, the
nuclei of living cells were stained with Hoechst 33,342. After a 6-h
starvation in serum-free DMEMmedium, cells pretreated with Hyp
for 12 h in DMEM containing 5% FBS were exposed to 4-HNE
(40 mmol/L) in DMEM for 6 h. Then, the cells were stained with
Hoechst 33,342 (5 mg/mL) for 10 min, followed by photographing
using a fluorescence microscope (Zeiss, Germany). The apoptotic
cells showed the nuclei with high-density fluorescence.

2.5. Flow cytometric analysis

After treatment, the collected cells were washed with PBS and
then resuspended in 1 � binding buffer provided by the manu-
facturer (Jiamay Biotechnology, Beijing, China). Following 20 min
incubationwith FITC-Annexin V and 5-min staining with PI at room
temperature, the cell pellets were analyzed by flow cytometer
(Beckman Coulter, USA). The results were presented by a dot plot of
PI-fluorescence (y-axis) versus FITC-fluorescence (x-axis).

2.6. ROS detection

The generation of ROS was determined using 20-
70dichlorofluorescin diacetate (DCFH-DA, Beyotime Biotechnology
Co., Shanghai, China), which can be oxidized to dichlorofluorescein
(DCF) with high fluorescence in cells. Cells were starved for 6 h in
serum-free DMEM medium and then pretreated with or without
Hyp (2 or 5 mmol/L) for 12 h at 37 �C before being stimulated with
4-HNE (40 mmol/L) for 3 h in the presence or absence of Hyp.
Subsequently, the cells were exposed to 10 mmol/L DCFH-DA for an
additional 30 min at 37 �C and observed under a fluorescence mi-
croscope (Zeiss, Germany). DCF fluorescence intensity was quan-
tified using Image J software (NIH, USA).

2.7. Glutathione (GSH) determination

The intracellular content of glutathione was determined using a
commercial kit (Beyotime Biotechnology Co., Shanghai, China).
Briefly, the harvested cells were mixed with 5% metaphosphoric
acid and subjected to repeated freeze-thaw. The samples thenwere
centrifuged to collect the supernatant. The level of total glutathione
was detected by DTNB (5, 50-dithio 2-p-nitrobenzoic acid) method
using spectrophotometry at 412 nm. Protein concentration was
quantified by bicinchoninic acid (BCA) assay using an equal volume
of cell pellets.

2.8. Comet assay

Comet assay (single cell gel electrophoresis) was performed
following the protocol described by Speit and Rothfuss (2012) with
slightly modification. In brief, the IPEC-1 cells suspended in 0.5%
low-melting-point agarose after treatment were added onto glass
microscope slides precoated with a layer of 1.5% normal-melting-
point agarose. The slides were soaked in lysis solution (2.5 mol/L
NaCl, 100 mmol/L EDTA, 10 mmol/L Tris [pH 10.0], 1% Triton X-100
and 10% DMSO) at 4 �C for 2 h and then were subjected to hori-
zontal electrophoresis at 25 V for 20 min. Thereafter, the samples
were placed in a neutralization buffer for 10 min. After rinsing, the
slides were stained with 10 mg/mL of propidium iodide in distilled
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water for 20 min, followed by images being captured with a fluo-
rescence microscope (Zeiss, Germany).

2.9. Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 min at room
temperature and then washed 3 times with cold PBS. After per-
meabilization with 0.1% Triton X-100 in PBS for 15 min, they were
washed 3 times with PBS and incubated with 1% goat serum for 1 h
at room temperature. Cells were incubated with 1% goat serum
containing primary antibody of p-H2AX (Ser139) (1:200 dilution)
for 16 h at 4 �C, after which they were washed 3 times with PBS for
5 min each. The samples then were followed by an incubation of
FITC-conjugate secondary antibody (1:100 dilution) for 1 h at room
temperature and 3 times washing with PBS. The images were
captured by a fluorescence microscope (Zeiss, Germany).

2.10. RNA extraction and reverse-transcription quantitative PCR
(RT-qPCR)

Total RNA was extracted using a TRIzol kit (Aidlab biotech Co.,
Beijing, China) according to the instructions provided by the
manufacturer. The cDNA was obtained by reverse transcription of
total RNA, which was carried out by a reverse transcription kit
(PrimeScript RT Master Mix). The qPCR was conducted by the
SYBR green mix and specific primers for the genes of porcine with
a Real time PCR system (ABI 7500) by using a real time PCR kit
Fig. 1. Hyp attenuated 4-HNE-induced IPEC-1 cell death. (A) Effect of Hyp on the viability o
treated with various concentrations of Hyp in DMEM medium (5% serum) for 24 or 48 h. Th
starvation in DMEM medium for 6 h and then pretreated with indicated concentrations of H
followed by 4-HNE exposure in the present or absence of Hyp for 6 h. Cell viability was analyz
significant differences among groups by Tukey's multiple comparison test, P < 0.05. (C) Hoec
Hyp for 6 h after 12 h pre-incubation of Hyp (2 mmol/L or 5 mmol/L), followed by staining w
IPEC-1 ¼ intestinal porcine epithelial cell line-1; 4-HNE ¼ 4-hydroxy-2-nonenal; CCK-8 ¼
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(SYBR Premix EX Taq II) following the instructions. Beta-actin was
used as a reference gene. The primer sequences for each gene
were designed as follows: b-actin, forward 50-
TCTTCCAGCCCTCCTTCTTG-30 and reverse 50-TCCTTCCTGATGTC-
CACGTC-3’; GADD45a (growth arrest and DNA-damage-inducible
protein 45 alpha), forward 50-GCTGGTGACGAATCCACATT-30 and
reverse 50-TCACTGGAACCCACTGATCC-3’; GADD45b (growth arrest
and DNA-damage-inducible protein 45 beta), forward 50-
AGTCGTTTTGCTGTGACAACG-30 and reverse 50-CATCTGTGT-
GAGGGTTCGTGA-3’; GADD45g (growth arrest and DNA-damage-
inducible protein 45 gamma), forward 50-ACAACGT-
GACCTTTTGCGTG-30 and reverse 50-TTCTCACAGCAGAACGCCTG-
3’; HO-1 (heme oxygenase-1), forward 50-GGCCAGGTCCTCAA-
GAAGAT-30 and reverse 50-GAAAGTGAAGAAGGCCAGGC-3’. The
relative expression levels for target genes were calculated by 2
eDDCT method (Livak and Schmittgen, 2001).

2.11. Western blot analysis

The cell pellets were dissolved and vortexed in RIPA buffer
(10 mmol/L TriseHCl, pH 7.4; 150 mmol/L NaCl; 10 mmol/L
EDTA; 1% NP-40; 0.1% SDS) supplemented with protease and
phosphatase inhibitor. After centrifuging, the supernatant of the
dissolved pellets was quantified by BCA method. The lysates
containing 25 mg protein were subjected to SDS-PAGE (5%
stacking gel and 12% separation gel) and then transferred onto
a PVDF membrane via transfer buffer by the semi-dry method.
f IPEC-1 cells. Following a starvation in serum-free DMEM medium for 6 h, cells were
e results were expressed as mean ± SEM. n ¼ 6. (B) IPEC-1 cells were exposed to serum
yp (0.2, 0.5, 1, 2 and 5 mmol/L) in DMEM medium supplemented with 5% FBS for 12 h,
ed by CCK-8 assay. Values are expressed as mean ± SEM. n ¼ 6. Different letters express
hst staining of IPEC-1 cells. Cells were subjected to 4-HNE (40 mmol/L) with or without
ith Hoechst 33,342 for 10 min. The scale bar represents 20 mm. Hyp ¼ hydroxyproline;
cell counting kit-8.
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The PVDF membrane was incubated in 5% BSA containing pri-
mary antibody (dilution of 1:2,000) overnight at 4 �C after
blocking in 5% defatted milk for 1 h at room temperature.
Following washing 3 times with washing buffer (Tris-buffered
saline with Tween 20), the membrane was further incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5,000 dilution) for 1 h in 5% skim milk at room temperature
and washed 3 times again with washing buffer. Posteriorly,
protein bands were visualized with an enhanced chem-
iluminescence kit using an ImageQuant LAS 4000 mini system
(GE Healthcare). The intensity of individual protein bands was
quantified by Image J software (NIH, USA).

2.12. Statistical analysis

Statistical analysis was carried out by one-way or two-way
ANOVA using SAS 9.0 software (SAS Institute Inc., Cary, NC, USA),
Fig. 2. Hyp protected against 4-HNE-induced apoptosis in IPEC-1 cells. (A) Flow cytometry a
for 12 h and then exposed to 4-HNE (40 mmol/L) for an additional 6 h before harvested for fl
cells plus late apoptotic cells from the analysis results of flow cytometry. (C) Western blot
pretreatment of various concentrations of Hyp (2 and 5 mmol/L). Data are expressed as mean
multiple comparison test, P < 0.05. Hyp ¼ hydroxyproline; 4-HNE ¼ 4-hydroxy-2-nonenal;
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followed by Tukey's multiple comparison test. Student's t-test was
used for the comparison between 2 groups. Values were expressed
as the mean ± standard error of the mean (SEM). P < 0.05 was
considered to be significant statistically.

3. Results

3.1. Hyp ameliorated 4-HNE-induced cytotoxicity in IPEC-1 cells

Hyp (0.2 to5mmol/L) treatment showednoeffectoncell viability
of IPEC-1 at either 24 or 48 h (Fig.1A). To determine the effect of Hyp
on 4-HNE-induced cytotoxicity, IPEC-1 cells were treated with
40 mmol/L 4-HNE, as previously described (Ji et al., 2016), in the
absence or presence of various concentrations of Hyp. As shown, a
reduction in cell viability was observed in cells exposed to 4-HNE
(40 mmol/L), which was significantly reversed by 5 mmol/L Hyp
(P < 0.05) (Fig. 1B). Hoechst staining showed that 4-HNE treatment
ssay. Cells were pre-incubated in DMEM medium supplemented with 5% FBS and Hyp
ow cytometry analysis. (B) Bar chart represents the total percentage of early apoptotic
analysis of cleaved-caspase-3 in cells exposed to 4-HNE (40 mmol/L) for 6 h after 12 h
± SEM. n ¼ 3. Different letters express significant differences among groups by Tukey's
IPEC-1 ¼ intestinal porcine epithelial cell line-1.
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led to the appearance of dense nuclei, a characteristic feature of cell
death,whichwas attenuated by 5mmol/L Hyp (Fig.1C). Considering
that the protective effect was observed in the presence of 5 mmol/L
Hyp, this concentrationwas used in the subsequent experiments in
our study to explore potential mechanisms.
3.2. Hyp reduced 4-HNE-induced apoptosis and caspase-3
activation in IPEC-1 cells

As comparedwith the control, flow cytometry analysis indicated
that 4-HNE treatment resulted in an increase in cell apoptosis as
evidenced by the elevated percentage of cells in the early plus late
stage of apoptotic process (P < 0.05). The addition of 5 mmol/L Hyp
attenuated apoptotic cell death induced by 4-HNE (P < 0.05)
(Fig. 2A, B). Activation of caspase-3 is critical for the progression of
apoptotic signaling cascade, therefore, we next determined the
protein abundance of cleaved-caspase-3 by Western blot. The
upregulation of cleaved-caspase-3 caused by 4-HNE exposure was
significantly inhibited by 5 mmol/L of Hyp treatment (Fig. 2C).
These data presented here indicated a protective effect of Hyp
against 4-HNE-induced cell death in IPEC-1 cells.
3.3. Effect of Hyp on 4-HNE-triggered production of ROS and
deprivation of GSH

Generation of ROS by 4-HNE has been implicated in the cellular
damage in various types of cells. We next determined the effects of
Hyp on 4-HNE-induced ROS accumulation in our cell line model.
Cells treated with 4-HNE in the absence or presence of Hyp were
labeled with DCFH-DA probe (10 mmol/L) before being subjected to
fluorescence microscope observation. As shown, 4-HNE exposure
Fig. 3. Hyp mitigated 4-HNE-induced reactive oxygen species (ROS) production and glutath
followed by an additional treatment with 40 mmol/L 4-HNE for 3 h and then subjected to R
indicates 20 mm. (B) The fluorescence intensity of dichlorofluorescein (DCF) was quantified f
pretreated with Hyp for 12 h were exposed to 4-HNE for 6 h. Data are shown as mean ±
multiple comparison test, P < 0.05. Hyp ¼ hydroxyproline; 4-HNE ¼ 4-hydroxy-2-nonenal.
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for 3 h led to an elevation of ROS levels in IPEC-1 cells, which was
alleviated by 5 mmol/L Hyp (P < 0.05) (Fig. 3A, B). In addition, cells
treated with 4-HNE exhibited a dramatic reduction in GSH content,
which was ameliorated by Hyp (P < 0.05) (Fig. 3C).
3.4. Hyp attenuated 4-HNE-induced DNA damage

We next evaluated 4-HNE-induced DNA damage in IPEC-
1 cells. As shown, 4-HNE led to enhanced DNA damage as shown
by an increase in the intensity of the comet tail (Fig. 4A) and g-
H2AX foci (Fig. 4B). Intriguingly, Hyp treatment ameliorated 4-
HNE-induced DNA damage (Fig. 4A) and the formation of g-
H2AX foci (Fig. 4B), indicating a resistance of Hyp to DNA dam-
age. Next, the mRNA levels of genes related to the induction of
DNA damage, including GADD45a, GADD45b, and GADD45g, were
evaluated by RT-qPCR. We found that 4-HNE-induced upregula-
tion of GADD45a and GADD45b, instead of GADD45g, was sup-
pressed by Hyp (Fig. 4D). In addition, we detected the expression
level of HO-1 which encodes the anti-oxidative enzyme heme
oxygenase-1 modulating DNA repair, and observed that 4-HNE-
induced an increase in HO-1, which was further markedly
enhanced in the presence of Hyp (Fig. 4C).
3.5. Hyp reversed 4-HNE-induced phosphorylation of p38 MAPK
and JNK

As GADD45 has been implicated in the activation of p38 MAPK
and JNK, we determined whether Hyp reduces 4-HNE-induced
initiation of p38 MAPK and JNK signaling. As shown in Fig. 4E, F, 4-
HNE exposure significantly increased the phosphorylation levels of
ione (GSH) deprivation. (A) Cells were pre-incubated with 5 mmol/L of Hyp for 12 h,
OS determination as the procedure described in materials and methods. The scale bar
rom 6 images per group by using Image J software. (C) Intracellular GSH content. Cells
SEM. n ¼ 3. Different letters express significant differences among groups by Tukey's



Fig. 4. 4-HNE-triggered DNA damage, GADD45 expression, and phosphorylation of p38 MAPK and JNK were attenuated while HO-1 expression was enhanced by Hyp in IPEC-1 cells.
Cells were treated with 40 mmol/L 4-HNE for 3 h after pretreated with Hyp for 12 h and then the samples were analyzed by (A) comet assay (scale bar ¼ 20 mm), (B) immuno-
fluorescence (scale bar ¼ 20 mm), (C and D) real-time PCR, or (E and F) Western blot as the protocol mentioned in materials and methods. Beta-actin was taken as a reference for
real-time PCR assay. Data are shown as mean ± SEM (n ¼ 3). Different letters express significant differences among groups by Tukey's multiple comparison test, P < 0.05.
Hyp ¼ hydroxyproline; 4-HNE ¼ 4-hydroxy-2-nonenal; HO-1 ¼ heme oxygenase-1; GADD45 ¼ growth arrest and DNA-damage-inducible protein 45; p38 MAPK ¼ p38 mitogen-
activated protein kinase; JNK ¼ c-Jun N-terminal kinase.
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p38 MAPK and JNK in IPEC-1 cells, which was abolished (P < 0.05)
by 5 mmol/L of Hyp.
3.6. Krüppel-like factor 4 (KLF4) is involved in the protective effect
of Hyp on 4-HNE-induced apoptosis and DNA damage

In order to confirm whether the transcription factor KLF4 is
implicated in the protective effect of Hyp against 4-HNE-induced
oxidative damage, the expression of KLF4 was detected by West-
ern blot. As shown in Fig. 5A, Hyp increased the abundance of
KLF4 induced by a 6-h treatment of 4-HNE in IPEC-1 cells
(P < 0.05). Treatment with kenpaulone (5 mmol/L), an inhibitor
proven to hinder the expression of KLF4, for 12 h resulted in a
significant decrease in KLF4 level (P < 0.05) (Fig. 5B). Kenpaulone
pretreatment significantly enhanced 4-HNE-induced apoptosis
and impeded the protective effect of Hyp on 4-HNE-induced
apoptosis (P < 0.05) (Fig. 5C, D). In addition, the results from
comet assay (Fig. 6A) and immunofluorescence (Fig. 6B) of g-H2AX
focus showed that a suppression of KLF4 expression with ken-
paulone significantly aggravated 4-HNE-induced DNA damage in
IPEC-1 cells and blocked the protective effect of Hyp on DNA
damage. This evidence suggests that KLF4 is involved in the alle-
viation of 4-HNE-induced apoptosis and DNA damage by Hyp.
12
4. Discussion

Growing evidence suggests that oxidative stress is relevant to
the development of intestinal diseases and disruption of barrier
function (Bhattacharyya et al., 2014; Wang et al., 2015). Biological
macromolecules, including DNA, protein, and lipid, are susceptible
to ROS attack due to their biochemical and structural properties
(Schieber and Chandel, 2014). Recent studies show that 4-HNE, an
end product of peroxidation of n-6 polyunsaturated fatty acid, is
cytotoxic to epithelial cells and might be a critical mediator that
contributes to DNA damage and cellular dysfunction (Sharma et al.,
2008; Chen et al., 2015; Ji et al., 2016). In the present study, IPEC-1, a
cell line well used for the evaluation of intestinal barrier function
and nutrient metabolism (Wang et al., 2014; Sun et al., 2017), was
incubated with 4-HNE in the presence or absence of Hyp, a
component of collagen (Wu et al., 2011, Wu et al., 2017). In agree-
ment with previous studies (Choudhury et al., 2004; Yadav et al.,
2008), we found that 4-HNE treatment led to increased DNA
damage, as shown by an increased intensity of the comet tail and g-
H2AX foci. Activation of histone H2AX at the DNA break site leads to
recruitment of proteins implicated in DNA repair (Kinner et al.,
2008; Kuo and Yang, 2008). Therefore, H2AX phosphorylation has
beenwidely accepted as a marker for DNA double-strand breaks. In



Fig. 5. KLF4 is involved in the protective effect of Hyp on 4-HNE-induced apoptosis in IPEC-1 cells. (A) Cells were pretreated with Hyp (5 mmol/L) for 12 h, followed by co-treated
with 40 mmol/L 4-HNE for an additional 6 h before Western blot analysis. Beta-actin was used as internal reference. (B) Cells were treated with kenpaulone (5 mmol/L) for 12 h and
then subjected to Western blot analysis. Beta-actin was used as internal reference. (C and D) Flow cytometry analysis of cell apoptosis. The total percentage of early apoptotic cells
plus late apoptotic cells was shown in the histogram. Data were expressed as mean ± SEM (n ¼ 3). Tukey's method was used for multiple comparison. Different letters indicate
significant, P < 0.05. KLF4 ¼ Krüppel-like factor 4; Hyp ¼ hydroxyproline; 4-HNE ¼ 4-hydroxy-2-nonenal; IPEC-1 ¼ intestinal porcine epithelial cell line-1; Ken ¼ kenpaulone.

Fig. 6. Inhibition of Krüppel-like factor 4 (KLF4) expression blocked the protective effect of Hyp on 4-HNE-induced DNA damage in IPEC-1 cells. The cells were precultured in DMEM
medium containing Hyp with or without 5 mmol/L kenpaulone for 12 h, after which they were incubated in Hyp-containing medium in the presence or absence of 40 mmol/L 4-HNE
for 3 h before (A) comet assay or (B) immunofluorescence analysis. The scale bar indicates 20 mm. Hyp ¼ hydroxyproline; 4-HNE ¼ 4-hydroxy-2-nonenal; Ken ¼ kenpaulone.
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the present study, the intensity of the comet tail and g-H2AX foci
observed in 4-HNE-treated cells was inhibited by Hyp, indicating a
reduced DNA damage in intestinal epithelial cells. This effect of Hyp
is mediated, at least partially, by the following mechanisms. First,
Hyp is known to limit the generation of hydroxyl radical through
the Fenton reaction (Milic et al., 2015), thereby contributing to the
13
mitigation in DNA damage as observed. Second, Hyp is a precursor
for the synthesis of glycine (Wu et al., 2011, Wu et al., 2017; Li and
Wu, 2018), a substrate for the synthesis of GSH. GSH serves as an
intracellular molecule with radical scavenging activity (Rice-Evans
et al., 1996), and thus restores the redox homeostasis in coping with
free radicals.
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GADD45-encoded growth arrest and DNA damage inducing
proteins are known as key mediators in response to DNA damage
(Zhan, 2005). It has been observed that there was an elevation in
the expression of GADD45 during cell apoptosis induced by a va-
riety of agents (Sheikh et al., 2000). In our study, the induction of
GADD45a and GADD45b of cells exposed to 4-HNEwas mitigated by
Hyp, suggesting a regulatory effect of Hyp on GADD45-mediated
cell death. Activated GADD45 induces activation of JNK and p38
MAPK signaling, 2 stress proteins implicated in apoptosis, and thus
plays an important part in stress-related cell death (Sheikh et al.,
2000; Son et al., 2011). Phosphorylation of p38 MAPK and JNK
induced by oxidative stress has been observed in various cell lines
(Ravindran et al., 2011; Guo et al., 2012; Park, 2012). Our results
showed that 4-HNE significantly increased the phosphorylation
levels of JNK and p38MAPK in IPEC-1 cells, which is consistent with
previous observations (Wang et al., 2014). Hyp treatment inhibited
the phosphorylation of JNK and p38 MAPK induced by 4-HNE,
suggesting that the reduction in DNA damage by Hyp may be
related to the inhibition of JNK and p38 MAPK activation. A large
body of evidence has shown that the induction of HO-1, an enzyme
involved in detoxification and antioxidant process, protects cells
against DNA damage and provides an elevated activity of DNA
repair (Speit et al., 2000; Mazza et al., 2003; Otterbein et al., 2011).
We determined the mRNA levels of HO-1, and observed that 4-
HNE-induced induction of HO-1, was enhanced by approximately
3.6-time folds following Hyp treatment. Considering that there was
a moderate induction of HO-1 by 4-HNE, the data provided here
indicates a threshold of transcriptional level of HO-1 on cellular
protection in response to ROS.

KLF4, one of the transcription factors of Krüppel like factor
family, is expressed in multiple tissues and participates in various
cellular processes such as apoptosis, DNA damage, and cell cycle
(McConnell and Yang, 2010). KLF4 serves as a key regulator in the
maintenance of homeostasis in the intestinal epithelium (Ghaleb
and Yang, 2017). Overexpression of KLF4 significantly reduces
DNA damage and apoptosis in colon cells induced by gamma ra-
diation (Ghaleb et al., 2007). Drug-induced DNA damage regulated
by KLF4 is closely related to the degree of DNA damage (Zhou et al.,
2009). Under sublethal DNA damage, KLF4 induces cell cycle arrest
whereas, in response to lethal DNA damage, KLF4 exerts an anti-
apoptotic effect (Zhou et al., 2009; Su et al., 2014). Our study
corroborated that the mechanism of Hyp in promoting the survival
of IPEC-1 cells subjected to 4-HNE-induced lethal oxidative stress is
linked to the upregulation of KLF4 expression. Previous studies
have shown that knockdown of KLF4 expression aggravates
doxorubicin-induced apoptosis (Zhou et al., 2009). In accordance
with this study, our results revealed that an inhibition of KLF4 not
only exacerbated 4-HNE-induced apoptosis and DNA damage in
IPEC-1 cells, but also blocked the protective effect of Hyp on 4-HNE-
induced DNA damage and apoptosis.

In conclusion, we provided data showing that lipid peroxidation
product 4-HNE exposure led to ROS accumulation, DNA damage,
and apoptosis in porcine enterocytes, which was markedly allevi-
ated by Hyp. This favorable effect of Hyp is associated with the
suppression of the expression of GADD45-mediated induction of
stress protein, p38 MAPK and JNK and upregulation of HO-1.
Importantly, the enhanced expression of KLF4 is involved in the
protective effect of Hyp against 4-HNE-induced DNA damage and
apoptosis in IPEC-1 cells. Supporting the growth and development
of piglets, sow's milk is rich in Hyp. Our data support the concept
that Hyp is a potential antioxidant in maintaining intestinal
mucosal homeostasis.
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