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Milk‑derived hexapeptide PGPIPN prevents and
attenuates acute alcoholic liver injury in mice
by reducing endoplasmic reticulum stress
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Abstract. Bioactive peptides are an emerging area of
biomedical research in the study of numerous human
diseases, including acute alcoholic liver injury (AALI). To
study the role and mechanism of the milk‑derived hexapeptide Pro‑Gly‑Pro‑Ile‑Pro‑Asn (PGPIPN) in preventing and
reducing AALI, the present study established a mouse model
of AALI. PGPIPN was used as a therapeutic drug, and glutathione (GSH) was used as a positive control. The body and
liver weights of mice were measured, and the liver indexes
were calculated to observe mice health. The pathological
morphology of liver tissues stained with hematoxylin and
eosin were examined to analyze hepatic injury, and hepatocyte
apoptosis was measured with a TUNEL assay. The concentrations or activities of alanine aminotransferase (ALT), aspartate
aminotransferase, tumor necrosis factor‑ α, interleukin
(IL)‑1β, IL‑6, triglyceride, total cholesterol, malondialdehyde,
superoxide dismutase and GSH peroxidase (GSH‑PX) were
detected in serum and/or liver homogenates. The 78 kDa
glucose‑regulated protein (GRP78), protein kinase R‑like
(PKR) endoplasmic reticulum kinase (PERK), phosphorylated
(p)‑PERK, eukaryotic initiation factor 2α (eIF‑2α), p-eIF-2α,
inositol‑requiring enzyme 1α (IRE‑1α), spliced X‑box binding
protein 1 (XBP‑1s), C/EBP homologous protein (CHOP),
caspase‑3 and cleaved caspase‑3 proteins associated with
endoplasmic reticulum stress in hepatocytes were assessed
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by western blotting, and RNA levels of XBP‑1s, CHOP and
caspase‑3 genes were assessed by reverse transcription‑quantitative PCR. The results suggested that PGPIPN attenuated
alcoholic hepatocyte damage in animal models and reduced
hepatocyte oxidative stress in a dose‑dependent manner.
Moreover, PGPIPN reduced endoplasmic reticulum stress by
regulating the expression levels of p‑PERK, p‑eIF‑2α, XBP‑1s,
CHOP, caspase‑3 and cleaved caspase‑3. Collectively, the
present results indicated that PGPIPN, as a potential therapeutic drug for AALI, exerted a protective effect on the liver
and could reduce liver damage.
Introduction
Alcoholic liver disease is associated with high morbidity rates
worldwide. Alcohol consumption accounts for 3.8% of annual
global mortality worldwide, and the majority of these deaths
are due to alcoholic liver disease (1). Furthermore, alcoholic
liver injury (ALI) is a major cause of morbidity and mortality in
industrialized and developing countries, especially China (2).
ALI causes a series of changes, progressing from steatosis
to hepatitis, ﬁbrosis, cirrhosis and ultimately hepatocellular
carcinoma (3). Heavy alcohol consumption (>60 g/day) causes
acute ALI (AALI) in the short term (4). Moreover, AALI
cannot be diagnosed clinically, thus patients are diagnosed in
advanced stages of the disease (5). Currently, there are few
treatments, and the most common steroid treatment, corticosteroids, is not satisfactory (6). In addition, cytokine therapy is
expensive and difficult to perform (7,8). Therefore, there is an
urgent need to develop novel safe and effective drugs.
There are several unknown bioactive peptides in the
human daily diet, such as milk and corn, which researchers
have extracted from food and have shown to be beneficial
to humans (9). Bioactive peptides derived from proteins are
beneficial to human health, and were reported to possess
numerous biological activities, such as anti‑oxidation,
anti‑hypertension, anti‑diabetes and immune regulation, and
also play important roles in regulating immune responses
and certain physiological functions in vivo (10‑12). Previous
studies revealed that bioactive peptides play an important role
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in early ALI and chronic alcoholic injury in mice (13,14), and
can promote alcohol clearance and bile acid metabolism, as
well as reduce serum the levels or activities of total cholesterol
(TC), triglyceride (TG), alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) (14).
PGPIPN (Pro‑Gly‑Pro‑Ile‑Pro‑Asn) originates from
β‑casein (residues 63‑68) in bovine milk (15). Generally, short
peptides (≤7 amino acids) can be absorbed directly via the digestive tract into the blood (16). PGPIPN‑containing three prolines
can resist hydrolysis by digestive enzymes in the gastrointestinal
tract (17). PGPIPN has been reported to have immunoregulation
and anticancer effects (15,18‑20). For example, PGPIPN inhibited cell proliferation and induced cell apoptosis in the human
ovarian cancer cell line SKOV 3 in vitro and reduced tumor
growth rates in mice (21). Recent studies showed that PGPIPN
can alleviate alcoholic fatty liver disease (13). Therefore, the
aim of the present study was to investigate whether PGPIPN
can alleviate AALI in mice. The results suggested that PGPIPN
may be used as a potential treatment for AALI.

low‑dose PGPIPN (PGPIPN L), moderate‑dose PGPIPN
(PGPIPN M) and high‑dose PGPIPN (PGPIPN H). The test
period was 10 days. PGPIPN L, PGPIPN M and PGPIPN H
groups were treated with PGPIPN at 0.04, 0.4 and 4 mg/kg
body weight via oral gavage each day, respectively. The control
and model groups were treated with the same volume of saline
(250 µl) instead of PGPIPN. The GSH group was treated with
GSH instead of PGPIPN as a positive control at 20 mg/kg
body weight. During the last 3 days, the model, PGPIPN L,
PGPIPN M, PGPIPN H and GSH groups were administered
with 9.5 mol/l ethanol at 15 ml/kg body weight for oral gavage
2 h after the aforementioned peptide infusion, and the control
group was administered the same volume of saline. At the
end of the experiment, all mice were anesthetized, and serum
and liver samples were weighed, collected and stored. The
liver index was calculated, liver index (%)=liver weight/body
weight. Some liver tissues were fixed in paraffin after 10%
neutral buffered formalin, and the remaining tissues were
cryopreserved in liquid nitrogen for subsequent experiments.

Materials and methods

Morphological observation and calculation of liver injury
and hepatocyte apoptosis. Mice liver tissues were fixed with
4% paraformaldehyde solution at room temperature for 24 h,
dehydrated with alcohol, embedded in paraffin and prepared
into tissue sections. Liver tissues stained with hematoxylin
and eosin (H&E) were observed and analyzed under an optical
microscope at x200 magnification. Hepatocyte apoptosis of
liver tissues was analyzed with a TUNEL assay according
to the manufacturer's instructions (cat. no. 12156792910;
Roche Diagnostics GmbH). Mice liver tissues were fixed
with 4% paraformaldehyde solution at room temperature for
20 min. Subsequently, paraffin sections were made, followed
by dewaxing, hydration and penetration, then stained with
TUNEL reagent (TdT + fluorescein‑labeled dUTP) at 37˚C
for 1 h in the dark and humidified atmosphere. The nuclei
were stained with methyl green at room temperature for a few
seconds. The number of fields of view observed by fluorescent
microscopy was 200‑500 cells. Apoptosis was quantified using
ImageJ software (version 1.44; National Institutes of Health).
The apoptosis index (AI) was calculated as following formula:
AI=(number apoptotic cells/total number of cells) x100%.

Reagents. PGPIPN (purity >99.5%, confirmed by reversed
phase‑high‑performance liquid chromatography) was supplied
by Sangon Biotech Co., Ltd. Hematoxylin solution was
purchased from Sigma‑Aldrich (Merck KGaA). The 78 kDa
glucose‑regulated protein (GRP78; cat. no. ab108615), C/EBP
homologous protein (CHOP; cat. no. ab11419), caspase‑3
(cat. no. ab4051), cleaved caspase‑3 (cat. no. ab49822) and β‑actin
(cat. no. ab8227) antibodies were purchased from Abcam.
Protein kinase R‑like (PKR) endoplasmic reticulum kinase
(PERK; cat. no. 3192), phosphorylated (p)‑PERK (Thr980;
cat. no. 3179), p‑eukaryotic initiation factor 2α (p‑eIF‑2α;
Ser51; cat. no. 3398), eIF‑2α (cat. no. 5324), inositol‑requiring
enzyme 1α (IRE‑1α; cat. no. 3294) and spliced X‑box
binding protein 1 (XBP‑1s; cat. no. 82914) antibodies were
purchased from Cell Signaling Technology, Inc. Secondary
antibodies [horseradish peroxidase (HRP)‑conjugated goat
anti‑mouse immunoglobulin G (IgG), cat. no. GAM‑HRP;
HRP‑conjugated goat anti‑rabbit IgG, cat. no. GAR‑HRP]
and Super Signal West Pico kit (ECL Chromogenic kit) was
purchased from Thermo Fisher Scientific, Inc.
Alcohol‑induced animal models and pharmacological inter‑
vention. A total of 60 healthy male Kunming mice (weight,
18‑22 g; 6‑8 weeks old) were purchased from Anhui Medical
Experimental Animal Center (batch no. 0000469). All animal
experiments were performed under procedures approved by
the Institutional Animal Care and Use Committee of Anhui
Medical University (approval no. LLSC20180132). All methods
and protocols used in the relevant studies, including animal
and related studies in vivo, were conducted in accordance with
the relevant guidelines and regulations of the Committee's
protocol. All mice were housed in a specific pathogen‑free
sterile rooms at 22±2˚C, 40‑60% relative humidity and a 12‑h
light/dark cycle in the Anhui Medical Laboratory Animal
Center. Animal suffering in experiments was alleviated
as much as possible. All mice, with free access to food and
drinking water, were acclimatized for 1 week, then divided into
six groups (n=10/group): Control, model, glutathione (GSH),

Analysis of biochemical materials, cytokines and enzyme
activities related to lipid metabolism, oxidation and liver
injury in serum and/or liver tissues of animal models. Serum
TG, TC, ALT and AST concentrations or activities were determined using a Roche Cobas automated biochemical analyzer
(Roche Diagnostics). A 10% w/v liver homogenate was
prepared from fresh liver tissue. The TG. (cat. no. F001‑1‑1),
malondialdehyde (MDA; cat. no. A003‑1‑1), superoxide
dismutase (SOD; cat. no. A001‑1‑1) and glutathione peroxidase
(GSH‑PX; cat. no. A005‑1‑2) concentrations or activities in
liver were quantified using the aforementioned commercially
available kits (Nanjing Jiancheng Bioengineering Institute)
according to the manufacturer's instructions. Tumor necrosis
factor‑α (TNF‑α; cat. no. XFFM1870), interleukin (IL)‑1β (cat.
no. RIA‑127) and IL‑6 (cat. no. XEFM028D) were quantified
by radioimmunoassay using commercially available kits
(Shanghai Xinfan Biological Technology Co., Ltd.) according
to the manufacturer's instructions.
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Reverse transcription‑quantitative PCR (RT‑qPCR). At the
end of the experiment, all mice liver tissues were harvested, in
which the total RNAs were extracted with TRIzol® reagent and
RNA extraction buffer according to the manufacturer's instructions (cat. no. 15596026; Invitrogen; Thermo Fisher Scientific,
Inc.). RNA purity and concentration were determined by ultraviolet spectrophotometry. According to the RNA template and
primer [Oligo(dT)], the first strand cDNA was synthesized in a
reverse transcription reaction including buffers, dNTPs, AMV
reverse transcriptase, recombinant RNasin and total RNA,
according to the manufacturer's instructions (Revert Aid First
Strand cDNA Synthesis kit; cat. no. K1621; Thermo Fisher
Scientific, Inc.). The reverse transcription reaction conditions
were 42˚C for 1 h and 70˚C for 5 min. Hepatic mRNA expression levels of caspase‑3, XBP‑1s and CHOP were measured by
RT‑qPCR using the Applied Biosystems 7500 Real‑Time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The following primer pairs (synthesized by Sangon Biotech
Co., Ltd.) were used for the qPCR: Caspase‑3 forward, 5'‑ATG
GAGAACAACAAAACCTCAGT‑3' and reverse, 5'‑TTGCTC
CCATGTATGGTCTTTAC‑3'; XBP‑1s forward, 5'‑TGCTGA
GTCCGCAGCAGGT G‑3' and reverse, 5'‑GCTG GCAGG
CTCTGGGGAAG‑3'; CHOP forward, 5'‑CTGGAAGCCTGG
TATGAGGAT‑3' and reverse, 5'‑CAGG GTCAAGAGTAG
TGAAGGT‑3' and β ‑actin forward, 5'‑GAAATCGTGCGT
GACATCAAAG ‑3' and reverse, 5'‑TGTAGT T TCATG GAT
GCCACAG‑3'. β‑actin was used as the housekeeping gene.
RT‑qPCR was performed using TB Green Premix Ex Taq
(cat. no. RR420L; Takara Bio Inc.) according to the manufacturer's instructions. The following thermocycling conditions
were used for the qPCR: 95˚C for 30 sec and 40 cycles of
95˚C for 5 sec and 60˚C for 34 sec. At the end of PCR cycling
steps, data for each sample were displayed as a melting curve.
The specificity of the amplified products was confirmed
using melting curve analysis. For each target gene, mRNA
expression levels were calculated using the 2 ‑ΔΔCq method
(ΔCq=target gene Cq ‑ β‑actin Cq value) (22). All reactions
were performed in triplicate, and a mixture lacking a complementary DNA template was used as the negative control. In
total, two independent experiments were run.
Western blotting. The liver tissues of the mice were lysed
using RIPA buffer (cat. no. R0010; Beijing Solarbio Science
& Technology Co., Ltd.) with 1% phenylmethanesulfonyl
fluoride. Protein concentration was measured using a bicinchoninic acid protein assay kit (cat. no. P0012; Beyotime
Institute of Biotechnology). Proteins isolated from liver
tissues were separated by SDS‑PAGE [5% stacking gel, 10
or 12% lower gel (w/v); 22.5 µg protein in 15 µl loaded per
lane], and subsequently transferred to PVDF membranes.
Following blocking with 5% (w/v) dry skim milk for 2 h, then
immunoblots were performed using a standard protocol (23).
The membranes were incubated with primary antibodies and
later incubated with HRP‑conjugated secondary antibodies.
The operating procedures were undertaken in biochemical
incubator at room temperature (22˚C). The following primary
antibodies were used: Rabbit or mouse monoclonal antibodies
[GRP78, PERK, p‑PERK (Thr980), eIF‑2α, p‑eIF‑2α (Ser51),
IRE‑1α, XBP‑1s and CHOP; 1:1,000] and rabbit polyclonal
antibodies (caspase‑3 and cleaved caspase‑3; 1:500; β‑actin;
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1:1,000). Secondary antibodies used were goat anti‑mouse
and goat anti‑rabbit IgG, diluted at 1:10,000. Proteins were
detected using the ECL system and exposed in a chemiluminescent imaging system (Clinx Science Instruments Co.,
Ltd.), and obtained images were quantitatively analyzed using
ImageJ software (version1.48u; National Institutes of Health).
β‑actin was used as a control. All reactions were performed in
triplicate, and two independent experiments were run.
Statistical analysis. Data are presented as the mean ± SD.
Statistical analyses were performed with SPSS version 20.0
(IBM Corp.) using one‑way ANOVA followed by Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant different.
Results
PGPIPN prevents and reduces AALI in model animals. To
investigate the specific role of PGPIPN in the treatment of
AALI, a mice model of AALI was successfully established.
The body weights of mice in the model group were significantly lower compared with the control group, but the hepatic
weights and liver indexes were significantly higher compared
with the control group (Fig. 1A‑C). Therefore, AALI resulted in
body weight loss and increased hepatic weight and liver index.
However, PGPIPN relieved AALI symptoms and antagonized
the effects of alcohol in a dose‑dependent manner, which
was similar to that of GSH as a positive control (Fig. 1A‑C).
Compared with the control group, the activities of ALT and
AST in the mice serums of the model group were significantly
higher (Fig. 1D). Compared with the model group, PGPIPN
significantly decreased the activities of ALT and AST in a
dose‑dependent manner. This suggested that PGPIPN effectively reduced liver inflammation.
The effect of PGPIPN on mouse liver was analyzed via
histological observation of liver tissues stained with H&E
under light microscopy. It was found that the cells of control
group were arranged in a radial line, the structures of hepatic
lobule were intact, the hepatocyte nucleus and cell boundaries
were clear, and no necrosis was observed (Fig. 2A). In the
model group, the hepatic cord arrangements were disordered
and there were inflammatory cell infiltrations in the hepatocyte spaces (Fig. 2B). Furthermore, there were several swollen
hepatocytes and vacuolization of the cytoplasm, as well as
partial atrophied hepatocyte nuclei, in which these nuclei
even disappeared and partial necrosis (Fig. 2B). In low‑ and
medium‑dose PGPIPN groups, hepatocyte swellings were
alleviated, inflammatory cell infiltrations were reduced, and
hepatocyte nuclear atrophy, disappearance and vacuolization
were observed (Fig. 2D and E). In the high‑dose PGPIPN
group, the hepatic cord arrangements and hepatocyte structures
were normal, and no obvious inflammatory cell infiltrations
and cytoplasmic vacuolization were observed (Fig. 2F), which
was similar to the GSH group (Fig. 2C).
A TUNEL assay was performed on the liver tissues of
mice. TUNEL‑positive cells in the liver tissues of the model
group (Fig. 3Ab) were markedly increased compared with
the control group (Fig. 3Aa). Compared with the model
group, PGPIPN decreased TUNEL‑positive cells in the
liver tissues (Fig. 3Ad‑f), of which moderate‑ and high‑dose
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Figure 1. PGPIPN attenuates the liver index and serum ALT and AST activity in mice. (A) Body weight. (B) Liver weight. (C) Liver index. (D) Serum ALT
and AST activity. Data are presented as mean ± standard deviation of ten mice in each group. *P<0.05 and **P<0.01 vs. model. #P<0.05 and ##P<0.01 vs. control.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn; L, low dose; M, medium dose; H, high dose; GSH,
glutathione.

Figure 2. PGPIPN attenuates the pathological changes of mice liver tissues in acute alcoholic liver injury. Hematoxylin and eosin staining in (A) Control,
(B) model, (C) GSH, (D) PGPIPN L, (E) PGPIPN M and (F) PGPIPN H groups. Magnification, x200. PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn; L, low dose;
M, medium dose; H, high dose; GSH, glutathione; BW, body weight.
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Figure 3. PGPIPN attenuates hepatocyte apoptosis of mice induced with alcohol‑intake. (A) Liver tissues stained with a TUNEL kit (fluorescein‑dUTP) and
observed under an inverted fluorescence microscope. a, Control group; b, Model group; c, GSH group; d, PGPIPN L group; e, PGPIPN M group; f, PGPIPN H
group. Magnification, x200. (B) Quantification of apoptosis using ImageJ software. Data are presented as the mean ± standard deviation of ten mice in each
group. **P<0.01 vs. model. #P<0.05 and ##P<0.01 vs. control. PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn; L, low dose; M, medium dose; H, high dose; GSH, glutathione;
BW, body weight.

PGPIPN groups reached significant levels, and the decrease
in high‑dose PGPIPN group was greater compared with the
GSH group (positive control; Fig. 3Ac). The AI was also
significantly increased in the model group compared with
control group (Fig. 3B). Compared with the model group,
PGPIPN decreased hepatocyte apoptosis in a dose‑dependent manner, and the effect was the most obvious in the
PGPIPN H group (Fig. 3B).
PGPIPN decreases the levels of mouse pro‑inflammatory
cytokines. The levels of TNF‑α, IL‑1β and IL‑6 were determined in mouse liver homogenates by radioimmunoassay.
The results indicated that the TNF‑α, IL‑1β and IL‑6 levels of
model group mice were significantly increased compared with
the control group. In addition, compared with the model group,
PGPIPN significantly reduced the levels TNF‑ α, IL‑1β and
IL‑6 contents, similar to levels found the GSH group (Fig. 4).

PGPIPN attenuates alcohol‑induced lipid metabolism and
oxidative stress in mouse liver. The TG and TC in serum and
liver homogenates of model group mice were significantly
higher compared with the control group (Fig. 5A). Compared
with the model group, PGPIPN significantly reduced the TG
and TC levels in mice serum and liver, reductions of which
were higher compared with the GSH group (positive control;
Fig. 5A). Even at a low dose, PGPIPN had a significant
effect on reducing aforementioned TG and TC levels. Thus,
it was speculated that PGPIPN may attenuate liver damage
by regulating lipid metabolism. The results also indicated
that MDA levels in the liver tissues of the model group was
significantly increased, and the activities of GSH‑PX and SOD
were significantly decreased compared with the control group
(Fig. 5B‑D). Furthermore, PGPIPN in medium and high doses
significantly reduced MDA levels and increased of GSH‑Px
and SOD activity in mice liver tissues, effects of which were
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Figure 4. PGPIPN decreases the levels of inflammatory‑related cytokines in mice liver tissues. (A) TNF‑ α. (B) IL‑1β. (C) IL‑6. Data are presented the
mean ± standard deviation of ten mice in each group. *P<0.05 and **P<0.01 vs. model. #P<0.05 and ##P<0.01 vs. control. TNF, tumor necrosis factor;
IL, interleukin; PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn; L, low dose; M, medium dose; H, high dose; GSH, glutathione.

similar to that of GSH group as a positive control. However,
PGPIPN in low doses had no significant effect on these three
indicators.
PGPIPN regulates the expression of genes associated with
endoplasmic reticulum stress (ERS) in hepatocytes. The
present study examined the mRNA expression levels of
XBP‑1s, CHOP and caspase‑3 by RT‑qPCR, which are three
key indicators of ERS (24). Compared with control group
mice, the mRNA expression levels of XBP‑1s and CHOP
were significantly increased in alcohol‑induced model mice
(Fig. 6). PGPIPN significantly decreased the expression levels
of XBP‑1s and CHOP compared with the model group (Fig. 6).
The effects of PGPIPN on mRNA expression levels of XBP‑1s
and CHOP genes were dose‑dependent. However, the mRNA
expression of caspase‑3 did not change significantly between
the six groups, although the control group showed markedly
lower expression (Fig. 6).
Western blotting was used to analyze GRP78, PERK,
p‑PERK, eIF‑2α, p‑eIF‑2α, IRE‑1α, XBP‑1s, CHOP, caspase‑3
and cleaved caspase‑3 proteins, which are related to ERS in
liver tissues of mice (24). The protein expression levels of
p‑PERK, p‑eIF‑2α, XBP‑1s, CHOP, caspase‑3 and cleaved

caspase‑3 in the model group were significantly higher
compared with the control group, but the expression levels of
GRP78, PERK, eIF‑2α and IRE‑1α did show any significant
changes (Fig. 7A, B and D). PGPIPN reduced the expression
levels of p‑PERK, p‑eIF‑2α, XBP‑1s, CHOP, caspase‑3 and
cleaved caspase‑3 proteins compared with the model group in
a dose‑dependent manner (Fig. 7A, B and D). However, the
peptide had little effect on GRP78, PERK, eIF‑2α, IRE‑1α and
caspase‑3 protein expression levels, although the peptide at
high doses could affect GRP78 and caspase‑3 protein expression levels. The results showed that the phosphorylation levels
of p‑PERK/PERK and p‑eIF‑2α/eIF‑2α in model group were
significantly higher compared with the control group, while
PGPIPN reduced the phosphorylation of PERK and eIF‑2α
(Fig. 7A and C). Consequently, PGPIPN had the most significant effects on the phosphorylation of PERK/eIF pathway,
spliced XBP‑1 and cleaved caspase‑3 proteins (Fig. 7).
Discussion
Bioactive peptides can be obtained in natural resources such
as milk protein or synthesized by rational design and have
been shown to be potential therapeutic agents for a variety
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Figure 5. PGPIPN reduces lipid accumulation and attenuated oxidative stress in mice induced with alcohol intake. (A) TG and TC. (B) MDA. (C) GSH‑PX.
(D) SOD. Data are presented as the mean ± standard deviation of ten mice in each group. *P<0.05 and **P<0.01 vs. model. #P<0.05 and ##P<0.01 vs. control. TG,
triglyceride; TC, total cholesterol; MDA, malondialdehyde; SOD, superoxide dismutase; GSH‑PX, glutathione peroxidase; PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn;
L, low dose; M, medium dose; H, high dose.

Figure 6. PGPIPN regulates the mRNA expression levels of CHOP, caspase‑3
and XBP‑1s. β‑actin was used as the reference gene. Data are presented as the
mean ± standard deviation of ten mice in each group. *P<0.05 and **P<0.01 vs.
model. #P<0.05 and ##P<0.01 vs. control. PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn;
CHOP, C/EBP homologous protein; XBP‑1s, spliced X‑box binding protein 1;
L, low dose; M, medium dose; H, high dose; GSH, glutathione.

of human diseases, including cancer (25). Bioactive peptides
have been described as food ingredients that also exert physiological effects, in addition to nutritional value (26). Moreover,
peptides are natural amino acids and have less potential
toxicity (27). The present results indicated that PGPIPN plays
a significant role in alleviating acute alcohol intake‑induced
liver injury in vivo, suggesting that PGPIPN has a protective
effect on AALI.
In the early stages of AALI, TG accumulates in liver
cells, leading to the development of fatty liver (28). Oxidative
stress and inflammatory response are the main causes of
alcoholic liver disease, which increases the severity of fatty
liver, oxidizes unsaturated fatty acids, increases the production of lipid peroxidation products and ultimately leads to liver
fibrosis by activating stellate cells (29‑31). The main cause of
AALI is a large intake of alcohol in a short period of time (32).
The main metabolism of alcohol (~90%) occurs in the liver,
and the liver is injured after heavy drinking, which results in
an increase in hepatocyte permeability due to cellular oxidative stress or damage (33). ALT and AST are mainly present
in the mitochondria of hepatocytes (34). When hepatocytes
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Figure 7. PGPIPN regulates the contents and/or activities of proteins associated with endoplasmic reticulum stress in hepatocytes. (A) GRP78, PERK, p‑PERK,
eIF-2α, p‑eIF‑2α, IRE‑1α, XBP‑1s, CHOP, caspase‑3 and cleaved caspase‑3 in mice liver tissues in different groups were detected via western blotting.
β ‑actin was used as the internal reference gene. (B) Relative protein band intensities of GRP78, PERK, p‑PERK, eIF‑2α, p‑eIF‑2α, IRE‑1α and XBP‑1s.
(C) Phosphorylation levels of p‑PERK/PERK and p‑eIF‑2α/eIF‑2α from relative intensities of protein bands in (A) and normalized to β‑actin. (D) Relative
protein band intensities of CHOP, caspase‑3 and cleaved caspase‑3. n=10. Data are presented as the mean ± standard deviation of ten mice in each group.
*
P<0.05 and **P<0.01 vs. model. #P<0.05 and ##P<0.01 vs. control. PGPIPN, Pro‑Gly‑Pro‑Ile‑Pro‑Asn; CHOP, C/EBP homologous protein; XBP‑1s, spliced
X‑box binding protein 1; p‑, phosphorylated; GRP78, 78 kDa glucose‑regulated protein; IRE‑1α, inositol‑requiring enzyme 1α; eIF‑2α, eukaryotic initiation
factor 2α; L, low dose; M, medium dose; H, high dose; GSH, glutathione.
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are broken due to AALI, ALT and AST of hepatocytes are
rapidly released into the blood, resulting in an increase in
serum (35,36). Moreover, alcohol metabolism produces a large
amount of acetaldehyde, which induces cell peroxidation to
produce MDA (37). The levels of MDA in vivo are an indicator
of lipid peroxidation in the body, which can reflect the degree
of oxidative stress damage caused by free radical attack (38).
The present results demonstrated that PGPIPN effectively
reduced MDA levels, enhanced GSH‑PX and SOD activities
and inhibited alcohol‑induced liver oxidative stress damage.
TNF‑α is a pro‑inflammatory cytokine produced by immune
cells (mainly T lymphocytes), which belongs to a family of
both soluble and cell‑bound cytokines that has a wide range of
biological functions, such as induction of inflammation, apoptosis and lymphatic development (39). IL‑1β and IL‑6 are two
types of cytokines produced by fibroblast, immunocyte and
epithelial cells in response to infection and inflammation (40).
Furthermore, IL‑1β and IL‑6 are involved in inflammatory
and heat‑generating reactions in liver tissues (41). It was
reported that decreases in TNF‑α, IL‑1β and IL‑6 levels could
reduce inflammation, oxidative stress and apoptosis (42,43).
Previous studies showed that pro‑inflammatory cytokines
such as TNF‑α, IL‑1β and IL‑6 play a key role in the development and progression of alcoholic hepatitis (32,44). Moreover,
pro‑inflammatory cytokines such as TNF‑α, IL‑1β and IL‑6
may cause hepatocyte damage (30,45). In the present study,
it was found that PGPIPN effectively reduced the expression
levels of TNF‑α, IL‑1β and IL‑6, and then reduced inflammation and hepatocyte damage.
Since ERS often causes unfolded or misfolded proteins
to accumulate in the endoplasmic reticulum, the characteristic molecules involved in unfolded protein responses are
commonly used to indicate ERS (46). GRP78, as an endoplasmic reticulum resident and chaperone molecule, is a major
regulator of ERS response (47). GRP78 regulates the activation of three ER transmembrane binding sensors, IRE1α,
cyclic AMP‑dependent transcription factor ATF‑6 α (ATF6)
and PERK, via PERK/eIF‑2α and IRE1α or ATF6/XBP‑1s
axes, which are two branches of the unfolded protein response
(UPR), affecting the expression of CHOP (48). CHOP was
revealed to regulate several pro‑ and anti‑apoptotic genes
including Bcl‑2, tribbles related protein 3 (TRB3) and growth
arrest and DNA damage‑inducible protein 34 (GADD34),
which are target genes of CHOP (49). The expression of CHOP
in normal cells is extremely low; however, CHOP expression
and its accumulation in the nucleus are upregulated during
hepatocyte apoptosis induced by ERS (50). Moreover, CHOP
does not directly induce apoptosis, but activates caspase‑3
to initiate the apoptosis pathway (49). Activated caspase‑3
(cleaved caspase‑3) specifically cuts proteins associated with
cellular activity and triggers the apoptosis cascade reaction,
resulting in cell apoptosis (51). The present results suggested
that PGPIPN significantly decreased the phosphorylation of
the PERK/eIF pathway and levels of spliced XBP‑1, resulting
in a significant decrease in CHOP. The reduction of CHOP
could decrease the activation of caspase‑3 in liver tissues of
mice, thus alleviating ERS. According to the changes in CHOP
and cleaved caspase‑3 levels, PGPIPN could simultaneously
downregulate ERS and attenuate acute alcoholic liver cell
damage in mice.
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ERS regulates proinflammatory cytokine mature and
secretion, such as TNF‑ α and IL‑6, the main mechanism
of which may be achieved by acting on several signaling
pathways, such as the STAT3 pathway, and activating nucleotide‑binding oligomerization domain‑like receptors (52,53).
However, several proinflammatory cytokines can also promote
ERS and ERS‑related gene expression (54). Our previous
studies also showed that PGPIPN exerted immune and antioxidant functions both in vitro and in vivo (data not shown).
Fiedorowicz et al (55) reported that some bioactive peptides
from bovine caseins could bind the µ‑opioid receptor on the
cytomembrane to influence the proliferation and cytokine
secretion of human peripheral blood mononuclear cells. The
changes in the immune response can affect the UPR and some
cytokines, especially the expression levels of UPR target genes
such as IRE1α and ATF6. Therefore, it was speculated that
PGPIPN may regulate cell signal transduction and alter the
expression level or activity of proteins associated with ERS
in hepatocytes; however, this requires further investigation.
Moreover, the present results suggested that PGPIPN may be a
novel safe therapeutic agent for the treatment or prevention of
AALI and its related complications.
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