:' frontiers ‘ Frontiers in Physiology

ORIGINAL RESEARCH
published: 13 April 2022
doi: 10.3389/fphys.2022.857853

OPEN ACCESS

Edited by:
Anna Maria Giudetti,
University of Salento, Italy

Reviewed by:

Daniele Vergara,

University of Salento, Italy

Jian Zhou,

Chongqing Medical University, China

*Correspondence:
Xianhong Gu
guxianhong@vip.sina.com
Yue Hao
haoyueemail@163.com

These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Integrative Physiology,

a section of the journal
Frontiers in Physiology

Received: 19 January 2022
Accepted: 17 March 2022
Published: 13 April 2022

Citation:

Wang X, Xin H, Xing M, Gu X and Hao Y
(2022) Acute Endoplasmic Reticulum
Stress Induces Inflammation Reaction,
Complement System Activation, and
Lipid Metabolism Disorder of Piglet
Livers: A Proteomic Approach.

Front. Physiol. 13:857853.

doi: 10.3389/fphys.2022.857853

®

Check for
updates

Acute Endoplasmic Reticulum Stress
Induces Inflammation Reaction,
Complement System Activation, and
Lipid Metabolism Disorder of Piglet
Livers: A Proteomic Approach

Xiaohong Wang?, Hairui Xin®, Mingjie Xing, Xianhong Gu* and Yue Hao *

State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijjing, China

Endoplasmic reticulum stress (ERS) is closely associated with the occurrence and
development of many liver diseases. ERS models mostly include experimental animals
such as rats and mice. However, pigs are more similar to humans with regards to digestion
and metabolism, especially liver construction, yet few reports on ERS in pigs exist. In order
to explore changes in the liver under ERS, we used tunicamycin (TM), which can cause liver
jaundice and damage liver function, to establish acute ERS models in piglets using a low
TM dosage (LD, 0.1 mg/kg body weight (bw)), high TM dosage (HD, 0.3 mg/kg bw), or
vehicle for 48 h. We found that both LD- and HD-induced ERS, as verified by the ERS-
linked proteins. Furthermore, the concentrations of the proinflammatory cytokines,
namely, TNF-a and IL-6 were elevated in TM-treated piglet livers, and the plasma
levels of IL-6 and CRP were also higher, indicating the occurrence of inflammation in
TM-treated piglets. The complement system was activated in TM-treated piglets, as
indicated by increased levels of complement factors and activation products C3, C5a, and
AP50. In order to gain insights into the global changes in liver proteins under ERS, we
performed an isobaric tag for relative and absolute quantitation (iTRAQ)-based proteomic
analysis on the livers of HD- and vehicle-treated piglets. Proteomic analysis identified 311
differentially expressed proteins (DEPs) between the two groups, and a Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis suggested that the
DEPs were mainly enriched in signaling pathways such as metabolic pathways, protein
processing in the endoplasmic reticulum, and complement and coagulation cascades.
Many proteins involved in protein folding, lipid transport, and oxidation were upregulated.
Proteins involved in lipid synthesis were downregulated to alleviate liver steatosis, and most
complement factors were upregulated to protect the body, and Pearson correlation
analysis found that most of the DEPs in the complement and coagulation pathway
were significantly correlated with plasma CRP, IL6 and AP50. Our results revealed that
TM can activate ERS, marked by liver injury and steatosis, inflammatory reactions, and
complement activation in piglets.

Keywords: endoplasmic reticulum stress, lipid metabolism, complement system, inflammation, pig liver,
tunicamycin, liver injure
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1 INTRODUCTION

Endoplasmic reticulum (ER) stress (ERS) is a physiological and
pathological process in which ER function is disturbed for various
reasons. Liver cells contain large amounts of ER, which is
involved in regulating protein homeostasis. During ERS
activation, protein synthesis in hepatocytes is blocked, and
intracellular homeostasis is disrupted, causing hepatic
pathologies. ERS is linked to liver damage caused by various
clinical liver diseases, including non-alcoholic fatty liver disease
(NAFLD), non-alcoholic steatohepatitis (NASH), and cirrhosis.
Under ERS, the unfolded protein response (UPR) is activated by
three classic pathways including inositol-requiring enzyme 1
(IRE1), activating transcription factor 6 (ATF6), and protein
kinase R-like endoplasmic reticulum kinase (PERK) to reduce
the endoplasmic reticulum load and the amount of unfolded and
misfolded proteins to maintain homeostasis (Gardner et al.,
2013).

The significance of the UPR in the pathogenesis of NAFLD has
been confirmed by gene knockout studies. In one study, the three
sensory pathways were deleted, and the hepatic response to ERS
was affected, leading to hepatic steatosis (Rutkowski et al., 2008).
In patients with metabolic syndrome, NASH has been found to be
associated with IREla deficiency (Puri et al., 2008). However,
persistent or excessive ERS damages the structure and function of
the ER, activates the inflammatory response, and triggers a series
of pathological reactions leading to tissue damage, although
inhibition of the inflammatory response can ameliorate the
tissue damage induced by ERS (Li et al, 2021). Studies have
shown that complement activation is accompanied by an
inflammatory response and tissue damage (McCullough et al.,
2018). Chronic inflammation contributes to the development of
chronic liver disease. However, whether inflammation and
complement acute ERS and the
relationship between complement activation and ERS and its
effect on cell damage remain unclear. Therefore, ERS is a target
for many diseases and possesses tremendous potential (King and
Wilson, 2020). It is of great significance to study the effects of ERS
on the body in order to explore the regulatory function of
the liver.

Tunicamycin (TM) blocks protein glycosylation and induces
ERS (Eo and Valentine, 2021). To date, in vivo animal models of
ERS have mainly included rodents such as rats and mice.
However, research has revealed considerable differences in
RNA expression patterns between humans and mice, well
beyond what was described previously, likely reflecting the
fundamental physiological differences between these two
organisms (Lin et al., 2014). Compared to rodents, pigs share
a significant number of similarities with humans with regards to
metabolism, susceptibility to various diseases (Jeong et al., 2019),
and morphology and physiology of the liver (Lossi et al., 2016).
Therefore, we chose to use TM to establish an ERS model in pigs
to investigate the effects of ERS on liver injury, inflammatory
reactions, and complement activation. Studies have shown that
rats or mice intraperitoneally injected with 1 mg/kg body weight
or 2 mg/kg body weight TM can be sacrificed 12, 24, or 48 h after
injection to analyze ERS (Kim et al., 2016; Crider et al., 2018; Lee
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et al., 2018). Based on the equivalent dose conversion between
these animals, piglets were sacrificed 48 h after intraperitoneal
injection with 0.1 mg/kg or 0.3 mg/kg body weight TM in order to
establish acute ERS models in this study. Recently, proteomics has
become a cutting-edge method to study changes in total protein
expression patterns and how the body responds to adverse effects
(Ren et al., 2018). Proteomic analysis appears to reflect the
phenotype more closely than genomic or transcriptomic
studies, making it suitable for mechanistic studies and disease
typing (Huang et al., 2020).

To further reveal the mechanism of liver injury caused by ERS
and identify potential diagnostic biomarkers, the isobaric tags for
relative and absolute quantitation (iTRAQ) technique was used to
analyze the proteome of TM-induced ERS piglet livers as
compared with the vehicle group. The parallel reaction
monitoring (PRM) method was used to verify the differentially
expressed proteins (DEPs) to confirm the reliability of the results.
Bioinformatics was used to explore the specific proteins
mobilized by ERS and the related signaling pathways regulated
by them. The aim of this study was to investigate the effects of
ERS on the liver, inflammation and the complement system and
the molecular basis underlying the regulation of the body under
ERS, which can provide a valuable resource for the treatment of
ERS-related liver diseases.

2 METHODS

2.1 Animal Ethics Statement

This study was conducted in the State Key Laboratory of Animal
Nutrition. The experiments were conducted according to the
guidelines of the Animal Welfare Committee of the Institute of
Animal Science, Chinese Academy of Agricultural Science (IAS-
CAAS; approval number: TAS-2018-20).

2.2 Animals and Establishment of the ERS
Model

A total of twenty-one 35-day-old Duroc three-way crossbred
barrows weighing 9.34 + 0.3 kg were selected from seven litters
and raised in an environmental control cabin maintained at 28°C
and 55% humidity. After 1 week of environmental adaptation, to
eliminate differences in the genetic background, three full siblings
per litter were allocated to three groups as follows: 1) vehicle-
treated group (5% dimethyl sulfoxide (DMSO), intraperitoneal
injection); 2) TM-low dosage (LD)-treated group (intraperitoneal
injection, 0.1 mg/kg body weight (bw)); and 3) TM-high dosage
(HD)-treated group (intraperitoneal injection, 0.3 mg/kg bw).
Each piglet was raised in a single cage, and seven piglets from
the same treatment group were raised in one environmental
control cabin. TM was dissolved in 5% DMSO and diluted
with saline to obtain the desired concentration. All treated
piglets were allowed free access to feed and drink.

The feed consumption of the piglets in each cage was recorded
during the experiment, and the daily feed intake was calculated.
Food intake was measured within 48 h after intraperitoneal
injection. Jugular venous blood was collected from each pig
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via venipuncture using 10-ml BD Vacutainers (BD Biosciences,
San Jose, CA, United States) containing sodium heparin. The
collected blood was centrifuged at 3,000 x g for 15 min at 4°C. The
supernatant plasma was collected and then stored in 1-ml
Eppendorf tubes at —20°C until required.

Prior to the planned end of the experiment, euthanasia criteria
were established using a head-only electric stun tong apparatus
(Xingye Butchery Machinery Co. Ltd., Changde, Hunan
Province, China) 48 h after the intraperitoneal injection of TM
or vehicle. The liver was removed and weighed immediately, and
the morphological images of the liver were obtained. The left
lateral lobe of each liver was dissected, snap-frozen in liquid
nitrogen, and stored at —80°C for mRNA and protein analyses.
Additional liver samples were collected for paraffin embedding
and immunohistochemical analyses.

2.3 Liver Morphological Examination

Fixed liver samples were prepared using conventional paraffin
embedding techniques as described previously (Kim et al., 2018).
Samples were sectioned at 5 pm thicknesses, mounted on slides,
and stained with hematoxylin and eosin (H&E). Histological
changes were investigated using a light microscope (Leica
DM300, Wetzlar, Germany) under 200x magnification. The
inflammation score of hepatic lobules was determined by
counting the inflammatory lesions under a microscope at x20
magnification as follows: 0 points for no lesions, 1 point for <2
lesions, 2 points for 2—4 lesions, and 3 points for >4 lesions (Li
et al., 2022). The data were collected by an investigator who was
blinded to the origin of the tissue sections.

2.4 Hepatic Triglyceride and Plasma Index

Measurements

Pig liver tissue of the same quality was weighed, anhydrous
ethanol was added, the tissue was fully ground, and the
supernatant was collected after 3,000 r/min centrifugation.
Hepatic triglyceride (TG) levels were measured using the
relevant kits according to the manufacturer’s instructions
(Sichuan Maccura Biotechnology, Sichuan, China). Hepatic TG
measurements were performed using an automated chemistry
analyzer (Hitachi 7600; Hitachi, Tokyo, Japan). Blood samples
were collected in tubes containing sodium heparin and
centrifuged to obtain plasma fractions. Plasma levels of
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), TG, cholesterol (Chol), alkaline phosphatase (ALP),
gamma-glutamyl transferase (GGT), total bilirubin (TBIL), and
direct bilirubin (DBIL) were measured using relevant Kkits
according to the manufacturer’s instructions (Sichuan Maccura
Biotechnology). Levels of AST, ALT, TG, Chol, ALP, and GGT
were measured using an automated chemistry analyzer (Hitachi
7600; Hitachi, Tokyo, Japan).

2.5 Measurements of Hepatic and Plasma

Proinflammatory Cytokines
The levels of liver and plasma proinflammatory cytokines,
including tumor necrosis factor alpha (TNF-a), C-reactive
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protein (CRP), and interleukin 6 (IL-6), were analyzed using
enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Minneapolis, MN, United States).

2.6 Plasma Complement Components

Analysis

Colorimetry was used to detect the concentrations of complement
factors C3 and C4, according to the manufacturer’s instructions
(Huaying Bio-Tech Research Institute, Beijing, China). C5a levels
were assessed using a commercial ELISA kit (Huaying, China).
AP50 hemolytic complement activity was measured using rabbit
blood cells and an ELISA kit (Huaying, China).

2.7 RT-gPCR Analysis

RNA isolation and RT-PCR were performed as previously
described (Xin et al,, 2018). Briefly, the same amount (15 mg)
of each hepatic sample was homogenized in liquid nitrogen, and
total RNA was isolated using the miRNeasy mini kit (Qiagen,
Hilden, Germany). Complementary DNA (cDNA) synthesis was
performed using reverse transcription with a PrimeScript RT
reagent kit (TaKaRa, Dalian, China). Differences in gene
expression were determined using qRT-PCR. Polymerase chain
reaction quantification of each sample was performed in
triplicate, and SYBR Green fluorescence (TaKaRa) was
quantified using the CFX96 real-time system instrument (Bio-
Rad, Hercules, CA, United States). Primer sequences for the ER
stress-associated genes are listed in Supplementary Table S1.
Relative expression levels were calculated using the 2744
method, with B-actin as the reference.

2.8 Western Blot Analysis

Total protein was isolated from the frozen liver samples. Protein
concentrations were measured using a bicinchoninic acid (BCA)
assay (Beyotime Institute of Biotechnology, Shanghai, China).
Hepatic protein samples were analyzed by Western blotting, as
described previously (Xin et al, 2018). Protein samples were
separated by electrophoresis on a 10% SDS-PAGE gel and
transferred to a polyvinylidene difluoride ~membrane
(Millipore, Billerica, MA, United States). The blotted
membrane was incubated in 1x TBST blocking solution for
2h at room temperature with 5% skimmed milk, washed, and
then incubated with specific primary antibodies according to the
experimental design overnight at 4°C. The following antibodies
were used: anti-glucose-regulated protein 78 (GRP78) (1:1,000
dilution; SC-13968; Santa Cruz Biotechnology, Dallas, TX,
United States), anti-glucose-regulated protein 94 (GRP94)
(GRP%4, 1:20,000 dilution; ab2791; Abcam, Cambridge,
United Kingdom), anti-phosphorylated-IRE1 (p-IRE1) (1:4,000
dilution; NB100-2323; Novus Biologicals, Littleton, CO,
United States), p-eukaryotic translation initiation factor 2a
(p-elF2a) (1:1,000 dilution; 3398; Cell Signaling Technology,
Danvers, MA, United States), and pB-actin (1:5,000 dilution;
YM3028; Immunoway, Plano, TX, United States). The
membranes were then washed in TBST and incubated with
secondary antibodies (1:1,000 dilution; Invitrogen, Grand
Island, NY, United States) for 1 h at room temperature. The
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blots were scanned using an Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, United States). Quantification
of antigen-antibody complexes was performed using Quantity
One analysis software (Bio-Rad).

2.9 Proteomics Sample

Pigs were stunned with electric shock rods 48h after the
intraperitoneal injection of TM or DMSO. The left lateral lobe
of the liver was frozen in liquid nitrogen and preserved at —80°C.
Four samples each were selected from the HD treatment group
and the control group and stored at —80°C prior to iTRAQ
detection and PRM protein verification. The experimental
samples were divided into control group 1 and experimental
group 2, with four biological repeats in each group, for a total of
eight samples.

2.10 Protein Extraction

The sample was ground into a powder using liquid nitrogen. The
powder was lysed in lysis buffer (2M thiourea, 7 M urea, and
0.1% CHAPS, with protease inhibitor (Roche Applied Science,
Indianapolis, IN, United States) and extracted thoroughly by
ultrasonication (60 s, 0.2s on, 2s off, amplitude 22%). The
stationary extract was then incubated for 30 min at room
temperature, centrifuged at 15,000 x g for 1h at 4°C, and the
supernatant was collected. Finally, the protein concentration was
determined by the Bradford assay using bovine serum albumin as
the standard. Specific protein concentrations are listed in
Supplementary Table S2.

2.11 Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

The protein profile of the extracted proteins was obtained by
SDS-PAGE, according to the protocol described by Shang et al.
(2019) with some modifications. Briefly, 20 ug of each protein
sample in loading buffer was heated at 95°C for 5 min and then
centrifuged at 25,000 x g for 5 min. The supernatant was loaded
onto a 12% separating gel, which was then run at 120V for
120 min. After staining with Coomassie brilliant blue solution R-
250 for 2 h, the gel was placed in a destaining solution consisting
of ethanol and acetic acid (4: 1, v/v) until the protein bands were
clearly visible.

2.12 Filter-Aided Sample Preparation
(FASP) Digestion

For digestion, the protein solution was reduced with 25 mM
dithiothreitol for 60 min at 37°C, and alkylated with 50 mM
iodoacetamide for 30 min at room temperature in the dark.
The mixture was transferred to a 10 kDa ultrafiltration filter.
Thereafter, the filter was washed three times with 300 ul of
20mM triethylammonijum bicarbonate buffer (TEAB),
centrifuged at 12,000 x g for 10 min, washed using 300 ul of
50 mM TEAB, and centrifuged at 12,000 x g for 10 min. Finally,
trypsin was added at a 1:50 trypsin: protein mass ratio for
overnight digestion, washed three times with 300 ul of 50 mM
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TEAB, and then centrifuged at 12,000 x g for 10 min. SDS-PAGE
gel images of the experimental samples are shown in
Supplementary Figure 1.

2.13 iTRAQ Labeling
A 200-ug peptide mixture was labeled with iTRAQ reagents

according to the manufacturer’s instructions (Applied
Biosystems, Waltham, MA, United States). To label peptides
with the iTRAQ reagent, 1 unit of label (defined as the
amount of reagent required to label 100 ug of protein) was
thawed and reconstituted in 150 ul of isopropanol.

2.14 High-pH Reversed-Phase (HpRP)
Chromatography

After labeling, the samples were combined into one tube and
dried in vacuum. Dried peptides were resuspended in 100 pl of
mobile phase A and centrifuged at 14,000 x g for 20 min. The
supernatants were loaded onto a column (Durashell-C18, 4.6 x
250 mm, 5 um, 100 A, Agela, DC952505-0) and eluted stepwise
by injecting mobile phase B into a RIGOL L-3000 system
(RIGOL, Beijing, China). Mobile phase A consisted of 2% (v/
v) acetonitrile and 98% (v/v) ddH,O at pH 10, and phase B
consisted of 98% (v/v) acetonitrile and 2% (v/v) ddH,O at pH 10.
The 60 min gradients comprised 5% mobile phase B for 5 min,
5-30% mobile phase B for 35 min, 30-95% mobile phase B for
10 min, and equilibration with 5% mobile phase B for 10 min at a
300 nl/min flow rate. Fractions were eluted at 1.5 min intervals
and collected using the step gradients of mobile phase B.

2.15 LC-MS/MS Analysis

2.15.1 For iTRAQ

LC-MS/MS analysis was conducted using an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, United States) combined with an EASY-nLC 1000
nanosystem (Thermo Fisher Scientific, Waltham, MA,
United States). The peptide mixtures were separated using a
binary solvent system with 99.9% H,0O, 0.1% formic acid
(phase A), and 80% acetonitrile, 0.1% formic acid (phase B).
Linear gradients consisted of 4-38% B for 90 min, 38-56% B for
20 min, 56-100% B for 6 min, and 100% B for 4 min at a flow rate
of 600mnl/min. The eluent was submitted to an Orbitrap Fusion
Lumos MS system. The applied electrospray voltage was 2.0 kV.
The full scan MS mode was operated with the following
parameters: automatic gain control (AGC) target, 5e5;
resolution, 12,000 FWHM; scan range, 350-1,550 m/z;
maximum injection time, 50 ms; and collision energy, 35%.
The MS/MS mode was set as follows: AGC target, 5e4;
resolution, 15,000 FWHM; and maximum injection time, 22 ms.

2.15.2 For PRM

The peptides were re-dissolved in 10 pl 0.1% formic acid (FA),
and 1 ul of each sample was used to make a mixed sample. Each
sample of one microgram was analyzed using a self-made
analytical column (75pum x 100 mm, 3pm) on an EASY-
nLC1200 connected to a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, United States).
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FIGURE 1 | ERS model was successfully established in piglets using different doses of tunicamycin. Piglets were administered with low dosage (LD) tunicamycin
(TM) (0.1 mg/kg body weight), high dosage (HD) TM (0.3 mg/kg body weight), or vehicle (5% DMSO) for 48 h. (A-F) Relative protein levels of GRP94, GRP78, p-IRET,
IRE1, p-EIF2q, EIF2a, and p-actin were assessed using Western blot analysis in different TM treatment groups. (H-K) Relative mRNA levels of GRP94, GRP78, ATF6,
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Peptides were eluted using a binary solvent system with 99.9%
H,0, 0.1% formic acid (phase A), and 80% acetonitrile, 19.9%
H,O, and 0.1% formic acid (phase B). The following linear
gradient was used: 6-12% B for 2 min, 12-28% B for 36 min,
28-38% B for 11 min, 38%-100% B for 6 min, and 100% B for
5min at a flow rate of 0.6 ul/min. The eluent was introduced
directly to a Q-Exactive Plus mass spectrometer via an EASY-
Spray ion source. The source ionization parameters were as
follows: spray voltage, 2.3 kV; capillary temperature, 320°C.

For the DDA MS runs, one full scan MS from 350 to 1,600 m/z
followed by 20 MS/MS scans were continuously acquired. The
resolution for MS was set to 70,000, and that for MS/MS was set to
17,500. For high-energy collision dissociation (HCD), the
isolation window was set to 2 m/z and a normalized collision
energy of 30% was applied. Dynamic exclusion was applied 20 s
after the second fragmentation event.

A total of 20 proteins were selected for PRM verification. A
target peptide list consisting of 39 peptides was determined from
the selected proteins based on the iTRAQ experiment. In the MS
method, one full scan MS from 350 to 1,150 m/z, followed by 39
targeted scans were acquired. The AGC target was 3e6 and the
maximum injection time was 20 ms. The resolution for MS was
set to 70,000, and that for MS/MS was set to 17,500. For the HCD,
the isolation window was set to 1.6 m/z and a normalized collision
energy of 27% was applied.

2.16 Database Search
2.16.1 Mascot (for iTRAQ)

ProteoWizard (version 3.0.8789) was used to extract the raw data
files from the MS. The MS/MS samples were searched using the
Mascot search engine against the Sus scrofa database (UniProt).
The search was governed by the following parameters: trypsin
was assumed as the digestion enzyme; two missed cleavages were
allowed at maximum; a fragment ion mass tolerance of 0.02 Da
was used; a parent ion tolerance of 10ppm was used;
carbamidomethylation of cysteine was selected as a fixed
modification; and oxidation of methionine, iTRAQ 8 plex of
lysine, and the N-terminus were set as variable modifications.
Scaffold (version Scaffold_4.6.2, Proteome Software Inc.,
Portland, OR, United States) was used to validate MS/MS-
based peptide and protein identifications.  Peptide
identifications were accepted if they could be established with
greater than 90.0% probability to achieve an FDR of less than
1.0% using the Scaffold Local FDR algorithm. Protein
identifications were accepted if they could be established at
greater than 99.0% probability to achieve an FDR of less than
1.0% and contained at least two identified peptides. Protein
probabilities ~ were  assigned  using the  Protein
Prophet algorithm (Nesvizhskii, Al et al. Anal. Chem. 2003; 75
(17):464658). To ensure protein reliability, all quantified proteins
have at least two unique peptides.
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FIGURE 2 | TM-induced ERS effects on physiological traits of piglets. Piglets were administered with TM LD (0.1 mg/kg body weight), TM HD (0.3 mg/kg body
weight), or vehicle for 48 h. (A-C) Food intake in different groups on day0, day1 and day?2. (D) Liver weight gain in different groups. * means p < 0.05; ** means p < 0.01.
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FIGURE 3| TM-induced ERS causes liver injury in piglets. Piglets were administered with TM LD (0.1 mg/kg body weight), HD (0.3 mg/kg body weight), or vehicle

for 48 h. (A) Liver morphology in different groups. (B) H&E staining of liver tissues in different groups. The black arrow denotes lipid droplets in the liver, green arrow
denotes hydropic degeneration in hepatocytes, and yellow arrow denotes dual-core. The black circle denotes the accumulation of inflammatory cells as the lesion of the
inflammation score. (C) Infllmmation score of hepatic lobules in different groups. * means p < 0.05; ** means p < 0.01.

2.16.2 Skyline (for PRM)

PRM data were set up and searched using Skyline (version
4.1.1.11725) software. The database construction data were
DDA data and the unique peptide with the highest value or
the top two quantitative values of the target protein export were
selected to set the PRM method. For the PRM data, an NCBI
database (Sus_refesq_20180716. Fasta) was selected as the
background, mixed DDA data were selected as the library, and
the top eight product ions in the library were used for comparison
and quantification; the data were deemed reliable when the peak
shape was intact and the retention time was within the set
retention time range, undetected product ions were manually

removed, and the target polypeptide quantitative value was
output.

2.17 Statistical Analysis

All statistical analyses were performed using SAS version 9.4 (SAS
Institute, Inc., Cary, NC, United States). Differences between
means were assessed using one-way analysis of variance
(ANOVA), followed by Duncan’s test for multiple
comparisons. Data are presented as mean *+ SD, and statistical
significance was set at p < 0.05. The protein quantitative data of
the two groups of samples being compared were tested by the
group t-test, and the proteins with p-value < 0.05 were screened.
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The selection of differential candidate proteins must be judged
based on multiple changes and statistical significance. In the data
analysis, proteins with a ratio < (1 -2 x SD) or > (1 + 2 x SD) and
p-value < 0.05 were selected as candidate differential proteins.
The Pearson correlation analysis between the plasma
proinflammatory cytokines, plasma complement factors, liver
proinflammatory cytokines, and the DEPs in the complement
and coagulation cascade pathway was performed.

3 RESULTS

3.1 Establishment of an ERS Model in
Piglets

To evaluate ERS development and detect the expression levels of
hepatic ERS-associated genes and proteins in piglets, we
performed RT-PCR and Western blot analyses. Protein
expression levels of GRP78, GRP94, p-IRE1l, and were
estimated in liver samples, as shown in Figures 1 A-D.
GRP78, GRPY4, and IREla protein levels were significantly
increased (p < 0.01) in both the LD and HD groups compared
with those in the vehicle control group, and the p-EIF2a protein

expression level was significantly increased (p < 0.01) in the HD
group compared with that in the vehicle group. The activation of
ERS-linked genes, including GRP78, GRP94, ATF4, and ATF6,
is shown in Figures 1 F-I. We found that, compared with levels
in the control group, the gene expression level of GRP78 was
significantly upregulated (p < 0.01) in both the HD and LD
groups, the gene expression level of GRP94 was significantly
upregulated in both the HD (p < 0.01) and LD (p < 0.05) groups,
the gene expression level of ATF4 was significantly increased
(p < 0.01) in the HD group, and the gene expression level of
ATF6 was not significantly different. Our data indicate that low
and high TM doses stimulated the development of ERS and UPR
in piglets.

3.2 ERS-Dependent Changes in Piglets’
Physiological Traits

We monitored changes in food intake and liver weight in piglets
within 48 h of intraperitoneal injections of TM (or vehicle)
(Figure 2). TM/HD-treated piglets demonstrated decreased
food intake within 24 h compared to the vehicle control group
(p < 0.01), while TM/LD-treated piglets showed stable
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parameters. However, 24 h later, food intake drastically declined
in piglets in the LD and HD groups (63 and 67%, respectively).
Notably, no differences were found between the extracted liver
weights of the TM-treated and control animals.

3.3 Liver Damage Under ERS

H&E analysis, liver morphologies, and inflammation scores of
hepatic lobules are shown in Figures 3 A-C. A yellowish tissue
color in the liver was observed after TM treatment, especially in
the TM/HD group. H&E staining revealed that, in the control
group, the structure of the liver lobules was clear and complete,
and the liver cells were arranged radically centered in the central
vein. However, upon exposure to TM, an increased binuclear
phenomenon, accumulation of lipid droplets, and diffuse
hydropic degeneration were observed. The inflammation score
of hepatic lobules was determined by counting the inflammatory
lesions of the liver tissue under a 20x microscope. The results
showed that the inflammation score of both LD and HD groups
was significantly higher (p < 0.01) than that of the vehicle group,
and the inflammation score revealed that compared with the
control group both LD and HD groups had inflammatory
reactions.

3.4 TM/ERS-Dependent Changes in Liver

Function

The hepatic TG level was significantly increased in both the LD
(p < 0.01) and HD groups (p < 0.05), indicating an increased
hepatic lipid accumulation following TM treatment, which shows
that TM-induced ERS can promote liver steatosis. Plasma TG and
CHOL levels were analyzed as indicators of altered lipid

metabolism. Plasma AST, ALT, ALP, GGT, TBIL, and DBIL
levels were analyzed as indicators of altered liver function. Plasma
TG levels were significantly higher (p < 0.01) in the HD group
than in the LD and vehicle control groups, demonstrating that
lipid metabolism was disturbed in the HD group. The plasma
levels of AST, ALP, and GGT were significantly higher (p < 0.05)
in the HD group than in the vehicle control group, demonstrating
that TM-activated ERS caused significant liver damage. Plasma
levels of TBIL were significantly higher in the HD (p < 0.01) and
LD groups (p < 0.01), and plasma levels of DBIL were
significantly higher in the HD group than those in the vehicle
control group, demonstrating that both LD and HD had disorders
of bilirubin metabolism, which indicates the occurrence of
jaundice. The results are shown in Figure 4.

3.5 ERS-Stimulated Changes in Levels of

Proinflammatory Cytokines

Our data showed that the HD group piglets had significantly
higher plasma CRP levels compared with those in the vehicle
group (p < 0.01) and the LD group (p < 0.05). Both plasma and
liver tissue levels of IL-6 were elevated in piglets in the HD group
treated with TM. The TNF-a concentration in the liver samples of
the LD group was significantly higher than that in the vehicle
group (p < 0.05); however, plasma TNF-a was not affected by TM
treatment. The results are shown in Figure 5.

3.6 Complement Activation Under ERS

To determine ERS-associated changes in activation of the
complement system, plasma complement factors C3, C4, C5a,
and AP50 were measured as indicated in Figures 6 A-D. Plasma
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concentrations of complement factors C3 and C5a increased in
the LD group, and the plasma concentration of AP50 increased
significantly (p < 0.01) in both the LD and HD groups compared
with that in the control group. However, plasma C4 levels were
not significantly different than those in the controls.

3.7 Identification and Quantification of

Differentially Abundant Proteins

A total of 3,679 proteins were identified by the iTRAQ analysis
(Supplementary Table S3), all of which were co-quantitative
proteins. In this experiment, the candidate proteins were screened
according to multiple changes (Folder > 1.2 or < 0.83 and p <
0.05), and 311 DEPs were screened (Supplementary Tables
$4-S6). Among them, 146 proteins were downregulated and
165 proteins were upregulated. A volcano plot was constructed
to visualize differences in protein expression levels between the
two groups of samples, as shown in Figure 7.

3.8 Bioinformatics Analysis

In this study, the Gene Ontology (GO) signal pathway
enrichment analysis of DEPs was performed using Blast2GO
software, which found that the main enriched biological processes
were flavonoid metabolism and uronic acid metabolism, both of
which function in liver detoxification. Additional biological
processes that were identified include arachidonic acid
metabolism, which is involved in inflammatory reactions and
immune system regulation, and nutrient metabolism, which is
mainly enriched in fatty acid metabolism. The top 10 clusters of
biological processes, cell components, and molecular functions
are shown in Figure 8.

The KEGG pathway analysis performed in this study indicated
311 DEPs that were enriched for 209 signaling pathways. The
main enriched signaling pathways were the metabolic signaling
pathway (47 downregulated DEPs and 25 upregulated DEPs), the
complement and coagulation cascade pathway (5 downregulated
DEPs and 28 upregulated DEPs), and processing in the
endoplasmic reticulum (19 upregulated DEPs and 4
downregulated DEPs), which indicates that TM treatment
altered metabolism and abnormally activated the complement
and coagulation cascade pathways and the endoplasmic
reticulum protein processing pathway. DEPs were labeled in
the pathway map in order to visualize their distribution, and
maps of the complement and coagulation cascade pathways and
protein processing in the endoplasmic pathway are shown in
Supplementary Figures S2, S3. The top 20 signaling pathways
identified in the KEGG analysis are shown in Figure 9. Pearson
correlation analysis (Figure 10) showed that most of the DEPs in
the complement and coagulation pathways were significantly
correlated with plasma CRP, plasma IL6, and plasma AP50.
This result demonstrated that plasma proinflammatory factors
and complement factors participated in the activation of the
complement and coagulation cascade pathways in the liver
under ERS.

3.9 PRM Protein Verification

Both iTRAQ and PRM quantify proteins using liquid
chromatography and tandem mass spectrometry (LC-MS).
To further verify the proteins identified by iTRAQ, 18 of
the 311 DEPs were selected for PRM verification, including
proteins involved in lipid metabolism, endoplasmic reticulum,
and redox reactions, which are closely related to the main
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KEGG pathway. The expression trends of the 18 DEPs were the
same in PRM as those in iTRAQ (Figure 11), indicating that
the results of iTRAQ in this experiment were reliable for
further analysis.

3.10 Differentially Expressed Proteins
Interaction Analysis

In this experiment, the DEP information was compared with
porcine species proteins found in the STRING database to obtain
the protein interaction information, and a network map of DEP

interactions was constructed using the String online analysis site.
The map is shown in Figure 12.

4 DISCUSSION

4.1 Effects of ERS on Liver Injury and
Inflammatory Reactions

Most in vivo research models of ERS use mice, rats, and guinea
pigs. TM is an internationally recognized ERS inducer that blocks
N-linked glycosylation and causes cell cycle impediments in vivo
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and in vitro. Under normal physiological conditions, three
proximal UPR sensors associate with GRP78; during ERS,
GRP78 binds misfolded proteins and releases PERK, ATF6,
and IREl1 to relieve the ER pressure. Activated PERK
phosphorylates the alpha subunit of EIf2a (p-EIF2a), which in
turn attenuates global translation initiation and protein synthesis.
IRE1la, which is the most highly conserved UPR sensor, restores
the protein folding capacity and ER associated-protein
degradation (ERAD), which relieves the ER pressure. The
current study showed that a single injection of 0.1 or
0.3 mg/kg TM elevated ERS markers in the livers of treated
piglets, indicating that ERS model pigs were established for the
first time.

ERS is related to the development of liver diseases such as
NAFLD (Flessa et al., 2021). In this study, ERS and liver damage

were detected in TM-treated pigs. We identified lipid droplet
accumulation and inflammation in the liver sections of the LD
and HD groups. In addition, plasma TG levels were significantly
increased in the HD group compared with those in the LD and
vehicle groups, verifying that a high dose of TM caused lipid
disturbance. Moreover, the hepatic TG levels were significantly
higher in the LD and HD groups than in the control group,
indicating steatosis in the livers of the LD and HD groups.
Following TM treatment, the color of the liver was yellowish,
implying the presence of jaundice. Bilirubin is a vital basis for the
clinical diagnosis of jaundice because dysfunction of the
hepatobiliary system leads to an unhealthy buildup of bilirubin
in the blood, resulting in jaundice (Jacob et al., 2020). In this
study, TBIL increased significantly in both the LD and HD
groups, indicating the occurrence of jaundice, and DBIL and
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GGT levels increased significantly in the HD group, illustrating
the occurrence of liver jaundice. Plasma ALT levels had a
tendency to increase, and the AST and ALP levels increased
significantly in the HD group compared to those in the control
group. Increased ALP levels occurring with jaundice indicate liver
hepatitis and liver damage. In this study, TM injections led to
jaundice, steatosis, and abnormal liver function. Adverse effects
were prominent in piglets exposed to higher TM doses.
Additionally, the food intake of TM-treated piglets decreased
sharply, which may have been associated with TM-induced
metabolic dysfunction and hepatic steatosis (Chen et al., 2021).

In total, three distinct UPR branches are involved in the
activation of NF-kB, which regulates the production of

proinflammatory cytokines such as IL-6 and TNF-a. ATF4, an
ERS marker protein, regulates the production of inflammatory
signaling molecules (Robinson et al., 2016). Levels of both IL-6
and TNF-a, upstream effectors of CRP production in the liver,
have been shown to increase in the livers of mice under ERS
conditions (Kim et al., 2014). CRP is a nonspecific biomarker of
inflammation and an acute phase protein that increases when the
body is infected and returns to a normal level after homeostasis is
maintained (Gessner et al., 2015). In this study, levels of IL-6 and
TNF-a in the liver and IL-6 and CRP in the plasma increased in
TM-treated piglets, indicating that 48 h of TM treatment induced
acute ERS. In conclusion, acute ERS stimulates inflammation in
piglets.

Frontiers in Physiology | www.frontiersin.org

12

April 2022 | Volume 13 | Article 857853


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Wang et al.

ERS Model on Piglet Livers

respectively.

FIGURE 10 | Pearson correlation analysis between the proinflammatory cytokines, plasma complement factors, and the DEPs in the complement and coagulation
cascade pathway: red represents a positive correlation, while green represents a negative correlation. ** and * in the figure mean the values of p < 0.01 and p < 0.05,
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Complements are components of the innate and adaptive
immune systems. ERS acts on the complement coagulation
cascade in two ways. On the one hand, when cells or tissues
are under ERS, the molecular chaperone protein GRP78 is
upregulated to initiate the coagulation cascade (Pozza and

Austin, 2005), and C3, the central component of the
complement system, is co-secreted with the ERS marker
protein endoplasmin, which may facilitate C3 cleavage
(Chaumonnot et al, 2021), and then anaphylatoxin C3a and
C5a can trigger the inflammatory reaction. On the other hand,
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ERS causes pathological damage to cells and tissues and mediates
subsequent coagulation cascades. Activation of the classical
complement pathways (C3 and C4) and the alternative
complement pathway (AP50) were detected in the current
study. TM treatment increased the levels of plasma AP50 and
C3 in piglets, suggesting that activation of the complement system
was accompanied by liver injury. C5a, a component of the
terminal complement complex (C5b-9), could further intensify
inflammatory responses and elevate the production of
proinflammatory cytokines, including TNF-a and IL-6. CRP,
another biomarker of inflammatory responses, activates the
classical complement pathway in damaged tissues (Korkmaz
et al., 2017). Regulatory relationships between complement
activation (C3 and AP50) and inflammatory markers (CRP,
IL-6, and TNF-a), which were responsible for the observed
liver injury in this study, remain to be clarified.

4.2 GO Analysis

Proteomic analysis was performed to further investigate the potential
mechanism of ERS effects on piglet livers in the HD and vehicle
groups. GO enrichment analysis of DEPs showed that they were
mainly involved in the biological processes of flavonoid biosynthesis
and uronic acid metabolism, both of which function in liver
detoxification, indicating the toxicity of TM. Some studies have
found that TM can be used as a clinically powerful treatment for
some cancers (Gu et al, 2021); therefore, when using TM in
medicine, attention should be paid to protecting the liver. The

protein cysteine dioxygenase type 1 from the biological process
category of cellular glucuronidation (GO:0032787) was also found to
be upregulated (ratio = 1.6600). It is the rate-limiting enzyme
involved in taurine biosynthesis, and taurine has antioxidant
effects and ameliorates ERS and NAFLD (Gentile et al., 2011;
Batista et al,, 2013; Hagiwara et al,, 2014), indicating that piglet
livers may respond to ERS by increasing taurine levels. The
downregulated hepatokine protein fetuin B (ratio = 0.7025) from
the extracellular region in the cellular component category (GO:
0005576) can impair insulin action in hepatocytes (Wang et al,
2018), and previous studies have indicated that the administration of
fetuin B aggravated hepatic lipid accumulation in vitro and in vivo
(Zhou et al, 2019). The decreased fetuin B level in this study
indicates that suppressing fetuin B may be an important
mechanism for coping with ERS. Levels of the protein Arginase-2
(ARG-2) from catalytic activation in the molecular function category
(GO:0003824) were found to be increased (ratio = 2.7271). ARG-2
deficiency leads to spontaneous development of hepatic steatosis and
proinflammatory activation (Navarro et al, 2015). The increased
ARG-2 level indicates that activation of the catalytic function of
ARG-2 may be involved in the ERS response.

4.3 DEPs Involved in Protein Processing in

the Endoplasmic Reticulum
In our study, an ERS piglet model was successfully established, and
in this pathway, 19 DEPs were upregulated and four DEPs were
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downregulated, indicating that the pathway of protein processing in
the endoplasmic reticulum was activated. Ubiquitin thioesterase
OTU1, which is involved in the UPR and participates in the
ubiquitin-related ERAD process (Gaudet et al, 2011), was
significantly increased in this study (ratio = 1.2102), indicating
the enhancement of ERAD to ameliorate ER pressure. Hypoxia
upregulated protein 1, also known as the 150 kDa oxygen-regulated
protein (ORP150), has a pivotal cytoprotective function in hypoxia-
induced cellular perturbation (Ozawa et al., 1999). A study used a
small interfering RNA to show that kynurenic acid ameliorates ERS
and liver steatosis through ORP150 signaling (Pyun et al., 2021). In
this study, ORP150 levels were increased (ratio = 2.14128),
indicating that it may play an important role in coping with ERS
and steatosis. DnaJ homolog subfamily C member 10 (DNAJC10)
was upregulated in this study (ratio = 1.4031). This protein promotes
the correct folding and degradation of misfolded proteins but also
promotes the intrinsic apoptotic signaling pathway in response to
ERS (Ushioda et al., 2008), which may be one of the reasons why the
UPR effects both survival and apoptosis.

4.4 DEPs Involved in Lipid Metabolism

In the lipid metabolism pathway, 47 DEPs were downregulated, and
25 DEPs were upregulated, indicating that this pathway was altered.
In fatty liver disease, increased ALT2 may be the cause of the
increase in ALT activity in mice with steatosis (Jadhao et al., 2004);
therefore, ALT?2 effectively reflects liver function. In this study, the
increased ALT2 level (ratio = 1.92998) verified that the TM
injection caused liver damage. Fat in the liver is transported out
in the form of very low density lipoproteins (VLDL), supplied as
energy in the form of B-oxidation, or deposited in the liver in the
form of TG. Fatty acid synthase (FAS) is responsible for the de novo
synthesis of new fatty acids. In this study, FAS was significantly
downregulated (ratio = 0.632). Many enzymes downregulated in
this study were associated with fat synthesis, indicating that liver
lipid synthesis is inhibited under TM injection, which may be due to
the acute ERS-affected ER structure that is responsible for the
synthesis of lipids. It may also be due to the negative feedback of
increased liver TG accumulation during adipogenesis in the HD
group (Giudetti et al., 2021). Levels of most of the apolipoproteins
were changed in this study, which was verified by PRM.
Apolipoprotein A-IV (ApoA-IV, ratio = 3.07) promotes the
expansion of VLDL to alleviate the lipid burden of the liver
(VerHague et al, 2013; Wang et al, 2015). ApoA-IV was
significantly increased in this study, indicating that it may exert
positive effects on VLDL for lipid transport out of the liver to relieve
ERS. In liver microsomes, cytochrome P450 2C42 (CYP2C42) is
involved in the NADPH-dependent electron transport pathway,
which oxidizes a variety of compounds, including steroids, fatty
acids, and xenobiotics (Gaudet et al., 2011). In this experiment,
increased CYP2C42 (ratio = 1.7033) indicated that augmented fatty
acid oxidation is part of the ERS response mechanism.

4.5 DEPs Involved in the Complement

Coagulation Cascade Pathway
In the complement coagulation cascade pathway, five DEPs
were downregulated and 28 DEPs were upregulated. Most of

ERS Model on Piglet Livers

the DEPs in this pathway were correlated with the plasma
cytokines and complement factors, indicating that this
pathway was activated. Plasma protease Cl inhibitor is
responsible for the negative regulation of complement
activation (Matsushita et al., 2000). In correlation analysis,
this protein was also negatively correlated with CRP, IL6,
AP50, and C3 in plasma and TNFa in the liver, suggesting
the importance of this protein in mediating inflammation and
the complement system. In this study, its precursor was
decreased (ratio = 0.7553), indicating a weakening of its
inhibition of the complement system. The protein
fibrinogen beta chain (ratio = 1.68235) and fibrinogen alpha
chain (ratio = 1.2696) were significantly increased in our
experiment, which are involved in the cellular response of
IL-6 (Ljungman et al., 2009). Correlation analysis also showed
that both of them were negatively correlated with plasma IL6
significantly (p < 0.01), and both of them mediate endothelial
cell survival and have an anti-apoptotic effect (Pluskota and
D’Souza, 2000). Therefore, these proteins may protect the liver
through anti-apoptotic effects and are regulated by
inflammation under TM treatment. In our study, mannose-
binding protein A, an initiator of the leptin pathway of
complement activation, was significantly decreased (ratio =
0.7572) and negatively correlated with plasma CRP, IL6, AP50,
and C5a. Recently, it has been found that activation of the
lectin pathway might be involved in systemic worsening of the
inflammatory response (Niederreiter et al., 2022), and the
depletion of this protein exhibits strong protection from
ischemia/reperfusion injury (Neglia et al, 2020), so the
downregulated mannose-binding protein A may be involved
in the liver protection under inflammatory response and
complement activation. Vitamin K-dependent protein C is
activated by thrombin (ratio of prothrombin = 1.5880),
which inhibits apoptosis and inflammatory reactions but
plays a positive role in protecting the endothelial cell
barrier (Ding et al., 2015). Furthermore, the vitamin
K-dependent protein C not only correlated with plasma
inflammatory cytokines and complement factors but also
positively correlated with IL-6 expression in the liver,
indicating this protein may play an important role in liver
inflammation. The increase in vitamin K-dependent protein C
(ratio = 1.3377) indicates the protection of complement
activation and the complex relationship between
complement and inflammation. Carboxypeptidase B2 (ratio
= 0.7266) can function as an anaphylatoxin inhibitor (Zhou
et al., 2022). Correlation analysis also showed that this protein
was negatively correlated with plasma C3 and AP50, indicating
that in the early phase of ERS, the body will downregulate this
protein to assure the subsequent complement system
activation. In drug-induced liver injury, the loss of
anaphylatoxin, such as C3a, leads to the obstruction of liver
regeneration (Markiewski et al., 2004); thus, activation of the
complement system can promote liver regeneration after liver
injury, and an increase in complement cytokines can increase
the cellular ubiquitination level, thereby promoting the
elimination of unfolded proteins to maintain homeostasis

(Kitzler et al., 2012). Therefore, activation of the

Frontiers in Physiology | www.frontiersin.org

April 2022 | Volume 13 | Article 857853


https://www.ebi.ac.uk/QuickGO/term/GO:0001869
https://www.ebi.ac.uk/QuickGO/term/GO:0001869
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Wang et al.

complement coagulation cascade pathway may be responsible
for protecting cells under ERS.

5 CONCLUSION

In this study, we used TM to establish a piglet ERS model and
found that ERS could cause liver steatosis, liver damage, and
complement system activation accompanied by inflammation.
A total of 311 DEPs were screened using iTRAQ analysis, and
GO analysis showed that DEPs were mainly enriched in
detoxification reactions. KEGG analysis suggested that most
DEPs were associated with metabolic pathways, complement
and coagulation cascade pathways, and protein processes in
the ER pathway. Under ERS, the protein folding ability of the
ER and the apoptosis signal were regulated, fat synthesis-
related enzymes were downregulated, and proteins involved
in fatty acid oxidation and transportation were enhanced to
ameliorate liver steatosis. In the complement system, a large
number of complement factors and anti-apoptosis factors were
increased, which play an essential role in protecting the liver
from damage. Correlation analysis showed that most DEPs in
the complement and coagulation cascade pathway were closely
related to plasma proinflammatory factors and complement
factors. These results provide valuable information for the
adaptive mechanisms of piglet livers under ERS and could help
identify vital functional genes to apply as possible diagnostic
biomarkers and treatment for diseases induced by ERS in the
future.
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