1' frontiers

in Veterinary Science

ORIGINAL RESEARCH
published: 26 June 2020
doi: 10.3389/fvets.2020.00315

OPEN ACCESS

Edited by:

Minoru Tanaka,

Nippon Veterinary and Life Science
University, Japan

Reviewed by:

Damian Escribano,

Autonomous University of

Barcelona, Spain

Octavio Alonso Casteldan-Ortega,
Universidad Auténoma del Estado de
Meéxico, Mexico

*Correspondence:
Xuhui Zhang
huihui19820131@163.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Animal Nutrition and Metabolism,
a section of the journal

Frontiers in Veterinary Science

Received: 27 February 2020
Accepted: 07 May 2020
Published: 26 June 2020

Citation:

Sun Z, Cai D, Yang X, Shang Y, Li X,
Jia'y, Yin C, Zou H, Xu Y, Sun Q and
Zhang X (2020) Stress Response
Simulated by Continuous Injection of
ACTH Attenuates
Lipopolysaccharide-Induced
Inflammation in Porcine Adrenal
Gland. Front. Vet. Sci. 7:315.

doi: 10.3389/fvets.2020.00315

Check for
updates

Stress Response Simulated

by Continuous Injection of
ACTH Attenuates
Lipopolysaccharide-Induced
Inflammation in Porcine Adrenal
Gland

Zhiyuan Sun'?', Demin Cai**', Xiaojing Yang®', Yueli Shang®, Xian Li®, Yimin Jia®,
Chao Yin’, Huafeng Zou?®, Yunming Xu', Qinwei Sun® and Xuhui Zhang®*

" Department of Animal Husbandry and Veterinary Medicine, Jiangsu Vocational College of Agriculture and Forestry, Jurong,
China, ? Co-innovation Center for Sustainable Forestry in Southern China, College of Forestry, Nanjing Forestry University,
Nanyjing, China, ° Department of Biochemistry and Molecular Medicine, School of Medicine, University of California, Davis,
Sacramento, CA, United States, * College of Animal Science and Technology, Yangzhou University, Yangzhou, China, ° Key
Laboratory of Animal Physiology and Biochemistry, Ministry of Agriculture, Nanjing Agricultural University, Nanjing, China,

¢ Laboratory of Animal Clinical Pathophysiology, Department of Animal Science and Technology, Shanghai Vocational College
of Agriculture and Forestry, Shanghai, China, ” College of Animal Science and Technology, Jiangxi Agricultural University,
Nanchang, China

On modern farms, animals are at high risk of bacterial invasion due to environmental
stress factors. The adrenal gland is the terminal organ of the stress response. The
crosstalk between adrenal endocrine stress and innate immune response is critical for the
maintenance of immune homeostasis during inflammation. Thus, it's important to explore
whether stresses play a pivotal role in lipopolysaccharide (LPS)-induced inflammatory
response in the porcine adrenal gland. Thirty-days-old Duroc x Landrace x Large White
crossbred piglets (12 + 0.5kg) were randomly allocated into four groups in a 2 x 2
factorial arrangement of treatments, including ACTH pretreatment (with or without ACTH
injection) and LPS challenge (with or without LPS injection). Each group consisted of
six male piglets. The results showed that our LPS preparation alone induced mRNA
expressions of IL-18, IL-6, TNF-a, IL-10, COX-2, TLR2, TLR4, and GR (P < 0.05). ACTH
pretreatment downregulated the TLR2 mRNA and IL-6 protein level induced by our LPS
preparation significantly (P < 0.05) by one-way ANOVA analysis. Treatment with LPS
alone extremely significantly decreased ssc-miR-338 levels (P < 0.01). Interaction of
ACTH x LPS was significant for cNOS level (P = 0.011) and ssc-miR-338 expression (P
= 0.04) by two-way ANOVA analysis. The LPS treatment significantly downregulated
cNOS levels (P < 0.01), which was significantly attenuated by ACTH pretreatment
(P < 0.05). Lipopolysaccharide alone did not affect ssc-miR-146b expression levels
compared to that in the vehicle group. However, ACTH pretreatment in combination
with LPS significantly increased this micro-RNA expression (P < 0.05). TLRs 1-10
were all expressed in adrenal tissue. The LPS challenge alone induced remarkable
compensatory mitochondrial damages at the ultrastructural level, which was alleviated
by ACTH pretreatment. Accordingly, ACTH pretreatment was able to block LPS-induced
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secretion of local adrenal cortisol (P < 0.05). Taken together, our results demonstrate
that ACTH pretreatment seems to attenuate LPS-induced mitochondria damage and
inflammation that decreased cNOS activity in the adrenal gland and ultimately returned
local adrenal cortisol to basal levels at 6 h post LPS injection.

Keywords: stress, toll-like receptor, glucocorticoid, lipopolysaccharide, adrenocorticotropine

INTRODUCTION

Issues existing in modern farm transportation and management
can induce various stresses in domestic animals (1, 2), which
are associated with increasing incidence of diseases (3). Effects
of stress on the immune response, reported in previous studies,
are conflicting. For instance, high-yield dairy cows in the
transition period suffered from metabolic stress, characterized by
occurrence of an inflammatory response (4). Social disruption
and an acute stressor have been shown to activate an
inflammatory response in mice (5, 6). Lipopolysaccharide (LPS)
challenge was shown to reduce feed intake and increase plasma
pro-inflammatory cytokines of pigs, which was inhibited by
high-temperature stress (7). Long-term effects of social stress
have been reported to inhibit antiviral immunity in pigs (8).
Generally, exposure to intense acute or long-term chronic stress
may compromise host immune responses (9).

The adrenal gland is the terminal organ of the stress response,
which can directly respond to acute and chronic stress (10). The
adrenal response to stress is crucial for the host defense against
infection (11). The initial step of host defense against bacterial
infections is through pattern-recognition receptors, such as toll-
like receptors (TLRs). In fact, the stress response and the innate
immune response is coordinated by TLRs in the adrenal gland,
which is crucial for animal survival during severe inflammation
(11, 12). The LPS treatment induced expression of TLR2 and
TLR4 in the adrenal gland of animals (12, 13). Most TLRs are
responsible for the recognition of a variety of pathogens and
induce inflammatory responses. During inflammation, release
of cytokines is accompanied by a high glucocorticoid (GC)
output. The inflammation is normally restricted by GC as
a feedback mechanism (14). The GC acts through a ligand-
dependent transcription factor glucocorticoid receptor (GR) (14,
15). Previous studies on mice have shown that deletion of
TLR2 or TLR4 is associated with marked cellular alterations
in adrenocortical tissue and an impaired adrenal corticosterone
response (11, 12). Stress can stimulate the adrenal gland to release
GC (16). However, little information is available regarding effects
of stresses on LPS-induced inflammatory response via TLRs and
GR in the adrenal gland of pigs.

The miRNAs act as a class of endogenous non-coding
RNA. They can regulate inflammation via inhibiting mRNA

Abbreviations: TLR, toll-like receptor; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GR, glucocorticoid receptor; IL, interleukin; TNF-a, tumor
necrosis factor-o; COX-2, cyclooxygenase-2; T-NOS, total superoxide dismutase;
iNOS, inducible nitric oxide synthase; cNOS, constitutive nitric oxide synthase;
T-SOD, total superoxide dismutase; XOD, xanthineoxidase; CAT, catalase; LPS,
lipopolysaccharide; miRNA, microRNA.

transcription or promoting mRNA degradation of the target
gene. It was reported that miR-338 was involved in regulating
inflammation (17, 18). Previous studies have shown that some
miRNA families, such as let-7 and miR-146, can directly decrease
TLR4 expression and inhibit inflammation and oxidative stress
response (19-22). In view of the importance of the adrenal
response, here we aimed to investigate, for the first time,
the effect of stress on LPS-induced inflammatory response in
the pig adrenal gland. Usually continuous ACTH treatment
is used to mimic the stress response (23, 24). Therefore,
we used a pig model exposed to LPS injection with or
without continuous ACTH pretreatment to study secretions of
inflammatory cytokines, enzymes regulating oxidative stress, and
cortisol as well as levels of expression of TLR2, 4, GR, and all
miRNAs that target TLR2 and TLR4.

METHODS

Animals and Experimental Design

This study was conducted according to “Guidelines on Ethical
Treatment of Experimental Animals” (2006) No. 398 set by the
Ministry of Science and Technology, China, and the “Regulation
Regarding the Management and Treatment of Experimental
Animals” (2008) No. 45 set by the Jiangsu Provincial People’s
Government. All animal procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Nanjing Agricultural University. A 2 x 2 factorial design was
used (i.e., LPS treatment as one factor and ACTH treatment as
the other factor). Twenty-four 30-days-old Duroc x Landrace
x Large White crossbred piglets with an average weight of 12
=+ 0.5kg were obtained from a commercial farm. The herd in
the farm had been monitored regularly during the last 5 years
for infectious diseases in the sows and pigs of different age
groups prior to our treatment, and no clinical and pathological
evidence was found. Before the experiment, all the piglets were
acclimatized for a week. All the piglets were randomly allocated
into four groups in a 2 x 2 factorial arrangement of treatments,
including ACTH (Sigma-Aldrich, Dublin, Ireland) pretreatment
(with or without ACTH injection) and LPS challenge (with
or without LPS injection): (1) vehicle group (ACTH- LPS-),
(2) LPS injection without ACTH pretreatment group (ACTH-
LPS+), (3) ACTH alone treatment group (ACTH+ LPS-), and
(4) LPS injection with ACTH pretreatment group (ACTH+
LPS+). Each group consisted of six male piglets. The pigs were
randomly divided into pens in four separate rooms equipped
with appropriate air filters, and the vehicle group was retained
in a pen distant from the other groups. The pens had fully
slatted floors with natural light conditions. All pigs were provided
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with water and food ad libitum. They were fed a commercial
feed with no antimicrobials throughout the trial, consisting of
65% corn, 24% soybean meal, 5% bran, 2% fish meal, and 4%
premix, and the nutrition content included 18% crude protein
and 3.4 Mcal/kg digestion energy in the diet formula, respectively.
Because continuous ACTH administration to the animal was
showed to be similar to stress in some studies (23, 24), all
the ACTH pretreatment pigs were injected intramuscularly with
ACTH (2.25 IU/kg body weight) for seven consecutive injections
at 6-h intervals. The first injection started at 9 a.m. on the 1st day.
As a classic ligand for TLR4, LPS stimulates the body to produce
an inflammatory response (25, 26). The LPS from Escherichiacoli
serotype K-235 (phenolextracted) (Sigma-Aldrich) was dissolved
in 0.9% NaCl solution (27). Then all the LPS treatment pigs were
injected intramuscularly with LPS (15 pg/kg weight) at 9a.m. on
the 3rd day post the first ACTH treatment. Pigs in the other two
groups were mock injected with saline in the same manner. All
pigs were euthanized at 6h post-LPS treatment. The pigs were
slaughtered by a head-only electric stun tong apparatus, followed
by manual exsanguination. Microscopy histological analysis and
levels of cortisol, cytokine protein, gene mRNA expression, and
miRNA expression in the adrenal gland tissue were determined
by the same person who was blinded to the experiment design.

Sample Collection

These key sampling times post LPS injection were based on
previous research in our laboratory (27, 28). All blood samples
were collected from the precaval vein at 6 h post LPS treatment.
Blood samples were centrifuged at 1,500 x g for 15min at 4°C,
and the serum was stored at —20°C. The adrenal gland tissue was
harvested immediately after euthanasia. Subsequently, tissues
were washed with PBS to remove any blood and contaminants
on their surface. The samples were snap frozen in liquid nitrogen
and stored at —70°C.

Electron Microscopy

Adrenal glands were diced into small pieces at approximately 1
mm?® and fixed in 0.1 M phosphate buffer at pH 7.2-7.4 with
2% (vol/vol) glutaraldehyde. After washing in 0.2 M phosphate
buffer (pH 7.2) overnight, these specimens were post-fixed in
cold 1% OsO4 (pH 7.3) for 2h at 4°C. All tissue slices were
dehydrated in different gradients of ethyl alcohols (30-100%)
and then embedded in Epon 812 R (Merck, Whitehouse Station,
NJ). Finally, ultrathin sections (50 nm) were stained with uranyl
acetate and lead citrate and examined by an H-7650 transmission
electron microscope (Hitachi High-Technologies Co., Japan)
at 80 kV with an Ultrascan CCD camera (11). Ultrastructure
morphometric assessments of mitochondria were conducted by
using NIH Image] software.

Measurement of Markers for Oxidative

Stress

All adrenal gland tissues homogenized in cold
radioimmunoprecipitation assay (RIPA) buffer of (50 mM
Tris-HCl pH 7.4, containing 10% glycerol, 1.0% Triton-X
100, 100mM NaCl, 50mM NaF 1mM EDTA, and 1 mM
EGTA) with the protease inhibitor cocktail (Roche Applied

were

Science) then centrifuged at 1,500 x g for 15min at 4°C,
and the supernatant was extracted. The enzyme activities
of total superoxide dismutase (T-SOD), catalase (CAT),
inducible nitric oxide synthase (iNOS), constitutive nitric
oxide synthase (cNOS), total nitric oxide synthase (TNOS),
and XOD (xanthine oxidase) content in the supernatant of
adrenal tissues was determined using biochemical determination
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) (29-31).

Cortisol and Cytokine Protein Levels in

Adrenal Gland Tissue

Concentrations of cortisol and IL-6 in the supernatant of adrenal
gland tissues at 6 h after LPS injection were measured in duplicate
using a commercial 125I-RIA kit (Beijing Research Institute of
Biotechnology, Beijing, China) according to the manufacturer’s
instructions. This kit was validated for measuring porcine
samples (15, 31). The detection limits of cortisol and IL-6 were
2ng/mL and 50 pg/mL, respectively. All samples were measured
in the same assay to avoid inter-assay variations.

Gene Expression Levels in Adrenal Gland

Tissue

Briefly, total RNA was extracted from adrenal gland tissues
using Trizol reagent (Invitrogen, Carlsbad, CA) according to our
previous description (15). From each sample, 1 pg of total RNA
was converted to cDNA using the PrimeScript® RT reagent kit
with gDNA Eraser (Takara, Dalian, China). The primers used
are listed in Table 1. Also, real-time quantitative PCR (QPCR)
reactions and gene expression levels of mRNA were performed
using the SYBR Green QPCR Master Mix (TOYOBO Ltd.,
Japan) as previously described (15). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was chosen as a reference gene for
normalization. All the mRNA expression levels in the adrenal
gland tissues at 6h post LPS injection were presented as the
fold change relative to the average values in the Vehicle group
(Supplementary Material S1).

miRNA Expression Level in Adrenal Gland

Tissue

All miRNAs that target TLR2 and TLR4 were predicted
by computer-aided algorithms from TargetScan (http://www.
targetscan.org/vert_42/), and the miRNA expression level was
performed according to previous publication (32). Briefly, total
RNA was extracted from the adrenal gland tissues using Trizol
reagent. The RNA (4 pg) was polyadenylated by poly(A)
polymerase (PAP) at 37°C for 1h in a 20-pl reaction mixture
using the Poly(A) Tailing Kit (AM1350, Ambion, USA), and
tailing reactions were performed. The tailing reaction solution
contained 4 g of RNA samples (1 pg/pl), 2 pl of 25mM
MnCI2, 4 pl of 5xE-PAP buffer, 0.8 pul of E-PAP, 2 nl
of 10mM ATP, and 7.2 wL of nuclease-free water in 20
pl final volume. Then, tailing RNAs (2 pg) were converted
to ¢cDNA using a gene-specific oligo dT-adapter primer (1
pg/il). QPCR reactions were performed using the SYBR Green
QPCR Master Mix (TaKaRa, Tokyo, Japan) with an Mx3000P
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TABLE 1 | Nucleotide sequences of specific primers used in gPCR.

Genes Primers
TLR1 5'-GTGTTGCCAATCGCTCAT-3'
5'-CAGATTTACTGCGGTGCT-3'
TLR2 5'-GACACCGCCATCCTCATTCT-3
5'-CTTCCCGCTGCGTCTCAT-3
TLR3 5'-TGCACTAAAACGTGAAGAACTT—-3'
5'-ATGAAAACACCCTGGAGAGAAC—-3'
TLR4 5'-TCTACATCAAGTGCCCCTAC—-3'
5'-TAAATTCTCCCAAAACCAAC—3
TLR5 5'-AGATACCCCTTGTGTGCGA-3'
5'-TTCCTTGTGGTGTCCGCTG—3'
TLR6 5-AGAAAGAAATCTTGAATTTGGA-3
5'-AATGAAGGCTTATGACAGTAGG—3'
TLR7 5'-TATGGGACCAGGAGCACACAA-Z
5'-AAAGAGAACTGCCGATAGGGA—-3
TLR8 5'-CGGTCGCTTCCCACATC—3
5-CCAGTCCCTCTCCTCCAAAC—3
TLR9 5'-GGATGTGGGCTGAGGGAG—3'
5-AGGCTTTTGGGGAGGTTG-3'
TLR10 5'-TGTGGTATTGTCATGTCAGTGC -3
5'-AGTTGAAAAAGGAGGTTGTAGG—3
GAPDH 5'-CGTCCCTGAGACACGATGGT—-3'
5'-CCCGATGCGGCCAAAT -3
GR 5'-TCTGTATGAAAACCTTACTGCT—-3'
5'-TGTTCTTATCCAAAAATGTCTG—3
IL-18 5-CAGGGGACTTGAAGAGAG—3'
5'— GCTGATGTACCAGTTGGG-3'
IL-6 5'-CTACTGCCTTCCCTACCC—-3
5-ACCTCCTTGCTGTTTTCA-3
TNF-a 5-CCTCTTCTCCTTCCTCCT-3
5'-ATTGGCATACCCACTCTG-3'
IL-10 5'-CATCCACTTCCCAACCAG-3
5'-TCCTCCCCATCACTCTCT-3'
COX-2 5'-GTGTGAAAGGGAGGAAAGA-3'
5'-AAACTGATGGGTGAAGTGC—-3'
Ssc-miR-338 TCCAGCATCAGTGATTTTGTTG
Ssc-miR-146b TGAGAACTGAATTCCATAGGC

TAGAGTGAGTGTAGCGAGCACAGAATTAATA
CGACTCACTATAGG VN

GTGACCCACGATGTGTATTCGC
TAGAGTGAGTGTAGCGAGCA

Oligo dT-adaptor

Exogenous reference

Universal

QPCR system (Agilent Technologies, Stratagene, USA). All
special miRNA primers were designed based on mature miRNA
sequences of pigs in miRbase (http://www.mirbase.org/). All
primers used are listed in Table 2, including special miRNA
primers, universal primers, exogenous reference primers, and
oligo dT-adaptor primers. All the miRNA expression levels
in the adrenal gland tissues at 6h post LPS injection were
presented as the fold change relative to the average values in the
vehicle group.

Statistical Analysis

All data were analyzed in the general linear model (GLM)
procedure of SPSS 16.0 (SPSS Inc., Chicago, IL, USA).
Descriptive statistics were performed to check the normality and

TABLE 2 | Effects of LPS/ACTH on oxidative stress response in local porcine
adrenal tissue.

Items ACTH - ACTH + S.E.M. P-value
LPS - LPS+ LPS - LPS+ ACTH LPS ACTH x
LPS
T-NOS (U/mg 1,708 1.12° 1.38%° 1.42% 0,08 0.955 0.089 0.052
protein)
iNOS (U/mg 0.36 043 0.31 047 0.02 0922 0.048 0.422
protein)
cNOS (U/mg 1.342 0.69° 1.07%° 0.95° 0.07 0.517 <0.010 0.011
protein)
T-SOD (U/mg 87.942 57.94° 76.282 55.08° 2.59 0.215 <0.010 0.446
protein)

XOD (U/g protein) 35.58 28.63 82.91 82.02 1.77 0.901 0.187 0.304
CAT(U/mg protein) 0.90 0.88 0.80 090 003 0.515 055 0.328

Means with different letters (a, b, c) are significantly different (P < 0.05) from each other, n
= 6. Different superscript letters indicate significant differences between the same column.
Data are expressed as mean + SEM.

homogeneity of variances before using parametric analyses. IL-
6 mRNA, TNF-oo mRNA, IL-10 mRNA, IL-6 protein, and cNOS
secretion levels were not normally distributed. Therefore, Log10
transformation was performed for these results before statistical
analysis. All data were analyzed by two-way ANOVA in the
general linear model (GLM) procedure of SPSS 16.0 (SPSS Inc.)
with main effects of LPS and ACTH treatments and interaction
of LPS x ACTH. For all data, a one-way ANOVA was performed
also. Duncan’s test was used as the post-hoc test. Two-tailed
P-values with P < 0.05 were considered significant. Data are
expressed as mean + SEM.

RESULTS

Clinical Symptoms and Ultrastructure
Change of the Adrenal Gland

LPS injection alone induced severe clinical symptoms in ACTH-
LPS+ pigs. Five pigs lied down on the ground with signs of
depression not drinking water within 6h post LPS injection,
and one pig was dying in the group although pigs in the
ACTH+ LPS+ group showed mild clinical symptoms post
ACTH pretreatment. Two pigs in the combined treatment
group lied down on the ground with depressed spirits within
3h post LPS injection but recovered quickly. The other four
pigs moved and drank normally in the ACTH+ LPS+ group.
All pigs in the other groups without LPS treatment did
not show any clinical symptoms. At the ultrastructural level,
the most pronounced effect was found in the mitochondrial
architecture. All the animals without LPS treatment exhibited a
rod-like or round mitochondria with characteristic tubovesicular
cristae. In contrast, LPS treatment alone induced compensatory
damage of the mitochondrial substructure, and mitochondrias
became swollen and extremely round with a smooth outer
membrane and disappeared cristae. The ACTH pretreatment
obviously alleviated LPS-induced mitochondria injury and
restored mitochondrial cristae to the tubovesicular structure
(Figure 1).
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LPS-

ACTH-
C

ACTH+ LPS+

ACTH- LPS+
FIGURE 1 | Effect of lipopolysaccharide/ACTH treatment on ultrastructure
change of pig adrenocortical cells (arrow, scale bars = 500 nm). (A) Vehicle
group and (B) ACTH groups show rod-like or round mitochondrias with
characteristic tubovesicular cristae (arrow). (C) LPS group shows extremely
round mitochondrias with a smooth outer membrane and disappeared cristae
(arrow). (D) ACTH + LPS group shows mitochondrial cristae with
tubovesicular structure (arrow).

Profiles of Various Cytokines and Cortisol
As shown in Figure2, a strong main effect of LPS was
detected (P < 0.01). Treatment with LPS alone upregulated
mRNA expressions of IL-18, IL-6, TNF-qa, IL-10, COX-2 (P <
0.05). Furthermore, ACTH pretreatment significantly inhibited
LPS-induced IL-6 protein secretion (Figure2F, P < 0.05).
Consistent with this, ACTH pretreatment significantly alleviated
the release of cortisol induced by LPS (Figure2G, P <
0.05) and restored local adrenal cortisol to the basal level
(Supplementary Material S1).

Oxidative Stress in the Adrenal Gland

As shown in Table 2, LPS treatment revealed a main effect on
T-SOD activity (P < 0.01). The LPS treatment significantly
decreased T-SOD activity (P < 0.05); however, ACTH
pretreatment did not restore T-SOD activity. Treatment with
LPS increased levels of iNOS protein secretion in the adrenal
gland (P = 0.048). There were a main effect of LPS (P < 0.01) and
a ACTH x LPS effect (P = 0.011) for cNOS levels by two-way
ANOVA. The LPS treatment significantly downregulated ctNOS
level (P < 0.01), which was significantly attenuated by ACTH
pretreatment (P < 0.05) (Supplementary Table S1).

Levels of Toll-Like Receptors and
Glucocorticoid Receptor mRNA

Expressions

All the 10 TLRs (TLR1 to TLR10) were found to be expressed
in porcine adrenal tissue under normal physiological conditions
(Figure 3A). The TLR3 was the most abundantly expressed TLR,
which was followed by TLR1 (Supplementary Table S2). The
statistical analysis of TLR2, 4 mRNA expressions in adrenal
gland revealed a main effect of LPS treatments (P < 0.01,
Figures 3B,C). Treatment with our LPS preparations alone
significantly increased levels of TLR2, 4 mRNA expression (P
< 0.01 and P < 0.05, respectively). Transcriptional activation
of TLR2 induced by the LPS was significantly relieved by
ACTH pretreatment (P < 0.05). Furthermore, LPS alone
significantly increased levels of GR mRNA expression (P <
0.05, Figure 3D). But no significant change was shown for LPS-
induced GR or TLR4 mRNA expression by ACTH stimulation
(Supplementary Table S1).

Expressions of microRNA

All miRNAs that target TLR2 and TLR4 were predicted as shown
in Table 3. The results showed that miR-338 and miR-146b had
potential regulatory effects on TLR4. In contrast, highly reliable
miRNAs that target TLR2 were not found. There were main
effects of LPS (P < 0.01) and ACTH x LPS (P = 0.04) for
ssc-miR-338 expression level by two-way ANOVA. Treatment
with LPS alone extremely significantly decreased the ssc-miR-338
level (P < 0.01), yet the induction was not affected by ACTH
pretreatment. In contrast, ACTH pretreatment combined with
LPS promoted the expression of ssc-miR-146b significantly (P <
0.05) compared with the vehicle group despite no changes being
detected with LPS treatment alone (Supplementary Table S1).

DISCUSSION

Lipopolysaccharide is known to stimulate an inflammatory
response that induces production of cytokines. As expected,
the body temperature was increased in all the LPS-treated
pigs compared to the control group in our inflammation
model of pig (27). And it was found in the present study
that LPS upregulated expressions of IL-1p, IL-6, TNF-a, IL-
10, and COX-2 mRNA in the adrenal gland of pigs. These
results indicate that a strong inflammatory reaction may be
induced locally in adrenal gland tissue. However, we found that,
among all the cytokines examined, only levels of IL-18, IL-10
mRNA were altered post LPS treatment in lung tissue (data
not shown). LPS upregulated levels of pulmonary IL-1f and
IL-10 gene mRNAs, but ACTH treatment has no significant
effect on them. As for other genes related to inflammation, no
significant differences were observed in the expression of IL-
6, TNF-a, and COX-2 mRNAs post ACTH or LPS treatment.
This suggests that the inflammatory response induced by LPS
treatment is tissue-specific in our study. Similar results are
reported in a previous publication that cytokine responses to
LPS are age- and tissue-dependent in neuroendocrine tissues
of neonatal pigs (33). Some previous studies on mice or rats
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have shown that ACTH attenuated LPS-induced systematic
inflammatory response (34, 35). For example, it was reported
that treatment with ACTH (1-24) sympathectomy attenuated
LPS-induced increases of IL-1f, IL-6, and IL-10 levels in the
plasma of rats. In accordance with this, we also found that
ACTH pretreatment blocked intra-adrenal IL-6 protein secretion
induced by LPS. Therefore, our finding provides in vivo evidence

that the stress mimicked by continuous ACTH treatment may
play a role in alleviating inflammatory reaction in the local
adrenal gland.

The inflammatory response elicited by LPS mainly through
activation of TLR4 has been well-documented in previous studies
(36-39). It is also found that TLR2 can be upregulated by
LPS stimulation in hemorrhagic shock mice (40), suggesting
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TABLE 3 | Effects of LPS/ACTH on miRNA expressions targeting TLR4 gene in porcine adrenal tissue.

Target gene miRNA ACTH - ACTH + S.E.M. P-value
LPS - LPS+ LPS - LPS+ ACTH LPS ACTH x LPS
TLR4 ssc-miR-338 1.002 0.44° 0.710 0.52b° 0.04 0.243 0.000 0.040
ssc-miR-146b 1.00° 1.418 0.75°P 2.45% 0.31 0.349 0.020 0.134

Means with different letters (a, b, c) are significantly different (P < 0.05) from each other, n = 5-6.
Different superscript letters indicate significant differences between the same column. Data are expressed as mean + SEM.

that both TLR2 and TLR4 can be activated by their LPS
preparation. Previous studies have shown that expressions of
TLR2 and TLR4 were increased by LPS treatment in the
mouse adrenal gland, which further promotes the secretion
of IL-1, IL-6, and TNF-a (12, 13). In accordance, we found
that LPS activated mRNA expression of TLR2 and TLR4 in
porcine adrenal gland tissue. However, it should also take into
account the contamination of commercial LPS preparations
(11). Indeed, LPS is the classical ligand of TLR4, and TLR2
should not be activated by pure LPS. Actually, commercial LPS
preparation was always contaminated with TLR2 ligands, such
as lipopeptides, that can activate TLR2 pathways (11). In the
present work, we just used LPS to stimulate the inflammatory
response rather than to specifically study the TLR4 pathway.
Thus, commercial LPS was used in the present work. In
addition, our findings provided in vivo evidence that ACTH
pretreatment downregulated expressions of TLR2 induced by
our LPS preparations in pig model, which was coupled with
changes of IL-6 protein levels. These results may suggest that
stress stimulated by continuous ACTH treatment prevented
the transcriptional activation of TLR2 and, thus, protected the
porcine adrenal gland against excessive inflammation.

Many studies have demonstrated that activated TLRs in organ
injury are associated with oxidative stress (41, 42). NO (nitric
oxide) is an important inflammatory mediator derived from
NOS, including induced NOS (iNOS) and constitutive NOS
(cNOS) (43). Actually, the regulation of NO production by cNOS
and iNOS was a complex issue, and it was reported that the
activity of ¢ctNOS was regulated by LPS and some cytokines
in the mouse vascular endothelial cell line (44). It was also
documented that the cNOS activity showed a 4.3-fold decrease
post H. pylori LPS treatment in rat gastric mucosal cells while
ghrelin countered the LPS-induced change (45). This result is
consistent with our finding. Here, we found that LPS treatment
downregulated ¢cNOS levels, which was significantly relieved by
ACTH pretreatment, thus resulting in an ACTH x LPS effect for
cNOS level. These results indicate that the strong inflammatory
reaction induced by LPS may decrease cNOS activity in local
adrenal gland tissue although ACTH pretreatment alleviates the
effect of LPS. NO is predominantly produced by iNOS in the late
phase of inflammation (43, 46). Here, we found LPS treatment
increased levels of iNOS protein secretion in the adrenal gland
but decreased T-SOD activity without an ACTH x LPS effect.
These results suggest that LPS may promote local iNOS activity
and damage the activity of the antioxidant enzymes, which were
consistent with the result of over-activation inflammation in local

adrenal gland tissue. But ACTH has no effect on activity of iINOS
and antioxidant enzymes.

Studies in mouse brains indicated that miR-146a and let-7b
miRNAs were upregulated, but miR-338-3p miRNA expressions
were downregulated in prion disease (17). It was also reported
that miR-338-3p miRNA expression was downregulated during
LPS-induced inflammation in mouse lung tissue (18). In
accordance, here, we found that LPS injection alone extremely
significantly decreased the ssc-miR-338 level in our pig model.
However, it’s puzzling that the LPS-induced inhibition of ssc-
miR-338 was not affected by ACTH pretreatment by one-way
ANOVA although with an ACTH x LPS effect. Here, we found
that transcriptional activation of TLR4 induced by LPS was not
affected by ACTH pretreatment. Thus, the result of ssc-miR-
338 is consistent with our findings of TLR4 expression. It has
been reported in several studies that the miR-146 family targeting
various pro-inflammatory molecules in the TLR4 signaling
pathway plays a negative regulatory role in inflammatory
response (21, 22). In line with these findings, here, we found
that ACTH combined with LPS stimulation upregulated miR-
146b level. But inconsistent with expectation, transcriptional
activation of TLR4 induced by LPS did not changed significantly
by ACTH pretreatment. In fact, the miR-146 family might
be the LPS primary response gene that targeted various pro-
inflammatory molecules besides TLR4 (21). It was reported
that 76 miRNA were significantly upregulated, and 35 miRNAs
were downregulated at different time points post LPS treatment
in mice, that targeted various pro-inflammatory molecules
(18). Thus, here the ACTH-stimulated miR-146 or ssc-miR-
338 regulatory circuit may fine-tune LPS-induced inflammatory
signaling by targeting other inflammatory molecules.

The subcellular structure of adrenal mitochondria is closely
related to the release of steroid hormones (11, 12). A defined
spatial and conformational arrangement of mitochondria,
which maintains normal electron transfer and cytochrome
P450 activity, is required for the synthesis of glucocorticoid
(11). Lipopolysaccharide impaired the mitochondrial structure
in the pig adrenal gland in our study, which was restored
to normal tubovesicular structure by ACTH pretreatment.
The morphological alterations of mitochondria suggest
mitochondrial dysfunctions post LPS treatment. The change of
adrenal mitochondrial structure was consistent with cortisol
levels in serum and adrenal gland tissue. This phenomenon
may represent a compensatory mechanism for maintaining
basal corticosterone release despite impaired adrenocortical
function. The altered structure of the adrenals may reflect the
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enhanced synthesis and release of cortisol in the inflammatory
state. We speculate that continuous ACTH treatment alleviates
LPS-stimulated damage to mitochondria so that intra-adrenal
cortisol can return to baseline levels.

The HPA axis is known to be activated by a variety of
inflammatory insults, and innate immune-endocrine interactions
and resultant GC-GR mediated action are critical for maintaining
the homeostasis of immune response (33, 47). Bacterial invasion
induces the secretion of cytokines, such as TNF-a, IL-1, and IL-
6, which can stimulate the HPA axis to release corticotrophin-
releasing hormone (CRH) and arginine vasopressin in the
hypothalamus. Next, CRH stimulates the anterior pituitary to
synthesize and release ACTH, which promotes the secretion of
GC in the adrenal gland (48). GCs themselves exert a negative
feedback regulation to suppress the HPA axis, which leads
to a shift from pro-inflammatory immune responses to anti-
inflammatory immune responses in circulation (49, 50). Actually,
the HPA axis was stimulated directly by LPS that has been
implicated in previous studies, including in the paraventricular
nucleus of the hypothalamus (48), the anterior pituitary (51),
or the adrenal glands (11). The activated HPA axis produced
pro-inflammatory cytokines, such as TNF-a, NO, and IL-6,
which involved in modulation of secretion of ACTH leading to
downstream GC release. Consistent with this, here we found an
exacerbated inflammatory response in local adrenal tissue and
increased serum TNF-a concentration (data not shown) after
LPS stimulation, accompanied by elevated cortisol levels at 6 h
post LPS injection. Adrenal TLR2 and TLR4 should be tightly
controlled in order to keep the balance between the adrenal
endocrine and innate immune response, which are crucial for
host survival (11, 12). Therefore, in the present study, activated
TLR2 and TLR4 pathways by our LPS preparations may stimulate
release of cytokines in local adrenal gland tissue and serum, and
circulated cytokines may eventually promote cortisol release via
stimulating HPA axis in a negative feedback loop.

Previous study has shown that an inflammatory transcription
factor, namely NF-interleukin 6 (NF-IL-6), was activated in the
anterior pituitary lobe not only by inflammatory LPS stimulation,
but also by a novel environment stress that caused low-grade
inflammatory responses in the brain and the anterior pituitary
(51). However, in the present study, no adrenal response was
observed by ACTH injection alone. This may be due to the
fact that the consecutive exogenous ACTH treatment could
reduce the adrenal gland sensitivity to ACTH stimulation.
Interestingly, here, ACTH pretreatment relieved inflammation
in adrenal gland upon exposure to our LPS preparations
to a certain extent and, ultimately, restored systemic and
local cortisol to basal levels at 6h post LPS injection. Serum
cortisol levels were increased at 2h post LPS treatment and
remained elevated at 6h. However, pretreatment with ACTH
significantly decreased the LPS-induced upregulation of cortisol
and restored cortisol to the basal level at 6 h post LPS treatment
(data not shown). It may suggest that the chronic stress
stimulated by our consecutive ACTH treatment may keep the
balance between the innate immune and adrenal endocrine
response in the local adrenal gland post LPS injection. However,
the adrenal response was in a time-dependent manner, and

variations at various time points need to be investigated in a
further study.

Previous studies have shown that transcriptional activation of
TLR2 and TLR4 depend on CD14 and LPS-binding protein (LBP)
(52). Signal transduction pathways, such as nuclear factor-kappa
B (NF-kB) and mitogen-activated protein kinase (MAPK), were
activated by TLR4 via a series of signal cascade reactions, which
ultimately activate the inflammatory response (53). Classically,
GC mediated-GR nuclear translocation plays a crucial role of
anti-inflammation (54). Therefore, further investigations are
needed to delineate profiles of TLR, GR protein, NF-kB, and
MAPK signal transduction pathway molecules as well as the
complex regulatory network of GR and TLR.

CONCLUSIONS

Taken together, our results demonstrate that ACTH pretreatment
seems to attenuate LPS-induced mitochondria damage and
inflammation that decreased ¢cNOS activity in the adrenal gland
and ultimately returned local adrenal cortisol to basal levels at
6 h post LPS injection although ACTH had no effect on the LPS-
induced iNOS secretion and inhibition of ssc-miR-338 and T-
SOD activity. This suggests that moderate stress stimulated by
repeated ACTH pretreatment may be beneficial for animals to
resist inflammation in the adrenal gland. This study will deepen
the knowledge about the relationship between inflammation and
stress and provide a theoretical basis for the control of porcine
inflammation and the study of animal welfare.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Nanjing Agricultural
University. The protocol of this study was reviewed and
approved specifically, with the project number 2012CB124704.
The slaughter and sampling procedures strictly followed the
Guidelines on Ethical Treatment of Experimental Animals (2006)
No. 398 set by the Ministry of Science and Technology, China
and the Regulation regarding the Management and Treatment of
Experimental Animals (2008) No. 45 set by the Jiangsu Provincial
People’s Government.

AUTHOR CONTRIBUTIONS

ZS and XZ designed this study, guided the experiment, and
analyzed data. ZS, DC, and XY have been involved in the whole
experiment process and drafting and revising the manuscript. YS,
CY, HZ, and XL participated all the experiments and performed
the statistical analysis. QS, YJ, and YX helped for the sampling
process and made contributions to acquisition of data. All

Frontiers in Veterinary Science | www.frontiersin.org

June 2020 | Volume 7 | Article 315


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Sun et al.

Stress Attenuates LPS-Induced Adrenal Inflammation

authors contributed to manuscript revision, read and approved
the submitted version.

FUNDING

This work was supported by the College Science and Technology
Plan of Jiangsu Polytechnic College of Agriculture and
Forestry, China (2018kj16); Natural Science Research of Jiangsu
Higher Education Institutions, China (17KJB230002); China
Postdoctoral Science Foundation, China (2019M662408); Jurong
Talent Innovation Project in 2019; Teaching Team of Pig Raising

REFERENCES

1. Alcalde MJ, Suarez MD, Rodero E, Alvarez R, Saez MI, Martinez TF. Effects
of farm management practices and transport duration on stress response
and meat quality traits of suckling goat kids. Animal. (2017) 11:1626-
35. doi: 10.1017/S1751731116002858

2. Battini M, Barbieri S, Fioni L, Mattiello S. Feasibility and validity of animal-
based indicators for on-farm welfare assessment of thermal stress in dairy
goats. Int ] Biometeorol. (2016) 60:289-96. doi: 10.1007/s00484-015-1025-7

3. Amadori M, Zanotti C. intensive farming
systems: the way forward. Vet Immunol (2016)
181:11. doi: 10.1016/j.vetimm.2016.02.011

4. Trevisi E, Amadori M, Cogrossi S, Razzuoli E, Bertoni G. Metabolic stress and
inflammatory response in high-yielding, periparturient dairy cows. Res Vet
Sci. (2012) 93:8. doi: 10.1016/j.rvsc.2011.11.008

5. Powell ND, Bailey MT, Mays JW, Stiner-Jones LM, Hanke ML, Padgett DA,
et al. Repeated social defeat activates dendritic cells and enhances Toll-
like receptor dependent cytokine secretion. Brain Behav Immunity. (2009)
23:10. doi: 10.1016/j.bbi.2008.09.010

6. Campisi ], Leem TH, Fleshner M. Stress-induced extracellular Hsp72 is
a functionally significant danger signal to the immune system. Cell Stress
Chaperones. (2003) 8:272-86. doi: 10.1379/1466-1268008<0272:sehiaf>2.0.
co;2

7. Campos PHRE Merlot E, Damon M, Noblet ], Floch NL. High ambient
temperature alleviates the inflammatory response and growth depression
in pigs challenged with Escherichia coli lipopolysaccharide. Vet J. (2014)
200:1. doi: 10.1016/j.tvjl.2014.04.001

8. Groot Jd, Ruis MAW, Scholten JW, Koolhaas JM, Boersma WJA. Long-term
effects of social stress on antiviral immunity in pigs. Physiol Behav. (2001)
73:3. doi: 10.1016/S0031-938400472-3

9. Salak-Johnson JL, McGlone JJ. Making sense of apparently conflicting data:
stress and immunity in swine and cattle. ] Anim Sci. (2007) 85(13 Suppl.):E81-
8. doi: 10.2527/jas.2006-538

10. Bornstein S, Chrousos G. Adrenocorticotropin (ACTH)-and non-ACTH-
mediated regulation of the adrenal cortex: neural and immune inputs. J Clin
Endocrinol Metab. (1999) 84:1729-36.

11. Zacharowski K, Zacharowski PA, Koch A, Baban A, Tran N, Berkels R, et al.
Toll-like receptor 4 plays a crucial role in the immune-adrenal response to
systemic inflammatory response syndrome. Proc Natl Acad Sci USA. (2006)
103:6392-7. doi: 10.1073/pnas.0601527103

12. Bornstein SR, Zacharowski P, Schumann RR, Barthel A, Tran N, Papewalis C,
et al. Impaired adrenal stress response in Toll-like receptor 2-deficient mice.
Proc Natl Acad Sci USA. (2004) 101:16695-700. doi: 10.1073/pnas.0407550101

13. Liu Y, Wang Y, Yamakuchi M, Isowaki S, Nagata E, Kanmura Y, et
al. Upregulation of toll-like receptor 2 gene expression in macrophage
response to peptidoglycan and high concentration of lipopolysaccharide
is involved in NF-kappa b activation. Infect Immunity. (2001) 69:2788-
96. doi: 10.1128/IAI.69.5.2788-2796.2001

14. Chinenov Y, Rogatsky I. Glucocorticoids and the innate immune system:
crosstalk with the toll-like receptor signaling network. Mol Cell Endocrinol.
(2007) 275:30-42. doi: 10.1016/j.mce.2007.04.014

Immunoprophylaxis in
Immunopathol.

and Control of Pig Disease in Qing Lan Project of Jiangsu
Higher Education Institutions in 2018, China; The Key Research
and Development Plan of Zhenjiang City, China (NY2018023).
Qing Lan Project of Jiangsu Higher Education Institutions in
2020, China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2020.00315/full#supplementary-material

15. Sun Z, Liu M, Zou H, Li X, Shao G, Zhao R. Vaccination inhibits TLR2
transcription via suppression of GR nuclear translocation and binding to
TLR2 promoter in porcine lung infected with Mycoplasma hyopneumoniae.
Vet Microbiol. (2013) 167:425-33. doi: 10.1016/j.vetmic.2013.08.022

16. Verbrugghe E, Boyen F, Gaastra W, Bekhuis L, Leyman B, Van Parys A, et al.
The complex interplay between stress and bacterial infections in animals. Vet
Microbiol. (2012) 155:115-27. doi: 10.1016/j.vetmic.2011.09.012

17. Shapshak P. Molecule of the month: miRNA and Human Prion brain disease.
Bioinformation. (2013) 9:659-60. doi: 10.6026/97320630009659

18. Guo ZL, Ren T, Xu L, Zhang L, Yin Q, Wang JC, et al. The
microRNAs expression changes rapidly in mice lung tissue during
lipopolysaccharide-induced acute lung injury. Chin Med J. (2013) 126:181-3.
doi: 10.3760/cma.j.issn.0366-6999.20112744

19. Qi M, Yin L, Xu L, Tao X, Qi Y, Han X, et al. Dioscin alleviates
lipopolysaccharide-induced inflammatory kidney injury via the microRNA
let-7i/TLR4/MyD88 signaling pathway. Pharmacol Res. (2016) 111:509-
22. doi: 10.1016/j.phrs.2016.07.016

20. Xiang W, Tian C, Peng S, Zhou L, Pan S, Deng Z. Let-7i attenuates human
brain microvascular endothelial cell damage in oxygen glucose deprivation
model by decreasing toll-like receptor 4 expression. Biochem Biophys Res
Commun. (2017) 493:788-93. doi: 10.1016/j.bbrc.2017.08.093

21. Taganov KD, Boldin MP, Chang K], Baltimore D. NF-kappaB-dependent
induction of microRNA miR-146, an inhibitor targeted to signaling proteins
of innate immune responses. Proc Natl Acad Sci USA. (2006) 103:12481-
6. doi: 10.1073/pnas.0605298103

22. Yang K, He YS, Wang XQ, Lu L, Chen QJ, Liu J, et al. MiR-146a
inhibits oxidized low-density lipoprotein-induced lipid accumulation and
inflammatory response via targeting toll-like receptor 4. FEBS Lett. (2011)
585:854-60. doi: 10.1016/j.febslet.2011.02.009

23. Gamallo A, Alario P, Villanua MA, Nava MP. Effect of chronic stress in the
blood pressure in the rat: ACTH administration. Hormone Metabolic Res.
(1988) 20:336-8. doi: 10.1055/5-2007-1010830

24. Haussmann MEF, Carroll JA, Weesner GD, Daniels MJ, Matteri RL, Lay
DC Jr. Administration of ACTH to restrained, pregnant sows alters their
pigs’ hypothalamic-pituitary-adrenal (HPA) axis. ] Anim Sci. (2000) 78:2399-
411. doi: 10.2527/2000.7892399x

25. Mukesh M, Bionaz M, Graugnard DE, Drackley JK, Loor JJ. Adipose
tissue depots of Holstein cows are immune responsive: inflammatory
gene expression in vitro. Domestic Anim Endocrinol. (2010) 38:168-
78. doi: 10.1016/j.domaniend.2009.10.001

26. Wang P, Han X, Mo B, Huang G, Wang C. LPS enhances TLR4 expression
and IFNgamma production via the TLR4/IRAK/NFkappaB signaling pathway
in rat pulmonary arterial smooth muscle cells. Mol Med Rep. (2017) 16:3111-
6. doi: 10.3892/mmr.2017.6983

27. Huang Y, Liu W, Yin C, Le C, Zhao R, Yang X, et al. Response
to lipopolysaccharide in salivary components and the submandibular
gland of pigs. Livestock Sci. (2014) 167:323-30. doi: 10.1016/jlivsci.201
4.06.013

28. Yin C, Liu W, Liu Z, Huang Y, Ci L, Zhao R, et al. Identification of potential
serum biomarkers in pigs at early stage after Lipopolysaccharide injection. Res
Vet Sci. (2017) 111:140-6. doi: 10.1016/j.rvsc.2017.02.016

Frontiers in Veterinary Science | www.frontiersin.org

June 2020 | Volume 7 | Article 315


https://www.frontiersin.org/articles/10.3389/fvets.2020.00315/full#supplementary-material
https://doi.org/10.1017/S1751731116002858
https://doi.org/10.1007/s00484-015-1025-7
https://doi.org/10.1016/j.vetimm.2016.02.011
https://doi.org/10.1016/j.rvsc.2011.11.008
https://doi.org/10.1016/j.bbi.2008.09.010
https://doi.org/10.1379/1466-1268008<0272:sehiaf>2.0.co;2
https://doi.org/10.1016/j.tvjl.2014.04.001
https://doi.org/10.1016/S0031-938400472-3
https://doi.org/10.2527/jas.2006-538
https://doi.org/10.1073/pnas.0601527103
https://doi.org/10.1073/pnas.0407550101
https://doi.org/10.1128/IAI.69.5.2788-2796.2001
https://doi.org/10.1016/j.mce.2007.04.014
https://doi.org/10.1016/j.vetmic.2013.08.022
https://doi.org/10.1016/j.vetmic.2011.09.012
https://doi.org/10.6026/97320630009659
https://doi.org/10.3760/cma.j.issn.0366-6999.20112744
https://doi.org/10.1016/j.phrs.2016.07.016
https://doi.org/10.1016/j.bbrc.2017.08.093
https://doi.org/10.1073/pnas.0605298103
https://doi.org/10.1016/j.febslet.2011.02.009
https://doi.org/10.1055/s-2007-1010830
https://doi.org/10.2527/2000.7892399x
https://doi.org/10.1016/j.domaniend.2009.10.001
https://doi.org/10.3892/mmr.2017.6983
https://doi.org/10.1016/j.livsci.2014.06.013
https://doi.org/10.1016/j.rvsc.2017.02.016
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Sun et al.

Stress Attenuates LPS-Induced Adrenal Inflammation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yuan Q, Jiang Y, Fan Y, Ma Y, Lei H, Su J. Fumonisin Bl induces oxidative
stress and breaks barrier functions in pig iliac endothelium cells. Toxins.
(2019) 11:387. doi: 10.3390/toxins11070387

He Y, Sang Z, Zhuo Y, Wang X, Guo Z, He L, et al. Transport
stress induces pig jejunum tissue oxidative damage and results in
autophagy/mitophagy activation. ] Anim Physiol Anim Nutr. (2019) 103:1521-
9. doi: 10.1111/jpn.13161

Wei S, Xu H, Xia D, Zhao R. Curcumin attenuates the effects of transport
stress on serum cortisol concentration, hippocampal NO production, and
BDNF expression in the pig. Domestic Anim Endocrinol. (2010) 39:231-
9. doi: 10.1016/j.domaniend.2010.06.004

Pan S, Zheng Y, Zhao R, Yang X. miRNA-374 regulates dexamethasone-
induced differentiation of primary cultures of porcine adipocytes. Hormone
Metabolic Res. (2013) 45:518-25. doi: 10.1055/s-0033-1334896

Matteri RL, Klir JJ, Fink BN, Johnson RW. Neuroendocrine-immune
interactions in the neonate. Domestic Anim Endocrinol. (1998) 15:397-407.
doi: 10.1016/s0739-7240(98)00024-1

Mravec B. Chemical sympathectomy attenuates lipopolysaccharide-
induced increase of plasma cytokine levels in rats pretreated by ACTH.
] Neuroimmunol. (2019) 337:577086. doi: 10.1016/j.jneuroim.2019.
577086

Li KD, Yan K, Wang QS, Tian JS, Xu D, Zhang WY, et al. Antidepressant-like
effects of dietary gardenia blue pigment derived from genipin and tyrosine.
Food Function. (2019) 10:4533-45. doi: 10.1039/c9f000480g

Kim IT, Ryu S, Shin JS, Choi JH, Park HJ, Lee KT. Euscaphic acid isolated
from roots of Rosa rugosa inhibits LPS-induced inflammatory responses via
TLR4-mediated NF-kappaB inactivation in RAW 264.7 macrophages. J Cell
Biochem. (2012) 113:1936-46. doi: 10.1002/jcb.24062

Wang W, Xu M, Zhang YY, He B. Fenoterol, a beta(2)-adrenoceptor agonist,
inhibits LPS-induced membrane-bound CD14, TLR4/CD14 complex, and
inflammatory cytokines production through beta-arrestin-2 in THP-1 cell
line. Acta Pharmacol Sin. (2009) 30:1522-8. doi: 10.1038/aps.2009.153

Willis LM, Bielinski DF, Fisher DR, Matthan NR, Joseph JA. Walnut extract
inhibits LPS-induced activation of BV-2 microglia via internalization of TLR4:
possible involvement of phospholipase D2. Inflammation. (2010) 33:325-
33. doi: 10.1007/s10753-010-9189-0

Juarranz Y, Gutierrez-Canas I, Arranz A, Martinez C, Abad C, Leceta
J, et al. VIP decreases TLR4 expression induced by LPS and TNF-alpha
treatment in human synovial fibroblasts. Ann N'Y Acad Sci. (2006) 1070:359-
64. doi: 10.1196/annals.1317.045

Fan ], Li Y, Vodovotz Y, Billiar TR, Wilson MA. Neutrophil NAD(P)H
oxidase is required for hemorrhagic shock-enhanced TLR2 up-regulation
in alveolar macrophages in response to LPS. Shock. (2007) 28:213-
8. doi: 10.1097/shk.0b013e318033ec9d

Pushpakumar S, Ren L, Kundu S, Gamon A, Tyagi SC, Sen U. Toll-
like receptor 4 deficiency reduces oxidative stress and macrophage
mediated inflammation in hypertensive kidney. Scientific Rep. (2017)
7:6349. doi: 10.1038/s41598-017-06484-6

Lee SI, Kang KS. Function of capric acid in cyclophosphamide-induced
intestinal inflammation, oxidative stress, and barrier function in pigs. Sci Rep.
(2017) 7:16530. doi: 10.1038/s41598-017-16561-5

Fang X, Li Y, Qiao J, Guo Y, Miao M. Neuroprotective effect of total flavonoids
from Ilex pubescens against focal cerebral ischemia/reperfusion injury in rats.
Mol Med Rep. (2017) 16:7439-49. doi: 10.3892/mmr.2017.7540

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Morikawa A, Koide N, Kato Y, Sugiyama T, Chakravortty D, Yoshida T,
et al. Augmentation of nitric oxide production by gamma interferon in a
mouse vascular endothelial cell line and its modulation by tumor necrosis
factor alpha and lipopolysaccharide. Infect Immunity. (2000) 68:6209-
14. doi: 10.1128/iai.68.11.6209-6214.2000

Slomiany BL, Slomiany A. Ghrelin protection against lipopolysaccharide-
induced gastric mucosal cell apoptosis involves constitutive nitric oxide
synthase-mediated caspase-3 S-nitrosylation. Mediators Inflammation. (2010)
2010:280464. doi: 10.1155/2010/280464

Li H, Yoon JH, Won HJ, Ji HS, Yuk HJ, Park KH, et al. Isotrifoliol inhibits pro-
inflammatory mediators by suppression of TLR/NF-kappaB and TLR/MAPK
signaling in LPS-induced RAW264.7 cells. Int Immunopharmacol. (2017)
45:110-9. doi: 10.1016/j.intimp.2017.01.033

Chen R, Zhou H, Beltran J, Malellari L, Chang SL. Differential expression
of cytokines in the brain and serum during endotoxin tolerance. |
Neuroimmunol. (2005) 163:53-72. doi: 10.1016/j.jneuroim.2005.02.012

Cai G, Ziko I, Barwood J, Soch A, Sominsky L, Molero JC, et al. Overfeeding
during a critical postnatal period exacerbates hypothalamic-pituitary-adrenal
axis responses to immune challenge: a role for adrenal melanocortin 2
receptors. Scientific Rep. (2016) 6:21097. doi: 10.1038/srep21097

Dejager L, Pinheiro I, Puimege L, Fan YD, Gremeaux L, Vankelecom H,
et al. Increased glucocorticoid receptor expression and activity mediate
the LPS resistance of SPRET/EI mice. J Biol Chem. (2010) 285:31073-
86. doi: 10.1074/jbc.M110.154484

Basharat S, Parker JA, Murphy KG, Bloom SR, Buckingham JC, John
CD. Leptin fails to blunt the lipopolysaccharide-induced activation of the
hypothalamic-pituitary-adrenal axis in rats. J Endocrinol. (2014) 221:229-
34. doi: 10.1530/JOE-13-0249

Fuchs E Damm J, Gerstberger R, Roth ], Rummel C. Activation of
the inflammatory transcription factor nuclear factor interleukin-6 during
inflammatory and psychological stress in the brain. J Neuroinflammation.
(2013) 10:140. doi: 10.1186/1742-2094-10-140

Muta T, Takeshige K. Essential roles of CD14 and lipopolysaccharide-
binding protein for activation of toll-like receptor (TLR)2 as
well as TLR4 Reconstitution of TLR2- and TLR4-activation by
distinguishable ligands in LPS preparations. Eur ] Biochem. (2001)
268:4580-9. doi: 10.1046/j.1432-1327.2001.02385.x

Barton GM, Medzhitov R. Toll-like receptor signaling pathways. Science.
(2003) 300:1524-5. doi: 10.1126/science.1085536

Pratt WB, Galigniana MD, Morishima Y, Murphy PJ. Role of molecular
chaperones in steroid receptor action. Essays Biochem. (2004) 40:41-
58. doi: 10.1042/bse0400041

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sun, Cai, Yang, Shang, Li, Jia, Yin, Zou, Xu, Sun and Zhang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

11

June 2020 | Volume 7 | Article 315


https://doi.org/10.3390/toxins11070387
https://doi.org/10.1111/jpn.13161
https://doi.org/10.1016/j.domaniend.2010.06.004
https://doi.org/10.1055/s-0033-1334896
https://doi.org/10.1016/s0739-7240(98)00024-1
https://doi.org/10.1016/j.jneuroim.2019.577086
https://doi.org/10.1039/c9fo00480g
https://doi.org/10.1002/jcb.24062
https://doi.org/10.1038/aps.2009.153
https://doi.org/10.1007/s10753-010-9189-0
https://doi.org/10.1196/annals.1317.045
https://doi.org/10.1097/shk.0b013e318033ec9d
https://doi.org/10.1038/s41598-017-06484-6
https://doi.org/10.1038/s41598-017-16561-5
https://doi.org/10.3892/mmr.2017.7540
https://doi.org/10.1128/iai.68.11.6209-6214.2000
https://doi.org/10.1155/2010/280464
https://doi.org/10.1016/j.intimp.2017.01.033
https://doi.org/10.1016/j.jneuroim.2005.02.012
https://doi.org/10.1038/srep21097
https://doi.org/10.1074/jbc.M110.154484
https://doi.org/10.1530/JOE-13-0249
https://doi.org/10.1186/1742-2094-10-140
https://doi.org/10.1046/j.1432-1327.2001.02385.x
https://doi.org/10.1126/science.1085536
https://doi.org/10.1042/bse0400041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Stress Response Simulated by Continuous Injection of ACTH Attenuates Lipopolysaccharide-Induced Inflammation in Porcine Adrenal Gland
	Introduction
	Methods
	Animals and Experimental Design
	Sample Collection
	Electron Microscopy
	Measurement of Markers for Oxidative Stress
	Cortisol and Cytokine Protein Levels in Adrenal Gland Tissue
	Gene Expression Levels in Adrenal Gland Tissue
	miRNA Expression Level in Adrenal Gland Tissue
	Statistical Analysis

	Results
	Clinical Symptoms and Ultrastructure Change of the Adrenal Gland
	Profiles of Various Cytokines and Cortisol
	Oxidative Stress in the Adrenal Gland
	Levels of Toll-Like Receptors and Glucocorticoid Receptor mRNA Expressions
	Expressions of microRNA

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


