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Abstract

Heat stress (HS) and secondary restricted blood flow to the intestines cause dysfunction of the intestinal epithelial barrier.
Tight junctions (TJs) are essential to maintain intestinal integrity. L-Arginine has beneficial effects on gut functions. However,
the underlying mechanisms remain largely unknown. This study tested the hypothesis that L-arginine regulates the TJ network
by activating AMP-activated protein kinase (AMPK) signaling, which in turn improves intestinal barrier functions under HS.
IEC-6 cells and rat small intestines were used as experiment models of heat stress. AICAR and dorsomorphin were used to
activate and inhibit the AMPK pathway, respectively. Cell proliferation, apoptosis, differential gene expression and KEGG
pathway analysis, intestinal paracellular permeability, intestinal morphology, and expression of HSP and TJ proteins, and
p-AMPK were determined. L-Arginine promoted cell proliferation and reduced apoptosis after heat exposure at an optimal
concentration of 5 mmol. Transcriptome sequencing analysis revealed that differentially expressed genes associated with
the HSP family and TJs were elevated by L-arginine. According to KEGG pathway analysis, L-arginine activated the AMPK
signaling pathway. In vivo, intestinal damage resulted in obvious morphological changes as well as apoptosis with TUNEL
and caspase-3 staining under HS and dorsomorphin treatments. Furthermore, HS and dorsomorphin increased the serum
D-lactate concentration, diamine oxidase activity, and mRNA expression level of MLCK (P < 0.05). In contrast, L-arginine
and AICAR treatments reduced intestinal injury, maintained intestinal permeability, and increased the villus/crypt ratio
under hyperthermia. L-Arginine had the same effect as AICAR both in vitro and in vivo, namely increasing p-AMPK protein
expression. L-Arginine and AICAR also upregulated the mRNA expression level of HSP70 and HSP90, and downregulated
mRNA expression of MLCK (P <0.05). The protein expression levels of TJ proteins ZO-1 and claudin-1 were suppressed
by heat stroke and dorsomorphin, but enhanced by L-arginine and AICAR. Our findings indicate that activation of AMPK
signaling by L-arginine is associated with improved intestinal mucosal barrier functions by enhancing the expression of TJs
in rat small intestines and IEC-6 cells during HS.
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Introduction

As global warming worsens, high ambient temperatures,
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strenuous activity, or their combination can lead to heat
stress (HS) that negatively affects animal performance,
health, and livestock value [1]. The gastrointestinal system
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plays key roles in protection absent pathogens, absorption of
nutrients, and immunity [2, 3]. However, the intestinal bar-
rier is easily subjected to hyperthermia due to reduced blood
flood to mesenteric circulation, which can negatively affect
the integrity of the intestinal epithelium [4]. Accumulating
in vitro and in vivo investigations have demonstrated that HS
can weaken intestinal integrity and compromise its barrier
function [5, 6].

When encountering thermal stress, synthesis of a group
of highly conserved proteins commonly known as heat shock
proteins (HSPs) is enhanced via the phosphorylation of heat
shock factors (HSFs) [7]. HSPs are vital for the survival of
stressed cells and stabilization of hemostasis. In general,
HSPs are important for the quality of synthesized proteins
by preventing the misfolding of proteins and degrading dam-
aged proteins [8]. In addition, they are involved in multiple
physiological processes including cell proliferation, apop-
tosis, and stress responses [9]. According to their molecu-
lar size, HSPs are classified into main six families, namely
small HSPs, HSP40, HSP60, HSP70, HSP90, and HSP100
[10]. HSP70 and HSP90 are the most broadly studied pro-
teins among the HSP families [11]. Hao et al., found that
heat stress increases HSP70 expression in the small intestine
[12]. Uerlings et al. demonstrated that gene expression of
HSF1, HSP70, and HSP9O0 is elevated under HS [13].

Intestinal epithelial cells are connected through apical
junctions containing tight junctions (TJs) and adherens junc-
tions [14]. Theses apical junctions seal the space between
enterocytes and maintain the integrity and tightness of the
intestinal mucosal barrier [15]. Claudins, occludin, and
junctional adhesion molecules are primary constituents of
TJs that are stabilized by the intracellular scaffolding pro-
tein zona occludens (ZO) [16]. Dysfunction of TJs has been
reported to be associated with increased permeability of the
intestinal epithelium [17] and the development and progres-
sion of intestinal disorders [18]. HS decreases the expression
of TJs and leads to intestinal barrier dysfunction [19]. Zhang
et al. also reported that heat stress disrupts the expression
of TJ proteins in chickens, such as mucin-2, claudin-1, and
occludin [20]. Adenosine monophosphate-activated protein
kinase (AMPK), a highly conserved serine-threonine kinase,
acts as a central metabolic regulator and plays a key role in
energy balance. AMPK activity is triggered by energy deple-
tion, such as heat shock, ischemia, oxidative stress, hypoxia,
and exercise [21]. Two major upstream AMPK regulatory
kinases have been discovered, liver kinase B1 (LKB1) and
Caz+/calmodulin-dependent kinase kinase (CaMKK). LKB1
activates AMPK following an increase of the AMP/ATP
ratio [22], whereas CaMKK phosphorylates AMPK depend-
ing on the intracellular concentration of Ca®* [23]. AMPK
phosphorylation is reported to be involved in tight junction
assembly and cell polarization [21]. Activation of AMPK by
metformin maintains TJs in the colonic epithelium of mice
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and significantly controls the progression of colitis [24].
AMPK activation promotes TJs assembly in Caco-3 cells
by enhancing ZO-1 and occludin expression [25].

L-Arginine has a positive effect on the intestinal barrier
function. Dietary L-arginine supplementation reduces intes-
tinal mucosal damage caused by methotrexate in rats [26].
L-Arginine is effective to maintain intestinal permeability
in mice subjected to physical exercise under environmental
HS [27]. Considering the deleterious effect of heat stress on
tight junction proteins and previous investigations indicating
the protective effect of L-arginine on the intestinal barrier,
we assessed whether L-arginine affects the expression of TJ
proteins and intestinal integrity by activating the AMPK
signaling pathway under heat stress using IEC-6 cells and
rat intestines. AICRA (AMPK activator) and dorsomorphin
(AMPK inhibitor) were also applied to examine the role of
L-arginine in activation of the AMPK pathway both in vitro
and in vivo.

Materials and methods
Cell culture and treatments

IEC-6 cells (China Infrastructure of Cell Line Resource, Bei-
jing, China) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (8112040, Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (10099-141,
Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin
(Gibco, Invitrogen, Carlsbad, CA, USA) at 37 °C with 5%
CO,. Various non-cytotoxic concentrations of L-arginine (3,
5, 7, and 10 mM) (A8094, Sigma, St. Louis, MO, USA)
were added to the cell culture medium. For heat stress, after
48 h of incubation, IEC-6 cells in HS and ARG groups were
exposed to 42 °C with 5% CO, for 1.5 h.

For AMPK activation and inhibition experiments, 0.8 mM
AICAR (13417, MCE, NJ, USA) or 5 pM dorsomorphin
dihydrochloride (13418, MCE) were applied to IEC-6 cells
at 70—-80% confluence. Then, the IEC-6 cells were incubated
for 24 h without changing the medium. IEC-6 cells were
then subjected to heat stress at 42 °C with 5% CO, for 1.5 h.

Cell viability assay

The viability of IEC-6 cells was determined using a standard
MTT assay (4890, R&D Systems, Minneapolis, MN, USA).
Cells were cultured in 96-well plates with DMEM alone or
with various concentrations of L-arginine and then treated
with 10 pL MTT reagent. For the heat stress treatment, spe-
cific groups of cells were exposed to HS for 1.5 h. Then,
100 pL detergent reagent was added to each well. Absorb-
ance was then measured at 550 nm (IMark, Bio-Rad, CA,
USA).
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Transcriptome sequencing

Cells were harvested in Trizol (Invitrogen, CA, USA).
Total RNA was extracted following the manufacturer’s
protocol. RNA degradation and contamination were moni-
tored on 1% agarose gels, and purity was checked with a
Nanophotometer spectrophotometer (IMPLEN, CA, USA).
For transcriptome sequencing, 3 pg RNA per sample was
used as input material for the RNA sample preparations.
Sequencing libraries were generated using an NEBNext®
UltraTM RNA Library Prep Kit for [llumina® (NEB, USA),
following the manufacturer’s recommendations. Index codes
were added to attribute sequences to each sample. Then, the
library preparations were sequenced on an [llumina Hiseq
platform, and 150 bp paired-end reads were generated. Dif-
ferential expression analysis of two groups was performed
using DESeq2 R package (1.16.1). Genes with an adjusted
P value of less than 0.05 found by DESeq2 were assigned
as differentially expressed. A heatmap was generated using
TBtools [28]. ClusterProfiler R package was used to test the
statistical enrichment of differentially expressed genes in
KEGG pathways.

Animal experiments

All experimental procedures and protocols were approved by
the Animal Care and Use Committee of China Agricultural
University (Permit Number: 20181109-6). Forty healthy
male Sprague—-Dawley rats weighting 200+ 20 g were
obtained from Vital River Experimental Animal Company

Table 1 Primers for real-time quantitative PCR assay

Gene Primer sequence* (5'-3") Product
size
(bp)
MLCK F: GCTGCCTCTCATCATCAATACG 128
R: GCCTGGATTCTGCTTCTGTG
Hsp70 F: GAAGATGAAGGAGATCGCTGAG 90
R: CGCTGAGAGTCGTTGAAGTAG
Hsp90 F: GTCCCGGTGCGGTTAGTCACG 70
R: TTGGGTCTGGGTTTCCTCAGGC
HSF1 F: AACGTCCCGGCCTTCCTAA 67
R: AGATGAGCGCGTCTGTGTC
70-1 F: GATGGTGCTACAAGTGATG 92
R: TCCGTGCTATACATTGAGT
Claudin-1 F: TGTCCACCATTGGCATGAAG 220
R: GCCACTAATGTCGCCAGACC
LKB1 F: GGTTCTCCATCCGACAGATTAG 175
R: TCTTCCTCCTCCTCCTCCTC
B-actin F: GGAGATTACTGCCCTGGCTCCTA 150

R: GACTCATCGTACTCCTGCTTGCTG

(Beijing, China). Rats were acclimated in a temperature-
controlled room at 25 °C with 60% relative humidity (RH)
for 1 week with free access to water and food.

Grouping and sample collection

After 7 days of acclimation, the rats were randomly divided
into five groups with eight in each. Treatments were as fol-
lows: control (C), heat stress (HS), heat stress + L-arginine
(ARG), heat stress + AICAR (AR), and heat stress + dorso-
morphin dihydrochloride (DD). HS, ARG, AR, and DD rats
were housed in the same environment as the C group (25 °C,
60% RH), but were subjected to heat stress at 40 °C and 60%
RH from 11:00 am to 1:00 pm daily for 3 consecutive days
[11]. Rats in the ARG group were administered daily with
a 1 mL L-arginine solution (250 mg/kg body weight) via
intragastric gavage at 7 days before the HS treatment until
the end of the study period. The rats in AR and DD groups
were administered daily with 1 mL AICAR (200 mg/kg) and
dorsomorphin dihydrochloride (30 mg/kg), respectively, at
3 days before heat stress. The other two groups were admin-
istered with the same dose of saline. Eight rats from each
group were sacrificed by decapitation immediately after the
stress period.

Rectal temperature was recorded with a digital thermom-
eter right after daily heat exposure. Blood was immediately
collected from the heart after sacrifice and centrifuged at
3000xg (10 min, 4 °C) to separate serum. The serum was
stored at —20 °C until analysis. Jejunum samples were col-
lected for histology as well as mRNA and protein expression
analyses. All samples for mRNA and protein analyses were
immediately frozen in liquid nitrogen.

Measurement of blood constituents

The serum cortisol concentration was measured by a chemi-
luminescence Apparatus (Cobas 2601, Roche, Basel, Swit-
zerland) using a commercial kit (11875116, Roche). The
serum D-lactate concentration was assessed by a commer-
cial ELISA kit (Nanjing Jiancheng Bioengineering Institute,
Jiangsu, China), according to the manufacturer’s instruc-
tions. Diamine oxidase activity was measured spectropho-
tometrically with a commercial kit (Nanjing Jiancheng
Bioengineering Institute), following the manufacturer’s
instructions.

Morphological examination

To observe pathological changes, jejunum tissues were
fixed in 4% paraformaldehyde for 24 h and then embed-
ded in paraffin. Sections were stained with hematoxylin and
eosin. Nine crypt-villus units were measured in each tis-
sue cross-section. Then, the villus height/crypt depth ratio
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Fig.1 a Effect of various concentrations of L-arginine on IEC-6
cell proliferation under thermoneutral and hyperthermic conditions
determined by MTT assays. Expression of cleaved caspase-3 protein
in IEC-6 cells under normal cultural condition (b) and subjected to
heat exposure (c), as assessed by western blotting. Data are presented

was calculated. Epithelial cell apoptosis was detected by
TdT-mediated dUTP nick-end labeling (TUNEL) with a
TUNEL staining kit (Roche, Basel, Switzerland), accord-
ing to the manufacturer’s instructions. All observations were
performed with a BH2 Olympus microscope 160 (DP71,
Olympus, Tokyo, Japan) and ProgRes CapturePro software
(version 2.7, Jenoptik, Jena, Germany).
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Relative expression of protein in IEC6 cells under HS
Cleaved Caspase3 19KD/Cleaved Caspase3 35KD

as the mean+SD, n=3. 'C control, HS heat stress, 3 mM 3 mmol
L-arginine + heat stress, 5 mM 5 mmol L-arginine + heat stress, 7 mM
7 mmol L-arginine +heat stress, /0 mM 10 mmol L-arginine + heat
stress. *P<0.05 compared with the control group. *P<0.05 com-
pared with the heat stress group

Immunohistochemical staining

The expression of cleaved caspase-3, ZO-1 and claudin-
Iprotein were assessed by immunohistochemistry. Sections
of jejunum (5 pm thick) were quenched in 3% hydrogen
peroxide, blocked in 5% goat serum, and then incubated with
primary antibodies (anti-cleaved caspase-3, Cell Signaling
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Fig. 2 Differential gene expres-
sion and KEGG analysis of
IEC-6 cells. a Two log fold-
change values of the indicated
genes in control, heat stress,
and r-arginine cell groups. The
expression gradient is indi-
cated by the legend. L-Arginine
increased gene expression of
tight junction and cell adhe-
sion proteins. b Enrichment of
differentially expressed genes in
KEGG pathway analysis
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«Fig.3 L-Arginine activates the AMPK signaling pathway under heat
stress in IEC-6 cells. a Expression of heat shock protein-related
genes in IEC-6 cells assessed by RT-qPCR. b Expression levels
of AMPKa and p-AMPKa proteins assessed by western blotting. ¢
mRNA expression level of LKB1 assessed by RT-qPCR. d mRNA
and protein expression levels of ZO-1 and claudin-1 assessed by
RT- qPCR and western blotting, respectively. Data are presented as
the mean +SD, n=3. TC control, HS heat stress, LA L-arginine + heat
stress, AR AICAR+heat stress, DD dorsomorphin dihydrochlo-
ride+heat stress. ““Bars with letters indicate significant difference
among different treatments (P <0.05)

Technology; anti-ZO-1, Abcam; anti-claudin-1, Abcam) at
4 °C overnight. Subsequently, the sections were incubated
with the secondary antibody for 30 min. Immunoreactivity
was detected by incubation in 0.1% 3,3-diaminobenzidine
and 0.02% hydrogen peroxide for 5 min (Vector Laborato-
ries, Burlingame, CA, USA).

Total RNA extraction and RT-qPCR

Total RNA of IEC-6 cells and jejunum were extracted by
TRIzol reagent (Invitrogen), according to the manufacturer’s
protocol. The RNA concentration and purity were meas-
ured by a nanodrop spectrophotometer (ND-2000, Thermo
Fisher Scientific) based on the OD260/280 ratio. Total RNA
(1 pg) was used for reverse transcription with a commercial
RNA transcription kit (CWbio Co., Ltd., Beijing, China) in a
20-pL reaction including 4 pL reverse transcriptase reaction
buffer, 2 pL DTT, 1 pL dNTPs, 1 pL HiFi-Moloney murine
leukemia virus transcriptase, and RNase-free water, follow-
ing the manufacturer’s protocol. The cDNA was stored at
—20°C.

The expression levels of genes were determined by real-
time quantitative PCR (RT-qPCR). Gene primer sequences
are listed in Table 1. RT-qPCR was performed on a Line
Gene 9600 Plus (Bioer Technology, Hangzhou, China) using
a SYBR-Green kit (CWbio Co., Ltd.). The protocol was as
follows: initial denaturation at 95 °C for 10 min, followed by
45 cycles at 95 °C for 15 s and 60 °C for 60 s for annealing
and extension. The specificity of the amplified products was
evaluated by melting curve analysis. f-Actin was used as an
endogenous reference gene. The average gene expression
level relative to B-actin mRNA in each sample was calcu-
lated using the 2722 method.

Protein extraction and western blotting

Jejunum tissue and IEC-6 cells were homogenized using
lysis buffer containing phosphatase and protease inhibitors
(Beyotime Institute of Biotechnology, Shanghai, China).
The protein concentration was determined by a BCA protein
assay kit (Beyotime Institute of Biotechnology). Proteins

were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (Sigma). The membranes were
then incubated overnight at 4 °C with primary antibodies
as follows: anti-cleaved caspase-3 (1:800, Cell Signaling
Technology, Danvers, MA, USA), anti-AMPKa (1:1000,
Sigma), anti-p-AMPKa (1:500, Cell Signaling Technol-
ogy), anti-claudin-1 (1:500, Abcam, Cambridge, UK), anti-
Z0O-1 (1:500, Abcam), and anti-actin (1:3000, Abcam). After
washing three times with TBST, the membranes were incu-
bated with goat anti-mouse/rabbit IgG-HRP (1:5000) as the
secondary antibody for 50 min at room temperature. The
membranes were then exposed and to light-sensitive film.
Quantification of western blot images was performed with
Quantity One (v.4.6.2; Bio-Rad, Hercules, CA, USA).

Statistical analysis

All data were analyzed for statistical significance by one-way
ANOVA using SPSS 17.0 software (version 17.0, SPSS Inc.,
Chicago, IL, USA). Data are presented as the mean + SD of
at least three replicates for independent experiments. Differ-
ences were considered statistically significant at P <0.05.
All the figures presented in this paper were created using
GraphPad Prism (version 7.0, GraphPad Software, San
Diego, USA).

Results

Effect of L-arginine on cell proliferation
and apoptosis

As shown in Fig. la, at normal temperature, 5 mmol
L-arginine significantly promoted IEC-6 cell prolifera-
tion (P <0.05). At higher L-arginine concentrations, 7
and 10 mmol, cell proliferation was suppressed compared
with the control group (P <0.05). However, 3, 5, and
7 mmol L-arginine markedly increased cell proliferation after
heat exposure (P <0.05), and 5 mmol had the optimal effect
on [EC-6 cell proliferation. L-arginine at 10 mmol worsened
the damage of heat stress in cells and further suppressed
cell proliferation (P <0.05). Additionally, western blotting
(Fig. 1b, c) showed the protein expression levels of cleaved
caspase-3 in different thermal conditions. The supplementa-
tion of L-arginine at 5, 7 and 10 mmol increased the protein
expression level of cleaved caspase-3 under thermoneutral
condition, especially the 7 and 10 mmol treatment (Fig. 1b).
On the other hand, heat stress significantly elevated the
protein expression level of cleaved caspase-3, particularly
under treatment with 10 mmol L-arginine (Fig. 1¢), indicat-
ing severe cell death. L-Arginine at 3, 5, and 7 mmol attenu-
ated protein expression of cleaved caspase-3, and 5 mmol
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« Fig.4 Effects of L-arginine on the stress response and intestine mor-
phology. a Physiological changes of the various groups. L-Arginine
and AICAR significantly decreased the serum level of cortisol. b
Hematoxylin and eosin-stained sections of rat jejunum. Heat stress
and dorsomorphin treatment shortened the villus height and caused
swelling of jejunal villi. The intestinal structure was preserved by
L-arginine and AICAR treatments. ¢ TUNEL staining of the rat jeju-
num in the various groups. Cell nuclei were stained with DAPL d
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Fig.4 (continued)

Rat jejunum stained with an antibody against caspase-3. e Changes
in serum D-lactate and diamine oxidase of the various groups after
heat stress. f Expression level of MLCK assessed by RT-qPCR. Data
are presented as the mean+SD, n=8. C control, HS heat stress, LA
L-arginine + heat stress, AR AICAR +heat stress, DD dorsomorphin
dihydrochloride + heat stress. **Bars with letters indicate significant
differences among the various treatments (P <0.05)
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L-arginine exerted the optimal effect under heat stress.
According to these results, 5 mmol L-arginine was consid-
ered to be the appropriate concentration for further study.

Differentially expressed genes related to heat shock
proteins and tight junction proteins, and KEGG
pathway analysis

The gene expression profile of IEC-6 cells was obtained by
RNA transcriptome sequencing of control, heat stress, and
L-arginine groups. Figure 2a shows that heat stress enhanced
the expression level of heat shock protein-related genes
Hsp90aal, Ahsal, Hspa8, Hsphl, Hspalb, Hspdl, Hsf4,
Hspal, and Dnajb7, and the log values were higher in the
ARG group, indicating that L-arginine promoted the expres-
sion of these genes to facilitate adjustment to hyperthermia.
L-Arginine also enhanced cell proliferation and decreased
apoptosis under heat stress as evidenced by increased expres-
sion of Gadd45b, Stipl, Mki67, and Grb7. Heat exposure
increased expression of Pcdhl and pcdhl12, and decreased
expression of tight junction proteins (Muc13, Cldn6, Cdh13,
Cldn22, Cldn19, Cldn9, Cdh17, and Cldn15) and other pro-
teins correlated with epithelial cell adhesion (Jam2, Gjb2,
Gjb5, Gjcl, Hjurp, and Epstill). However, the L-arginine
group showed opposing results with increased gene expres-
sion of tight junction and adhesion proteins. These data sug-
gested that L-arginine was beneficial to the intestinal barrier
under heat stress and might reduce gap junctional permeabil-
ity. Furthermore, KEGG pathway analysis was performed
to compare the enrichment of differentially expressed genes
between ARG and HS groups (Fig. 2b). The results sug-
gested that L-arginine was mainly involved in mediation of
the AMPK pathway under heat stress.

L-Arginine promotes intestinal tight junctions
by activating the AMPK pathway in IEC-6 cells
after heat exposure

Expression of HSF1, HSP70, and HSP90 in IEC-6 cells was
assessed by RT-qPCR. As shown in Fig. 3a, heat treatment
upregulated expression of these genes in all groups except
for the C group. L-Arginine and AICAR treatments signifi-
cantly decreased the HSF1 expression level (P <0.05) and
markedly increased HSP70 and HSP90 expression levels
(P <0.05) compared with the HS group. Dorsomorphin
treatment markedly increased HSF1 expression (P <0.05).
HSP70 and HSP90 expression in the DD group was lower
than that in the AR group. Western blotting (Fig. 3b) con-
firmed that the AMPKa pathway was activated by L-arginine
with a higher expression level of p-AMPKa. AR and DD
groups served as positive and negative controls, respectively.
The results indicated that L-arginine had the same property
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as AICAR to stimulate the AMPK pathway under heat stress.
Figure 3c shows that heat stress and dorsomorphin treat-
ments markedly downregulated relative expression levels of
LKB (P <0.05). The mRNA and protein expression levels of
Z0-1 and claudin-1 were markedly decreased by heat stress
and dorsomorphin, whereas their expression levels were sig-
nificantly elevated by L-arginine and AICAR as compared to
the heat treatment (Fig. 3d).

L-Arginine alleviates HS-induced injury in rat
intestines

As shown in Fig. 4a, heat exposure significantly elevated
core body temperature (P <0.05) and the serum cortisol
level (P <0.05) compared with the control group, demon-
strating establishment of the heat stress model. However,
ARG and AR groups showed a lower cortisol concentration
than the HS group (P <0.05), indicating that L-arginine and
AICAR suppressed the intensity of the body stress response.
Figure 4b shows that HS and dorsomorphin induced shed-
ding and swelling of the villus tip. Additionally, Table 2
shows that the damage caused by HS and dorsomorphin sig-
nificantly decreased the villus/crypt ratio (P <0.05). How-
ever, L-arginine and AICAR treatments maintained a rela-
tively intact intestinal structure and markedly increased the
villus/crypt ratio (P <0.05). TUNEL staining (Fig. 4c) was
strongly positive in HS and DD groups, revealing obvious
epithelial cell apoptosis in the villus tip after heat stress and
inhibition of the AMPK pathway worsening cell death. In
contrast, L-arginine and AICAR limited apoptosis under heat
stress as evidenced by less positive staining. Furthermore,
we detected the expression level of caspase-3 by immuno-
histochemistry and found that L-arginine and AICAR sig-
nificantly reduced the expression of caspase-3 (Fig. 4d) after
heat treatment. Moreover, HS and dorsomorphin signifi-
cantly increased the serum D-lactate level, diamine oxidase
activity, and expression of MLCK (Fig. 4e, f). However,
L-arginine, which shared the same effect as AICAR, mark-
edly decreased the serum D-lactate concentration, diamine
oxidase activity, and relative mRNA expression level of
MLCK (Fig. 4e, 1).

L-Arginine strengthens intestinal tight junctions
by stimulating the AMPK pathway in the rat
jejunum under heat stress

Heat stress significantly increased the expression levels
of HSF1, HSP70, and HSP90 in HS, ARG, AR and DD
groups (Fig. 5a). Compared with the HS group, L-argi-
nine and AICAR significantly downregulated the expres-
sion of HSF1 (P <0.05) and upregulated the expression of
HSP70 and HSP90 (P <0.05). Dorsomorphin treatment
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Tab!e 2 Effects of L-arginine on Items Treatments SD  P-value
the jejunum morphology of rats
C HS ARG AR DD
Villus height (mm) 0.57+0.36* 0.42+0.25° 0.50+0.23° 0.54+0.29%® 0.38+0.25° 0.768 <0.01
Crypt depth (mm)  0.16+0.13" 0.22+0.31* 0.18+0.23° 0.18+0.16" 0.23+0.32* 0.360 <0.01
Villus/crypt ratio  3.63+0.22* 1.92+0.27° 2.82+0.32° 3.04+0.31° 1.68+0.23° 0.780 <0.01

C control, HS heat stress, LA L-arginine + heat stress, AR AICAR + heat stress, DD dorsomorphin dihydro-

chloride + heat stress

~®Means in the same row, values with different small letter superscripts show significant difference

(P<0.05)

markedly increased HSF1, HSP70, and HSP90 expression
levels (P <0.05) compared with the HS group. Additionally,
western blotting demonstrated that the models of activating
(AICAR) and inhibiting (dorsomorphin) the AMPK path-
way in rat intestines were established (Fig. 5b) with a dra-
matic elevation and decrease in the expression of p-AMPKa,
respectively. L-arginine activated the AMPK pathway by
significantly increasing the expression p-AMPKa. Further-
more, relative mRNA expression of LKB1 was dramatically
decreased (P <0.05) under heat stress and by dorsomorphin
treatment (Fig. 5¢). As shown in Fig. 5d, hyperthermia and
the AMPK inhibitor markedly suppressed both the mRNA
and protein expression levels of ZO-1 and claudin-1 com-
pared to the control group. However, the L-arginine and the
AMPK activator significantly enhanced the expression of
these tight junction-related genes and proteins compared
to the heat stroke treatment. Additionally, protein expres-
sion levels of ZO-1 and claudin-1 were also detected by
immunohistochemistry, L-arginine and AICAR signifi-
cantly increased the expression of both ZO-1 and claudin-1,
whereas heat stress and dorsomorphin markedly reduced
their expression (Fig. Se, ).

Discussion

In the present study involving both an intestinal epithelial
cell line (IEC-6) and rat intestine model, we showed that
L-arginine is critical for intestinal epithelial barrier integrity,
particularly under heat stress conditions, because it enhances
the expression and production of TJ proteins by regulating
the AMPK signaling pathway.

L-Arginine has multiple beneficial effects on the intestines
[19, 26], although we found that its protective effect was
only exerted in a specific concentration range. As shown
in Fig. la, L-arginine concentrations exceeding 5 mmol
suppressed cell proliferation and was even cytotoxic in the
optimized culture environment. Heat stress increases the
requirement of nutrition for cells to survive [29]. However,
the protective effect was not lineally dependent on dose, and
a high dose of L-arginine (10 mmol) decreased cell viability.

The effect of various concentrations of L-arginine on IEC-6
cells apoptosis under normal condition and heat stress
treatment were also analyzed by western blotting (Fig. 1b,
c). L-arginine at 5 mmol minimized the expression level
of cleaved caspase-3 after 1.5 h of heat exposure. Hence,
5 mmol was chosen as the optimal concentration for further
study.

To further investigate how L-arginine was involved in
the regulation of gene expression and signaling pathways
under heat stress, we analyzed the transcriptome in IEC-6
cells of the various groups. Some studies have demonstrated
that heat stress leads to the elevation of HSPs [11-13]. This
study obtained similar results with higher expression levels
of HSPs in HS and ARG groups (Fig. 2a). L-Arginine also
significantly upregulated genes of the tight junction pro-
tein family and adhesion junction proteins, indicating that
L-arginine strengthened the intercellular junctions between
epithelial cells, which were disrupted by hyperthermia.
Moreover, KEGG pathway analysis of HS and ARG groups
revealed that the AMPK pathway was activated by L-arginine
(Fig. 2b).

Heat stress is an important factor influencing domestic
animal performance and causing gastrointestinal tract dys-
function during summer [1, 4]. HSPs are widely known to be
involved in various physiological processes and play a key
role in the stress response by limiting the damage caused
by stress and promoting cell recovery [30]. Hao et al. [12]
and Gao et al. [11] found that HSP70 and HSP90 increase
in rat intestines after exposure to heat. Similarly, the current
study revealed marked elevation of HSP70 and HSP90 in
both cells and rat intestines after heat exposure. Heat shock
factors (HSFs), biomarkers of stress-induced tissue injury,
undergo phosphorylation in response to stress and enhance
the transcription of HSPs [8]. Consistently, we found that
HS dramatically increased the expression level of HSF1 both
in vitro and in vivo. Rectal temperature and serum cortisol
are commonly considered as indicators of heat stress and
were higher in the four heat treatment groups compared
with the control group. The alterations of these parameters,
together with the increased expression levels of HSF1,
HSP70, and HSP9O0, confirmed hyperthermia. L-Arginine as
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Fig.5 L-Arginine activates the (a
AMPK pathway after heat stress
in rat intestines. a Expression
of heat shock protein-related
genes in intestines measured by
RT-qPCR. b Expression levels
of AMPKa and p-AMPKa pro-
teins assessed by western blot-
ting. L-Arginine increased the
expression level of p-AMPKa
in intestines. ¢ mRNA expres-
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(e)

Fig.5 (continued)

a semi-essential amino acid facilitates maintenance of inter-
nal homeostasis [31]. The present study showed that, com-
pared with the HS group, L-arginine significantly decreased
HSF1 expression and increased HSP expression to assist
IEC-6 cells and rats to adapt to heat. Moreover, it attenu-
ated the body stress response by reducing the cortisol level
during heat exposure.

The small intestine serves as a barrier to pathogens and
provides the largest area for nutrient absorption. However,
these functions can easily be compromised by heat shock
[32]. Blood redistribution reduces blood supplying the small
intestine to preserve the blood flow of vital organs such as
the heart and brain. Several studies have demonstrated that

hyperthermia causes intestinal damage and disrupts the
intestinal structure [33, 34]. In the current study, we also
found that heat treatment induced intestinal injuries in rats,
including a shortened villus height, epithelial cell shed-
ding, and villus swelling. Morphological injuries were also
observed by TUNEL staining and caspase-3 immunohisto-
chemical analysis, indicating that heat stress caused exten-
sive apoptosis in tissue, especially in the villus tip from the
jejunum. Previous studies have demonstrated that L-arginine
improves mucosal development and recovery following
intestinal injury in rats [26, 27]. Similarly, the present study
showed that L-arginine increased the villus height and villus/
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crypts ratio after exposure to heat, thereby maintaining intes-
tinal integrity.

Previous studies have shown that heat stress disrupts
intestinal permeability [12, 35]. Yang et al. [35] found that
the activity of MLCK, a protein kinase, is triggered by
hyperthermia, which enhances the contractility of acto-myo-
sin ring widening of the intracellular space. Consistently,
our study showed that the actin cytoskeleton was damaged
following heat stress with an increase in MLCK gene expres-
sion. Furthermore, intestinal permeability can be evaluated
by blood indicators. Serum p-lactate and DAO are consid-
ered as biomarkers for barrier permeability [2, 36]. p-Lactic
acid is produced by intestinal flora and released into circula-
tion following intestinal mucosa damage. Diamine oxidase
is secreted by the epithelium, and its blood concentration
increases upon intestine injury [37]. We obtained similar
results in this study. Specifically, after 3 consecutive days
of HS, the D-LAC level and DAO activity were increased
significantly. These results demonstrated that the intestinal
barrier function was compromised. In contrast, L-arginine
markedly downregulated the expression level of MLCK and
decreased the serum concentrations of D-LAC and DAO.
These results strongly indicated that L-arginine restored
intestinal permeability and attenuated heat stress-induced
tissue injury.

AMP-activated protein kinase (AMPK), a highly con-
served serine/threonine kinase, is widely known as a regu-
lator of energy homeostasis to promote ATP generation and
energy restoration [21]. When the overall energy level in
a cell deceases because of increased demands by various
stimulates, AMPK is activated through phosphorylation by
upstream kinases or directly triggered by an elevated AMP/
ATP ratio [38]. Under heat stress, AMPK phosphorylation
is downregulated in HeLa and HEK293 cells [39]. Wang
et al. [39] postulated that dephosphorylation of the AMPKa
subunit inhibits AMPK activity in various cultured epithe-
lial cell lines (293T, C2C12, HepG2, bEnd.3, Hepal-6, and
MING cells). The phosphorylated AMPKa protein levels in
the cultured IEC-6 cell line and rat jejunum were decreased
after thermal stress exposure (Figs. 3b, 5b), which is consist
with the above study.

Luminal nutrients contribute to alterations in the mor-
phology and functions of IECs and intestines [29]. L-Argi-
nine stimulates cell proliferation [40], enhances the intesti-
nal mucosal immune function [19], and improves intestinal
recovery [26]. However, how L-arginine is involved in the
regulation of TJ proteins under heat stress and the underlying
mechanism is still unclear. To elucidate whether L-arginine
activates the AMPK pathway to exert its protective effect
against hyperthermia, we used AICAR and dorsomorphin
as positive and negative controls, respectively, in the present
study. AICAR is an AMPK activator that can be converted

@ Springer

into an AMP analog, and dorsomorphin is a potent and
selective AMPK inhibitor that competes with ATP.

Dorsomorphin induced a significant increase in HSF-1
after heat stress, reflecting the oxidative stress response in
IEC-6 cells and the intestines. This result is in line with a
study by Uerlings et al. [13]. L-Arginine, which had the same
effect as AICAR, markedly elevated the expression levels
of HSP70 and HSP90 (Figs. 3a, 5a). These findings suggest
that the AMPK signaling pathway participates in media-
tion of the heat-induced response, which also supports the
results of differential gene expression and KEGG analysis
(Fig. 2a, b).

Nalli et al. [41] reported that AMPK is a negative regula-
tor of MLCK and is responsible for the contractility of intes-
tinal muscles. Uerlings et al. [13] also found that AMPK
inhibition causes an increase in MLCK gene expression.
Therefore, it is conceivable that the MLCK expression level
was significantly increased in rat intestines by dorsomorphin
treatment following 3 days of heat stress. In contrast, L-argi-
nine and AICAR markedly decreased its expression. These
results imply that L-arginine suppresses intestinal smooth
muscle hypercontractility caused by thermal stimulation by
regulating the AMPK pathway.

The phosphorylates of liver kinase B (LKB1), one of the
AMPK upstream kinases, activates AMPK following an
increase in cellular AMP levels [22]. Activation of AMPK
is abolished in cells lacking expression of LKB1 [21]. In
the current study, we found that LKB1 was significantly
reduced under heat shock in both IEC-6 cells and intestines,
which was the same effect as AMPK inhibition. Interestingly,
L-arginine and AICAR treatments had no significant effect on
the mRNA expression of LKB1 under elevated temperature.
This result indicated that triggering AMPK pathway under
heat stress may not be attributed to the activation of LKB1.

Accumulating studies have shown that activation of
AMPK by pharmacological or nutraceutical approaches
strengthens the epithelial barrier function [21, 24, 38].
AICAR treatment enhances the barrier function in Caco-2
cells [42]. Consistent with a previous report, AICAR dra-
matically decreased the D-lactate concentration and DAO
activity in vivo following heat stress. Moreover, TUNEL
and caspase-3 THC staining showed that AICAR limited
epithelial cell apoptosis due to thermal injury. In con-
trast, AMPK inhibition caused by disease or detrimental
stimulators is concurrent with an impaired barrier function
[43]. Recent studies have also revealed that such inhibition
exaggerates DSS-induced colitis [42]. Similarly, in the pre-
sent study, we found that dorsomorphin exacerbated HS-
induced intestinal damage with higher D-lactate and DAO
levels, and severe apoptosis. We also found that L-arginine
exerted a similar effect on intestinal barrier functions as
AICAR.
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AMPK is a key factor in the regulation of tight junctions
[21, 24, 42]. These effects have been implicated in some pre-
vious studies indicating that AMPK promotes ZO-1 assem-
bly in MDCK cells [44]. In addition, activation of AMPK by
AICAR enhances ZO-1 relocation in Caco-2 cells [25, 42].
Consistently, after heat exposure, protein expression levels
of ZO-1 and claudin-1 in AICAR and L-arginine groups were
significantly upregulated both in vitro and in vivo. In addi-
tion, we found decreased ZO-1 and claudin-1 gene expres-
sion in cells and intestines subjected to heat stress or treated
with dorsomorphin, which is line with a study by Peng
et al. [25]. These results also confirmed the differentially
expressed genes and KEGG pathways of the transcriptome
analysis.

Conclusions

L-Arginine has been demonstrated to have various beneficial
effects on intestine development and recovery under harm-
ful stimuli. In this study, we found that L-arginine improved
the mucosal integrity disrupted by heat stress by promoting
expression of tight junctions in an AMPK-dependent man-
ner. Moreover, L-arginine might activate the AMPK path-
way by regulating other upstream kinases rather than LKB1.
Further studies are needed to confirm which of the AMKP
upstream kinase such as CaMKK?2, is the target of L-arginine
actions. Collectively our findings revealed the underlying
mechanism responsible for the beneficial effect of L-arginine
on the intestinal barrier function.
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