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Intestinal inflammation induced by dextran sodium sulphate
causes liver inflammation and lipid metabolism disfunction in

laying hens
T. Nii,*,y,1 T. Bungo,*,y N. Isobe,*,y and Y. Yoshimura*,y

*Graduate School of Integrated Science for Life, Hiroshima University, Higashi-Hiroshima, Japan; and yResearch
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ABSTRACT Gut inflammation caused by various
factors including microbial infection leads to disorder of
absorption of dietary nutrients and decrease in egg pro-
duction in laying hens. We hypothesized that intestinal
inflammation may affect egg production in laying hens
through its impact on liver function. Dextran sodium
sulphate (DSS) is known to induce intestinal inflamma-
tion in mammals, but whether it also induces inflam-
mation in laying hens is not known. The goal of this study
was to assess whether oral administration of DSS is a
useful model of intestinal inflammation in laying hens
and to characterize the effects of intestinal inflammation
on egg production using this model. White Leghorn hens
(350-day old) were administrated with or without 0.9 g of
DSS/kg BW in drinking water for 5 D (n 5 8, each). All
laid eggs were collected, and their whole and eggshell
weights were recorded. Blood was collected every day
and used for biochemical analysis. Liver and intestinal
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tissues (duodenum, jejunum, ileum, cecum, cecal-tonsil,
and colon) were collected 1 D after the final treatment.
These tissue samples were used for histological analysis
and PCR analysis. Oral administration of DSS in laying
hens caused 1) histological disintegration of the cecal
mucosal epithelium and increased monocyte/macro-
phage infiltration and IL-1b, IL-6, CXCLi2, IL-10, and
TGFb-4 gene expression; 2) decreased egg production; 3)
increased leukocyte infiltration and IL-1b, CXCLi2, and
IL-10 expression in association with a high frequency of
lipopolysaccharide-positive cells in the liver; and 4)
decreased expression of genes related to lipid synthesis,
lipoprotein uptake, and yolk precursor production.
These results suggested that oral administration of DSS
is a useful method for inducing intestinal inflammation in
laying hens, and intestinal inflammation may reduce egg
production by disrupting egg yolk precursor production
in association with liver inflammation.
Key words: intestinal inflammation, egg production,
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INTRODUCTION

Intestinal health is important for sustaining normal
meat and egg production in chickens. Coccidiosis, a ma-
jor intestinal infectious disease in poultry caused by
Eimeria, leads to decreased feed intake, growth, and
egg production (Klasing, 2007; Lensing, et al., 2012;
Ritzi, et al., 2014). Eimeria infection causes
histopathological damage, including villous atrophy
and higher gene expression of proinflammatory
cytokines and chemokines in the intestine (Williams,
2005; Hong, et al., 2006). Aging is another factor that
leads to decreased egg productivity in hens through
reduced egg quality and laying rates (Joyner, et al.,
1987; Molnar, et al., 2016). In mammals, the
expression of genes encoding proinflammatory
cytokines in the intestinal mucosa increased with aging
(Tran and Greenwood-Van Meerveld, 2013; Man,
et al., 2015). Therefore, these reports indicate that
intestinal infection and aging may cause intestinal
inflammation along with high cytokine expression. We
previously reported that viral antigen stimulation in
the oviduct increased interleukin (IL)-1b and IL-6 gene
expression in association with eggshell malformation in
the uterus of hens (Nii, et al., 2014). We also reported
that the proinflammatory cytokines IL-1b and IL-6
directly disrupt the gene and protein expression of
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eggshell formation–related factors such as
calbindin-D28 K (Nii, et al., 2018). Therefore, intestinal
inflammation may reduce egg production. However, the
relationship between intestinal inflammation and egg
production has not been well studied.

Chemokines, such as CXCLi2 (known as IL-8 in mam-
mals), attract monocytes, macrophages, and heterophils
into infected areas (Barker, et al., 1993; Kaiser, et al.,
1999; Poh, et al., 2008; Kim, et al., 2017). Monocytes
and macrophages are responsible for inflammation,
specifically, they produce proinflammatory cytokines
such as IL-1b and IL-6 (Kushner, 1993; Hodge, et al.,
2005; Netea, et al., 2009; Tacke, et al., 2011). The
intensity of inflammation is regulated not only by
proinflammatory cytokines but also by anti-
inflammatory cytokines, such as IL-10 and transforming
growth factor (TGF) b-2, -3, and -4 (identical to TGFb-1
in chickens), which play important roles in the suppres-
sion of excess inflammation (Babyatsky, et al., 1996;
Chen and Wahl, 1999).

An egg is formed through a multistep process that in-
cludes development of the ovarian follicle, ovulation of
the largest follicle, formation of egg white and the
eggshell membrane, calcification of the eggshell, and
oviposition. Chicken ovaries contain several hierarchical
yellow follicles that undergo rapid growth and numerous
white follicles before rapid growth (Gilbert, et al., 1983).
Egg yolk precursors, such as very low-density lipoprotein
(VLDL) and vitellogenin (VTG), that are synthesized in
the liver accumulate in the yellow follicles, which reach a
maximum size in approximately 7 D (Seol, et al., 2006).
Specific VLDLs, with a particle size of 25–44 nm in diam-
eter, that are called VLDLy, accumulate in the devel-
oping egg yolk (Yang, et al., 2013). VLDLy consists of
23 units of VLDL-II (also known as ApoVLDL-II) and
1 unit of apolipoprotein (apo) B100 (ApoB), which is a
ligand of oocyte triacylglycerol deposition (Bujo, et al.,
1997; Walzem, et al., 1999). The lipid bilayer of
VLDLy contains cholesterol and triglyceride (TG),
which are supplied from the circulation through
low-density lipoprotein (LDL) receptors expressed on
hepatocytes and via lipid synthesis in the liver by reac-
tions catalyzed by enzymes such as acetyl-CoA carbox-
ylase (ACC), fatty-acid synthetase (FAS), and
stearoyl-CoA desaturase-1 (SCD-1) from glucose
(Daval, et al., 2000; Alvarenga, et al., 2011). VLDLy
and VTG synthesis is stimulated by estrogen, which is
recognized by estrogenic receptor a (ERa) expressed in
the liver (Li, et al., 2014). It has been reported that he-
patic inflammation leads to dysfunction in lipid-related
metabolism in the liver in rodents (Liang, et al., 2018).
In addition, intestinal inflammation leads to hepatic
inflammation through macrophage activation caused
by an influx of endotoxins, such as lipopolysaccharide
(LPS; a component of the gram-negative bacterial cell
wall) derived from enteric bacteria, into the liver
through the portal vein (Miura, et al., 2016). Accord-
ingly, it is possible that infection-related intestinal
inflammation decreases the liver functions involved in
lipid metabolism as a result of hepatic inflammation,
leading to reduced egg production in hens. However, it
is still unclear whether intestinal inflammation leads to
reduced egg production through hepatic inflammation.
Dextran sodium sulphate (DSS) causes intestinal

inflammation in rodents, and it is used to generate exper-
imental animal models of human colitis, inflammatory
bowel disease, and colitis-associated cancer (Saleh and
Trinchieri, 2011; Heijmans, et al., 2014). DSS is
polysaccharide that binds sulfur (1.3 sulphate groups
per glucose unit) and has anticoagulant activity similar
to heparin (Ricketts, 1952). In mice, administration of
DSS in drinking water causes intestinal inflammation,
especially in the colon, with body weight loss, bloody
diarrhea, ulceration, and granulocyte infiltration into
the mucosa (Okayasu, et al., 1990; Laroui, et al.,
2012). It was reported that DSS damages intestinal
epithelial cells, impedes tissue repair after the
translocation of enteric bacteria into the submucosa,
and attracts and activates immune cells, resulting in
intestinal inflammation (Saleh and Trinchieri, 2011).
Thus, DSS-induced intestinal inflammation likely
mimics the inflammation caused by bacterial infection.
The DSS treatment model has an excellent advantage
in that it can mimic both acute and chronic colitis by
altering the treatment schedule and dose of DSS
(Wirtz, et al., 2007; Bento, et al., 2012; Perse and
Cerar, 2012; Zheng, et al., 2017). Modelling intestinal
inflammation by administering DSS is expected to be a
useful method for studying enteric inflammation in
laying hens. However, in poultry, studies on the
inflammation caused by oral administration of DSS are
limited to broiler and layer chicks (Kuttappan, et al.,
2015; Menconi, et al., 2015; Kuttappan, et al., 2016;
Simon, et al., 2016). Therefore, it is still unknown
whether DSS causes intestinal inflammation in adult
laying hens and the effects of colitis on egg production.
The goal of this study was to confirm the usefulness of

oral administration of DSS for establishing an intestinal
inflammation model in laying hens and to characterize
the effects of intestinal inflammation on egg production
using this model. We hypothesized that intestinal
inflammation may affect egg production through its ef-
fects on liver function. Thus, we focused on whether 1)
oral administration of DSS caused intestinal inflamma-
tion in adult laying hens and 2) DSS-induced intestinal
inflammation disrupted egg production. Subsequently,
we evaluated whether 3) hepatic inflammation was
caused in association with intestinal inflammation and
4) its effects on yolk precursor-related lipid metabolism
in the liver.
MATERIALS AND METHODS

Experimental Birds

White Leghorn hens regularly laying 7 or more eggs in
a clutch (approximately 350-day old) were housed in in-
dividual cages under a 14:10-h light-dark cycle. They
were provided feed and water ad libitum. The birds
were divided into 2 groups, the control and DSS groups
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(n5 8, each), which were administered a single oral dose
of 4 mL of sterilized water/kg body weight with or
without 0.9 g of DSS (molecular weight: 5,000–6,000;
Nacalai Tesque, Inc., Kyoto, Japan) (0.9 g DSS/4 mL
water/kg BW) daily by cannula for 5 D (DSS and con-
trol groups, respectively).
All laid eggs were collected, and their whole and

eggshell weights were recorded. Blood was collected
every day at 12:00–13:00 (approximately 3 h after ovipo-
sition), and these blood samples were inverted with hep-
arin (Mochida Pharmaceutical Co., Ltd., Tokyo,
Japan). Plasma samples were separated by centrifuga-
tion (1,000 ! g, 10 min, room temperature) and stored
at 280�C until use for biochemical analysis of TG, total
cholesterol (T-CHO), nonesterified fatty acid (NEFA),
glucose, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) and for ELISA analysis of estra-
diol-17b concentration.
Birds were euthanized under anesthesia with sodium

pentobarbital (Somnopentyl; Kyoritsu Seiyaku Corpo-
ration, Tokyo, Japan), and the liver and intestinal tis-
sues (duodenum, jejunum, ileum, cecum, cecal-tonsil,
and colon) were collected. These tissue samples were pro-
cessed for paraffin sectioning as well as total RNA
extraction. Intestinal tissues were also processed to
generate frozen sections for immunohistochemical anal-
ysis of monocytes and macrophages. All experiments in
this study were approved by Hiroshima University Ani-
mal Research Committee (approval no.: C17-3). Animal
handling was carried out in accordance with its
regulations.

Biochemical Assays of Blood Plasma

Blood parameters, namely TG, T-CHO, NEFA,
glucose, ALT, and AST, were measured by using a Beck-
man Coulter AU480 automatic biochemistry analysis
system (Beckman Coulter, Inc., Brea, CA) using reagent
kits provided by the manufacturer.

Enzyme-Linked Immunosorbent Antibody
Assay

Plasma estradiol-17b was analyzed by a competitive
enzyme immunoassay as described previously (Isobe
and Nakao, 2003). The lipid phase of blood plasma was
extracted with dichloromethane. The ether phase was
dried in the glass tube, and the residue was diluted
with assay buffer (0.31% boric acid, 0.1% bovine serum
albumin, and 0.05% potassium dichromate, pH 7.8).
Diluted samples were applied to the microplate wells
precoated with antirabbit IgG antibody (Sato, et al.,
2011) for 4 h, which was followed by the addition of anti-
estradiol-17b antibody (COSMO BIO, Tokyo, Japan)
and horseradish peroxidase (HRP)-conjugated estra-
diol-17b (FKA 236-E; COSMO BIO) for 4 h at 20�C.
The plates were washed 3 times with PBS containing
Tween 20, and then 3,30,5,50-tetramethylbenzidine sub-
strate solution was added, and the plate was incubated
for 30 min. Then, the optical density at 650 nm was
read using a microplate reader (Multiskan FC; Thermo
Fisher Scientific, Waltham, MA). The estradiol-17b con-
centration was calculated by the absolute quantification
method using a standard curve.
Tissue Preparation and Staining for
Histology

Intestinal and liver tissues were fixed with 10% (v/v)
formalin in PBS and processed for paraffin sections.
Some of the intestinal tissues were also embedded in a
medium for frozen tissue specimens (OCT compound;
Sakura Co., Tokyo, Japan) and snap-frozen in a mixture
of isopentane and solid CO2 to prepare frozen sections.
The paraffin sections (4-mm thick) were stained with
Hansen’s hematoxylin and eosin for histological
observation.

Paraffin sections of livers were also used for immuno-
histochemistry to evaluate LPS-positive cells to confirm
the possibility of bacteria or endotoxin influx into the
liver. After deparaffinization, the sectionswere incubated
with proteaseK for 30min at 37�C. Sections were washed
with PBS (3 times for 5 min each), blocked with 10%
(v/v) normal horse serum for 30 min, and then incubated
with mouse monoclonal antibodies to the common core
region of LPS from different gram-negative bacteria
(WN1 222-5; Hycult Biotech, Wayne, PA) diluted to
1 mg/mL in PBS overnight at 4�C. After washing the
sections with PBS (3 times for 5 min each), the immuno-
precipitates were visualized using the Histofine SAB-
PO (M) kit (Nichirei Co., Tokyo, Japan). Briefly, the
sections were incubated with biotinylated antimouse
IgG 1 IgA 1 IgM and streptavidin-peroxidase for 1 h
and then washed in PBS (3 times for 5 min each) after
each step. Immunoprecipitates were visualized by incu-
bating the sections with a reaction mixture containing
0.02% (w/v) 3,30-diaminobenzidine tetrahydrochloride
and 0.005% (v/v) H2O2 in 0.05-mol Tris-HCl buffer
(pH7.6). The sectionswere counterstainedwithHansen’s
hematoxylin.

Frozen sections (10-mm thick) of intestinal tissues were
prepared using a cryostat (Bright Instrument Co., Ltd.,
Huntingdon, England) and were used to evaluate mono-
cytes/macrophages. They were air-dried on slides, fixed
with acetone andmethanol on ice for 30min each, washed
with PBS, and then incubated with 10% (v/v) normal
horse serum (blocking solution) for 30 min. The primary
and secondary antibody incubation and visualization
were performed as described for LPS immunostaining of
paraffin sections. The mouse monoclonal antibody to
chicken monocytes/macrophages (KUL01) (Southern
Biotech, Birmingham, AL) was diluted to 1 mg/mL and
used as the primary antibodies.
Image Analysis to Determine the
Frequencies of Immunopositive Cells

Sections were examined under a light microscope
connected to an image analysis software program
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(NIS-Elements; Nikon, Tokyo, Japan). The number of
monocytes/macrophages within the mucosal
lamina propria of the duodenum (in an area of
1.6 ! 105–2.4 ! 105 mm2), jejunum (in an area of
9.9 ! 104–2.0 ! 105 mm2), ileum (in an area of
1.2 ! 105–2.1 ! 105 mm2), cecum (in an area of
1.3 ! 105–2.5 ! 105 mm2), cecal tonsil (in an area of
1.4 ! 105–2.4 ! 105 mm2), and colon (in an area of
1.9 ! 105–2.6 ! 105 mm2) and within LPS1 cells in
the liver (in an area of 2.7 ! 105–2.9 ! 105 mm2) were
counted. The analysis was performed in quintuplicate
in one tissue, and the average was used.
Real Time-PCR Analysis for the Expression
of Inflammation and Lipid Metabolism-
Related Genes

Total RNA was extracted from the liver using Sepasol
RNA I Super (Nacalai Tesque, Inc.). Total RNA was
extracted and purified from the intestinal mucosal sam-
ples (duodenum, jejunum, ileum, cecum, cecal-tonsil,
and colon) using the NucleoSpin RNA kit (Macherey-
Nagel GmbH & Co., KG., Duren, Germany), which is
a column-type RNA extraction kit, because any DSS
remaining in the intestinal tissues would inhibit PCR
(Kerr, et al., 2012). The extracted total RNA samples
were dissolved in TE buffer (10-mmol Tris-HCl, pH
8.0, with 1-mmol EDTA), and the concentration of total
RNA in each sample was measured using a Nano Drop
Lite (Thermo Fisher Scientific, Waltham, MA). The
RNA samples were reverse-transcribed using ReverTra
Ace qPCR RT Master Mix with gDNA Remover
(Toyobo Co., Ltd., Osaka, Japan) on a PTC-100 pro-
grammable thermal controller (MJ Research, Waltham,
MA), programmed according to the manufacturer’s in-
structions. Real-time PCR was performed using the
AriaMX real-time PCR system (Agilent Technologies,
Santa Clara, CA) with Brilliant III Ultra-Fast SYBR
Green QPCR Master Mix (Agilent Technologies).
Supplementary Table 1 shows the primers used for
PCR. The cycle parameters used for the amplification
were as follows: denaturation at 95�C for 5 s and anneal-
ing at 58�C (for TGFb-2, TGFb-4, ACC, FAS, and
ERa), 60�C (for IL-6, CXCLi2, IL-10, TGFb-3, LDLr,
SREBP1, SREBP2, RPS17, GLUT2, GLUT5, and
SGLT1), 62�C (for SCD-1, apoVLDL-II, and VTG-II),
or 63�C (for IL-1b) for 10 s, and the denaturation and
annealing steps were done for 50 cycles. The cycle pa-
rameters for the melting step were 95�C for 30 s, 65�C
for 30 s, and 95�C for 30 s. RNA expression levels were
calculated by the relative quantification method using
a standard curve generated with serially diluted PCR
products of each target gene. The relative expression
level of the target mRNA in each sample was normalized
to the RPS17 housekeeping gene and is reported as the
mean fold change compared with a standard sample
from the control group.
Paired Feeding Experiment

The hens in the DSS group showed decreased feed
intake. Thus, we confirmed the effect of anorexia on
egg production using a paired feeding (PF) experiment
in which the feed intake of the control group was
adjusted to the same level as that observed in the DSS
group.
White Leghorn laying hens (approximately 350-day

old) were used under same conditions as the hens in
the DSS experiment. They were divided into 2 groups,
the control and PF groups (n 5 4, each). Hens in the
PF group were served a restricted quantity of feed,
which was calculated from mean feed intake in the
hens during the 3 D before the start of experiment (per-
centages were the almost same levels of feed intake in the
DSS group (i.e., day 0: 100%, day 1: 83.3%, day 2: 72.2%,
day 3: 55.1%, day 4: 68.2%, and day 5: 57.3%). All birds
were orally administered a single dose of sterilized water
(4 mL/kg body weight).
Egg weight and eggshell weight were recorded

(Supplementary Table 2), and blood samples and total
RNA from the liver were collected by same method as
in the DSS experiment. Blood samples were used for
biochemical analysis of TG, T-CHO, NEFA, glucose,
and ALT (Supplementary Figure 3). The total RNA
from the liver was used for real-time PCR analysis of fac-
tors related to lipid synthesis, lipoprotein uptake, and
yolk precursor synthesis (Supplementary Figure 4).
Handling of birds was carried out in accordance with
the regulations of the Hiroshima University Animal
Research Committee (no. C17-3).
Statistical Analysis

Values are expressed as the mean 6 SEM. The signif-
icance of differences in the frequencies of immunoposi-
tive cells, namely monocytes/macrophages in intestinal
tissues and LPS1 cells in the liver, and the mRNA
expression levels between the control and DSS groups
in each tissue was evaluated by Student t test for homo-
scedastic samples and Welch’s t test for heteroscedastic
samples. Body weight, feed intake, and all blood param-
eters in the control and DSS groups on days 0, 1, 2, 3, 4,
and 5 after first treatment were analyzed by 2-way
repeated-measures ANOVA followed by Tukey’s post-
hoc test to assess the significance of the interaction
between time and DSS treatment. Differences were
considered significant when the P value was less
than 0.05.
RESULTS

Body Weight, Feed Consumption, Egg
Production, and Blood Parameters

The body weights of the experimental birds did not
differ significantly between the control and DSS groups
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during the experimental period (Figure 1A). However,
feed intake in the DSS group was significantly lower on
days 1–5 than that on day 0 (Figure 1B). The average
feed intake was 51.36 4.29 g/kg body weight in the con-
trol group and 52.4 6 2.49 g/kg body weight in the DSS
group on day 0 (which was set to 100%).
Egg production in the DSS group was notably irreg-

ular beginning on day 3; only 2 or 3 eggs were laid on
days 3, 4, and 5, and 3 hens stopped egg production
from day 3 (Table 1). Egg weights and eggshell weights
did not change during the experimental period in both
the control and DSS groups (Table 1).
Blood plasma TG and T-CHO in the DSS group

increased beginning on day 1 and peaked on day 5
(Figure 2A and B). Both TG and T-CHO were signifi-
cantly higher in the DSS group than those in the control
group at all time points. The plasma NEFA concentra-
tion was significantly higher in the DSS group than
that in the control group on days 2–5 and was the high-
est on day 5 (Figure 2C). There was no significant effect
of the interaction between time and DSS treatment on
glucose levels (Figure 2D). Plasma ALT concentration,
an indicator of liver damage, was significantly increased
on days 1–5 and peaked on day 4 (Figure 2E). Plasma
AST concentration, an indicator of muscle and liver
damage, did not change during the experimental period
and did not differ significantly between the control and
DSS groups (Figure 2F). Plasma estradiol-17b concen-
tration also did not differ significantly between the
Table 1. Effects of DSS oral administration on the egg

Group Day 0 Day 1

Number of egg laying Control 8/8 6/8
DSS 8/8 7/8

Egg weight (％) Control 100.0 100.0 6 1.4
DSS 100.0 100.2 6 1.5

Eggshell weight (％) Control 100.0 100.7 6 3.0
DSS 100.0 101.1 6 2.4

Number of egg laying means produced egg number/total he
egg weight and egg-shell weight against day 0 (%).

Abbreviation: DSS, dextran sodium sulphate.
control and DSS groups and did not change among the
different time points in each group (Figure 2G).
Effects of DSS on Intestinal Inflammation

In this study, the cecum was defined as the cecal-
pouch and was identified by the cecal-tonsil. In the con-
trol group, the lamina propria of the cecum was lined
with luminal epithelium (Figure 3A), whereas in the
DSS group, a large area of the luminal epithelium was
lost, and many red blood cells and leucocytes had accu-
mulated in the lamina propria (Figure 3B). In contrast,
no histological difference was observed between the con-
trol and DSS groups in the jejunum (Supplementary
Figure 1), ileum (Supplementary Figure 1), and other in-
testinal segments (data not shown).

Monocytes/macrophages were mainly localized to the
lamina propria of the cecum (Figure 3C and D) and all
other segments of intestine (data not shown). Some of
these cells were also located in the submucosal tissues.
The frequencies of monocytes/macrophages were signif-
icantly higher in the DSS group than those in the control
group in all segments of intestine, except for the cecal-
tonsil (Figure 3E).

The gene expression levels of IL-1b in the cecum; IL-6
in the ileum, cecum, and cecal-tonsil; and CXCLi2 in the
jejunum, cecum, and cecal-tonsil were significantly
higher in the DSS group than those in the control group
(Figure 4A–C). However, the expression levels of these
production, egg weight, and eggshell weight.

Day 2 Day 3 Day 4 Day 5

7/8 7/8 8/8 8/8
5/8 3/8 2/8 3/8

98.8 6 2.2 98.2 6 2.0 99.2 6 2.0 98.1 6 2.0
97.9 6 1.9 96.8 6 4.7 88.6 6 1.7 96.1 6 5.2
97.9 6 2.0 98.8 6 1.0 98.8 6 2.8 96.2 6 2.0
101.5 6 3.7 101.0 6 6.3 87.4 6 1.2 97.5 6 8.4

n number. Values are given as mean6 SEM of the ratio of
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genes in the other segments did not differ significantly
between the DSS and control groups. The gene expres-
sion levels of IL-10 and TGF-b2, 3, and 4 were assessed
in the mucosal tissues of all intestinal segments
(Figure 4D–G). IL-10 and TGFb-4 in the cecum and
TGFb-2 in the colon were significantly higher in the
DSS group than those in the control group (Figure 4D,
E, and G). However, no significant differences in expres-
sion were observed in the other segments, and TGFb-3
gene expression levels in all segments were not signifi-
cantly different between the control and DSS groups
(Figure 4F).
Effects of DSS on Hepatic Inflammation

The liver tissue was filled with hepatic cells and many
sinusoidal capillaries, and the interlobular vein, arteria,
and bile duct were observed (Figure 5A and B).
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Leucocytes were mainly localized in the connective tis-
sue surrounding the vein, arteria, and sinusoidal capil-
lary in both groups. Higher frequencies of lymphocyte
infiltration, specifically around the blood vessels, were
observed in the liver of the DSS group than in the con-
trol group. The gene expression level of IL-1b and
CXCLi2 in the liver was significantly higher in the
DSS group than that in the control group; however,
IL-6 gene expression levels did not differ between the
groups (Figure 5C). In contrast, the expression of
IL-10 was significantly increased and TGFb-2 was
significantly lower in the DSS group than that in the
control group.

The localization pattern of LPS1 cells was like that of
leucocytes, that is, they were in the connective tissue sur-
rounding the vessels in the liver (Figure 6A and B). The
frequencies of LPS 1 cells in the liver tissue, as deter-
mined by microscope image analysis, were significantly
higher in the DSS group than those in the control group
(Figure 6C).



IL-6

CXCLi2

IL-1β

fo
ld

 c
h
an

g
e

fo
ld

 c
h
an

g
e

fo
ld

 c
h
an

g
e

IL-10

fo
ld

 c
h

an
g
e

TGFβ -2

fo
ld

 c
h

an
g
e

TGFβ -3

fo
ld

 c
h
an

g
e

TGFβ -4

fo
ld

 c
h
an

g
e

0

2

4

6

8 *

0

5

10

15
*

*
*

0

5

10

15 **

* **

0

2

4

6

**

0

1

2

3
*

0.0

0.5

1.0

1.5

2.0

0

1

2

3

4

*

Control

DSS
B

D

A

C

E F

G

Figure 4. Effects of dextran sodium sulphate (DSS) on the mRNA expression of proinflammatory (A, B and C) and anti-inflammatory (D, E, F and
G) cytokines in the mucosal tissues of the duodenum, jejunum, ileum, cecum, cecal-tonsil, and colon. Open bars are the control group, and orange filled
bars are the DSS group. Values are the fold change in target gene expression compared with a standard duodenum sample from the control group
(n5 8). Target gene expression was normalized to the house-keeping gene RPS17. Asterisks (*, **) indicate significant differences between the water
(control) and DSS-treated groups (P , 0.05 and P , 0.01, respectively).

NII ET AL.1670
Effects of DSS on Yolk Precursor-Related
Lipid Metabolism in the Liver

Figure 7 shows the mRNA expression levels of several
lipid synthesis–related genes (SREBP1, FAS, ACC, and
SCD-1; Figure 7A), lipoprotein uptake–related genes
(SREBP2 and LDLr; Figure 7B), yolk precursor
synthesis–related genes (ApoB, ApoVLDL-II, and VTG-
II; Figure 7C), and oestrogen receptor (ERa: Figure 7D)
in the hen liver. The expression levels of these 10 genes,
excluding SCD-1 and ERa, in the liver were significantly
lower in the DSS group than those in the control group.
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Effects of DSS on Glucose Transporter
Expression

GLUT5 and SGLT1 expressions in the ileum were
significantly lower in the DSS group than those in the
control group (Supplementary Figure 2A). However,
GLUT2 in both segments and GLUT5 and SGLT1 in
the jejunum did not differ significantly between the con-
trol and DSS groups (Supplementary Figure 2).
Effects of PF on Egg Production, Plasma
Parameters, and Lipid Metabolism in the
Liver

Egg production was not altered by PF
(Supplementary Table 2). However, the weights of
the eggs and eggshells were significantly lower in the
PF group than those in the control group on days 4
and 5.
The pattern of changes in plasma parameters differed

greatly between the DSS experiment and the PF exper-
iment (Supplementary Figure 3). The plasma T-CHO
concentration in the PF group decreased significantly
in a time-dependent manner and reached a minimum
on day 3 (Supplementary Figure 3B). TG in the PF
group did not differ significantly nor was there an inter-
action between time and feed regulation. However, the
pattern was like that for T-CHO in the PF group
(Supplementary Figure 3). The plasma NEFA level
was significantly higher in the PF group than that in
the control group (Supplementary Figure 3). However,
the glucose and ALT concentrations did not differ be-
tween the PF and control groups (Supplementary
Figure 3).

SREBP-1 gene expression was higher, and FAS and
ApoVLDL-II expression were lower in the liver in the
PF group than those in the control group. However,
there were no differences in the other lipid
metabolism–related and yolk precursor synthesis–
related genes (Supplementary Figure 4).
DISCUSSION

This is the first report showing the effects of orally
administered DSS on egg laying in laying hens. We
observed that oral administration of DSS caused intesti-
nal inflammation, hepatic inflammation, and impaired
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lipid metabolism in the liver in association with a detri-
ment in egg production. The significant findings in this
study were that oral administration of DSS caused 1)
histological disintegration of the mucosal epithelial tis-
sue in the cecum, an increased frequency of mono-
cytes/macrophages, and increased expression of IL-1b,
IL-6, CXCLi2, IL-10 and TGFb-4; 2) decreased egg pro-
duction; (3) increased levels of ALT, leukocyte infiltra-
tion, and IL-1b, CXCLi2, and IL-10 expression as well
as decreased TGFb-2 expression in association with
high frequencies of LPS 1 cells in the liver; and 4)
decreased expression of genes related to lipid synthesis
(SREBP-1, FAS, and ACC), lipoprotein uptake
(SREBP-2 and LDLr), and yolk precursor production
(ApoB, ApoVLDL-II, and VTG-II).

Oral administration of DSS caused clear damage to
the cecum mucosa, including detachment of a portion
of the luminal epithelium (Figure 3B) and increased
macrophage/monocyte infiltration in all segments of
the intestine (Figure 3E). Previous reports showed
similar observations in the intestinal mucosa of DSS-
treated rodents and chicks (Wirtz, et al., 2007; Kim,
et al., 2010; Dharmani, et al., 2011; Banerjee, et al.,
2015; Simon, et al., 2016). DSS treatment also showed
direct toxicity in Caco-2 cells, a strain of human
intestinal epithelial cells, namely, decreased cell
viability associated with increased IL-6 and IL-8 produc-
tion in an in vitro study (Araki, et al., 2006). DSS
directly affects epithelial cells, causing a loss of these
cells, which is followed by mucosal inflammation as a
result of the invasion of enteric microbes (Saleh and
Trinchieri, 2011). M1 macrophage is a well-known
inflammation-mediating macrophage that secretes IL-
1b and IL-6 (Kushner, 1993; Hodge, et al., 2005;
Netea, et al., 2009; Tacke, et al., 2011). The increase in
the number of monocytes/macrophages and the levels
of proinflammatory cytokines (IL-1b, IL-6, and
CXCLi2) together with the increase in anti-
inflammatory cytokines (IL-10 and TGFb-4) in the
DSS group indicate local inflammation in the mucosal
layer of the cecum (Figures 3E and 4). The mucosa of
the cecal-tonsil also showed features of inflammation,
including increased levels of proinflammatory and anti-
inflammatory cytokines (Figure 4B, C, and E). This ev-
idence suggested that DSS damaged the cecal epithelial
cells, and microbes invading the lamina propria caused
mucosal inflammation through the secretion of proin-
flammatory cytokines produced by infiltrating macro-
phages induced by chemokines.
The mechanism of inflammation caused by oral

administration of DSS is similar to that of the inflamma-
tion caused by enteric bacterial infections. In aged ani-
mals, the tight junctions between the intestinal
epithelial cells are weakened, and enteric bacteria enter
the lamina propria to cause intestinal inflammation
(Tran and Greenwood-Van Meerveld, 2013; Man,
et al., 2015). Therefore, the mechanisms of the enteric
inflammation caused by oral administration of DSS are
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similar to one caused by infection and aging in laying
hens. However, the clear sign of inflammation was
observed in only cecum in this DSS experiment, while
an enteric infectious disease, coccidiosis, causes clear
mucosal inflammation and damage in not only cecum
but also small intestine (Williams, 2005; Hong, et al.,
2006; Belote, et al., 2018). In addition, aging causes
mucosal inflammation in both small and large
intestines in mammals (Tran and Greenwood-Van
Meerveld, 2013; Man, et al., 2015). Thus, the DSS
method in this experiment can be used as an intestinal
inflammation model, but not as the direct model of
intestinal inflammation caused by coccidiosis or aging.
Meanwhile, some reports that used different methods
of DSS treatment indicated clear mucosal damage in
both small and large intestines in chicks (Kuttappan,
et al., 2015; Menconi, et al. 2015). Accordingly, DSS
methods may be expected to application for various
direct experiment models of intestinal inflammation
such as infection and aging, by modulation of DSS
treatment condition.

In contrast, only a portion of the intestinal inflamma-
tion, that is, the number of macrophages/monocytes
infiltrating the lamina propria, was observed in the other
segments of the intestine (the duodenum, jejunum,
ileum, and colon) (Figure 3E), while the heavy mucosal
damage was observed in the cecum in the DSS group.
The retention time of the cecum contents is 24–48 h,
which is much longer than the retention times for the
other segments of the intestinal tract (McNab, 1973;
Svihus, et al., 2013). The reason why clear damage and
signs of inflammation were specifically observed in the
cecum is not unknown; however, we assume that the
longer retention time of the luminal contents including
DSS in the cecum compared with the other segments
may be related to this observation.

Many leukocytes were observed in the liver tissues of
hens in the DSS group along with higher expression
levels of IL-1b, CXCLi2, and IL-10 and lower expression
of TGFb-2 when compared with the levels in the control
group (Figure 5). In addition, ALT, a known indicator of
functional disorder in the liver, was markedly increased
in the DSS group compared with the levels in the control
group (Figure 2E). These results indicate that liver dam-
age occurred with hepatic inflammation after oral
administration of DSS. Destruction of the intestinal
mucosal barrier led to the invasion of enteric bacteria
into the lamina propria followed by an influx of bacteria
and/or endotoxin to other organs, such as the liver,
though the blood stream (Jahnel, et al., 2009; Qin,
et al., 2018). In this study, we detected higher
frequencies of LPS 1 cells in the liver in the DSS
group than in the control group (Figure 6C). LPS is
recognized by toll-like receptor 4, and its recognition
leads to an inflammatory reaction (Zhang, et al.,
2013). These results suggest that the intestinal inflam-
mation caused by DSS may lead to an influx of enteric
gram-negative bacteria or LPS from the cecum to the
liver, causing hepatic inflammation. Brachyspira pilosi-
coli infection in the cecum and colon of chickens led to
tissue damage in the liver, including hemorrhage with
leukocytes (Mappley, et al., 2013). Infection by Eimeria
and Clostridium perfringens caused heavier damage to
the small and large intestine and the liver in association
with inflammation and higher expression levels of proin-
flammatory cytokines in broiler chicks (Belote, et al.,
2018; Fasina and Lillehoj, 2019). The results of these
reports are similar to our findings.
Our results showed high levels of plasma TG, T-CHO,

NEFA, and ALT in the DSS group (Figure 2A, B and E),
indicating that lipid metabolism in the liver was affected
by hepatic inflammation (Liang, et al., 2018). Therefore,
we assumed that the liver lipid supply is abnormally
high, namely there was an increase in the expression of
lipid synthesis–related genes and lipoprotein uptake–
related genes caused by hepatic inflammation. However,
contrary to our expectations, the gene expression of lipid
synthesis–related genes (SREBP-1, FAS, and ACC) and
lipoprotein uptake–related genes (SREBP-2 and LDLr)
was significantly lower in the DSS group than that in
the control group (Figure 7A and B). Thus, it is likely
that lipid synthesis and lipid uptake were suppressed
in association with the high TG level. Meanwhile, we
showed that the yolk precursor synthesis–related genes
ApoB, ApoVLDL-II, and VTG-II in the liver were signif-
icantly lower in the DSS group than those in the control
group (Figure 7C). This suggested that the decrease in
yolk precursor synthesis in the liver directly caused a
malfunction of normal follicle growth in the ovary. In
addition, TG is a principal constitution of VLDLy,
which is the egg yolk precursor (Seol, et al., 2006).
Thus, we assumed that the high blood TG level may
reflect a decrease in VLDLy synthesis and decreased
TG utilization. However, we still do not know why
yolk precursor synthesis was suppressed despite the
TG-rich conditions under intestinal inflammation in
laying hens. Further studies are necessary to answer
this question.
Plasma estradiol-17b levels and ERa gene expression

in the liver were not changed by DSS treatment
(Figures 2G and 7D). Oestrogen controls lipid meta-
bolism and yolk precursor synthesis in the liver (Li,
et al., 2014). Therefore, the downregulation of lipid syn-
thesis and yolk precursor synthesis in the liver was
caused by the effects of oral administration of DSS,
including intestinal and hepatic inflammation, but not
by estrogen.
Egg production gradually stopped in the DSS group

(Table 1). Oral administration of DSS also caused
anorexia, intestinal inflammation, and liver malfunction.
Thus, we hypothesized that these 3 factors may affect
egg production. The hens in the DSS group showed
decreased feed intake (Figure 1B). Many researchers
have reported that oral administration of DSS induced
anorexia not only in mammals but also in broiler and
layer chicks (Kim, et al., 2010; Hakansson, et al., 2015;
Simon, et al., 2016). First, we confirmed the effect of
anorexia on egg production using a PF experiment in
which the feed intake of the control group was
adjusted to same level as that observed in the DSS
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group. Thus, we prepared a PF group in which the feed
intake level was adjusted to the same level as that in the
DSS group. Then, we confirmed the effects of anorexia
on egg production. In the PF group, egg production
did not differ from that in the DSS group
(Supplementary Table 2). This result suggested that
anorexia caused by DSS treatment may not be the
main reason for the reduction in egg production. Second,
we considered the effects of nutrient absorption through
histological observations and gene expression analysis of
glucose transporters (Supplementary Figure 1 and 2).
Histological analysis showed that the mucosal structure
of the duodenum (data not shown), jejunum, and ileum
(Supplementary Figure 1) did not differ between the
control and DSS groups. However, the gene expression
levels of GLUT5 and SGLT1, but not GLUT2 in the
ileum, were significantly lower in the DSS group than
those in the control group (Supplementary Figure 2).
These results suggested that glucose absorption in the
ileum may be impaired without the histological damage
caused by DSS treatment. However, the effect may not
strong because the blood glucose concentration was
not decreased during DSS treatment (Figure 2D).
Thus, we assumed that the decrease in nutrient absorp-
tion in the ileum caused by DSS treatment is one factor
affecting egg production. Third, we considered the ef-
fects of liver malfunction on egg production. In this
study, yolk precursor synthesis was suppressed in associ-
ation with hepatic inflammation as mentioned previ-
ously. In addition, the obvious high blood levels of TG
and T-CHO and decreased expression of lipid
metabolism–related genes were not detected in the PF
group (Supplementary Figures 3A, B and 4). This sug-
gested that the decrease in egg yolk precursor synthesis
caused by intestinal inflammation directly affected
normal follicle growth and subsequent egg production.
In addition, we also considered the effects of DSS on
the oviduct and ovary. The oviduct did not show clear
difference between the control and DSS groups, but
several ovarian follicles showed atresia in the DSS group
(data not shown). The result suggests that DSS treat-
ment may affect the ovarian function. Further studies
are necessary to clear the effect of DSS on ovarian func-
tion. Therefore, we assumed that the disfunction of yolk
precursor synthesis in the liver as well as decreased
nutrient absorption are 2 factors leading to reduced
egg production in laying hens under intestinal
inflammation.
In conclusion, we confirmed that DSS treatment is a

useful method for inducing intestinal inflammation in
laying hens, and we assessed the effect of induced intes-
tinal inflammation on egg production using this method.
Intestinal inflammation caused by DSS led to hepatic
inflammation through endotoxin influx into the liver.
Hepatic inflammation is likely to suppress yolk precursor
synthesis followed by a disruption of normal follicle
growth and reduced egg production in association with
high blood TG and T-CHO levels. This is the first report
to show the effects of intestinal inflammation on egg pro-
duction in laying hens, and it also shows that oral
administration of DSS is an effective technique for
studying the pathogenesis of infectious intestinal inflam-
mation in adult laying hens.
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