
� 2020 P
Association I
license (http:

Received O
Accepted
1Correspo

(DG)
Maintaining intestinal structural integrity is a potential protective
mechanism against inflammation in goose fatty liver
Wang Gu,* KangWen,* Chunchi Yan,* Shuo Li,* Tongjun Liu,* Cheng Xu,* Long Liu,* Minmeng Zhao,*
Jun Zhang,* Tuoyu Geng,*,y,1 and Daoqing Gong*,y,1

*College of Animal Science and Technology, Yangzhou University, Yangzhou, Jiangsu Province 225009, P. R. China;
and yJoint International Research Laboratory of Agriculture and Agri-Product Safety of the Ministry of Education of

China, Yangzhou University, Yangzhou, Jiangsu Province 225009, P. R. China
ABSTRACT Overfeeding causes severe steatosis but
not inflammation in goose liver, suggesting existence of
protective components. Previous studies have shown
that some intestinal microbes and their metabolites
damage intestinal structural integrity and function,
thus causing inflammation in the development of hu-
man and mouse nonalcoholic fatty liver disease.
Therefore, this study hypothesizes that intestinal
structural integrity of goose is maintained during
overfeeding, which may provide goose fatty liver a
protective mechanism against inflammation. To test
this hypothesis, 48 seventy-day-old healthy Landes
male geese were overfed (as overfeeding group) or nor-
mally fed (as control group). Blood and intestine
(jejunum, ileum, and cecum) samples were harvested on
the 12th and 24th d of overfeeding. Data showed that
goose fatty liver was successfully induced by 24 d of
overfeeding. Hematoxylin-eosin staining analysis indi-
cated that the arrangement of villi and crypts in the
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intestine was orderly, and the intestinal structure was
intact with no pathological symptoms in the 2 groups.
Enzyme-linked immunosorbent assay and quantitative
PCR analysis indicated no significant differences in the
expression of tight junction and inflammation-related
genes as well as plasma lipopolysaccharide concentra-
tion between the groups. Ileal hypertrophy and cecal
atrophy were observed in the overfed vs. control geese,
probably because of change of sphingolipid metabolism.
Activation of apoptotic pathway may help cecum avoid
necrosis-induced inflammation. In conclusion, healthy
and intact intestine provides a layer of protection for
goose fatty liver against inflammation. Sphingolipid
metabolism may be involved in the adaptation of ileum
and cecum to overfeeding. The hypertrophy of ileum
makes it an important contributor to the development
of goose fatty liver. The atrophy and decline in the
function of cecum may be caused by apoptosis induced
by overfeeding.
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INTRODUCTION

Goose fatty liver (or foie gras), as a high-end food rich
in nutrients, is produced by artificial overfeeding. It con-
tains about 60% of fat, weighing around 800 g (Hermier
et al., 1994). Based on the criterion of hepatic steatosis or
fatty liver, that is, fatty liver occurs when fat content ex-
ceeds 5% of liver weight (Sanyal et al., 2011), goose fatty
liver is usually in the state of severe steatosis. A lot
heavier than normal liver and light yellow color are the
successful signs of goose fatty liver. The great capacity
of goose liver for fat deposition may be originated from
the adaptation of their ancestors to long-distance migra-
tion (Hermier, 1997). Despite severe steatosis, goose
fatty liver shows no obvious inflammation, fibrosis, and
other pathological changes that are often seen in nonal-
coholic fatty liver disease (NAFLD) of humans and mice.
It can recover to normal state under certain conditions,
indicating that goose has a unique protective mechanism
(Hermier et al., 1999). Indeed, previous studies have
identified some unique protective components, such as
inhibition of complement system (Liu et al., 2016) and
induction of mitochondria-related genes (Osman et al.,
2016a), adiponectin receptor gene (Geng et al., 2016),
and fatty acid desaturase genes (Osman et al., 2016b).
Further uncovering the protective mechanism may
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provide new ideas for developing methods to improve the
quality and yield of goose fatty liver as well as to prevent
and cure NAFLD in humans and other animals.

The development of NAFLD in humans and mice is
not only related to intestinal microbes and metabolites
but also closely related to the integrity of intestinal
structure and the occurrence of inflammation (Schnabl
and Brenner, 2014; Xin et al., 2014; Li et al., 2019).
The “gut-liver axis” theory is often used to explain the
interaction between the intestine and liver (Miura and
Ohnishi, 2014). The intestine is the place where nutri-
ents are digested and absorbed and also where intestinal
microbes are colonized. When the number of harmful in-
testinal microbes are increased, their metabolites will
lead to changes in intestinal structure and permeability
(Wahlstr€om, 2019). Direct contact between intestinal
microbes and intestinal immune cells can induce inflam-
mation (Mouzaki and Loomba, 2019). Increased perme-
ability also increases the amount of microbes, their
endotoxin (or lipopolysaccharide [LPS]), and harmful
metabolites entering the intestine, causing systemic im-
mune response, inflammation, and changes in the func-
tions of other organs and tissues (Federico et al., 2017;
Luci et al., 2019).

Data from previous molecular biology studies provide
some insight into the relationship of gut microbes and
their metabolites with intestinal structure and function.
For example, supplementing Clostridium butyricum or
its metabolite, butyric acid, to diet can induce the
expression of tight junction-related genes, for example,
occludin (OCLN) and tight junction protein ZO-1
(TJP1), in the intestine of mice (Li et al., 2018). The in-
duction of these genes can improve intestinal structure
and permeability, thus intestinal barrier is protected,
direct contact between gut bacteria and immune cells
is restricted, and the chance of LPS entering blood is
reduced. On the contrary, if bad bacteria are increased
and good bacteria are decreased in the intestine, the
expression of tight junction-related genes may be down-
regulated, and the increased permeability of intestine al-
lows gut bacteria get in touch with immune cells in the
intestine, triggering immune response and inflammatory
response (Lee, 2015). Pro/inflammatory cytokines such
as tumor necrosis factor alpha (TNFa) and interleukin
1 beta (IL1b) can cause cell death and damage of intes-
tinal structure and function (Schulzke et al., 2006; Al-
Sadi et al., 2008). In the inflammatory response of intes-
tine, sphingolipids, a group of bioactive lipids, may play
an important role. It is known that the balance between
ceramides and sphingosine-1-phosphate (S1P), the main
species of sphingolipids, is key to cell survival, apoptosis,
and inflammatory response in different physiological or
pathological contexts (Nixon, 2009). There are a number
of genes that can regulate the levels of ceramides and
S1P, including serine palmitoyltransferase long-chain
base subunit (SPTLC), dihydroceramide desaturase
(DEGS), ceramide synthase (CERS), alkaline cerami-
dase (ACER), sphingosine-1-phosphate phosphatase
(SGPP), N-acylsphingosine amidohydrolase (ASAH),
and so on (Le Stunff et al., 2002; Coant et al., 2017).
The balance between ceramides and S1P also determines
the fate of a cell, and ceramides usually promote
apoptosis while S1P usually promote cell growth (Guri
et al., 2017; Gancheva et al., 2018). Apoptosis is a pro-
grammed cell death, which is different from necrosis
(D’Arcy, 2019). Apoptosis is precisely controlled by a
number of proteins including BCL2 apoptosis regulator
(BCL2), BCL2 antagonist/killer 1 (BAK1), BH3 inter-
acting domain death agonist (BID), phorbol-12-
myristate-13-acetate–induced protein 1 (PMAIP1), cas-
pases, and so on. Apoptosis is usually involved in remod-
eling of tissues and organs (e.g., intestinal atrophy) and
does not induce pathological changes (e.g., inflamma-
tion) (Kawamoto et al., 2016). On the contrary, necrosis
can cause inflammation and tissue injury (e.g., desqua-
mation of intestine villi), and inflammation in turn pro-
motes necrosis (Elmore, 2007; Grabinger et al., 2017). As
sphingolipids can be synthesized with food-derived me-
tabolites by intestinal cells or bacteria, intestinal hyper-
trophy or atrophy and functional strengthening or
weakening may be closely associated with intestinal
sphingolipid metabolism. In summary, intestinal struc-
ture and function are interconnected with gut bacteria
and their metabolites and the expression of the genes
related to sphingolipid metabolism, apoptosis, and cell
growth, as well as inflammation and necrosis.
Compared with NAFLD in humans and mice, there

are few studies on the relationship among the develop-
ment of goose fatty liver, intestinal structure, and
inflammation. In this study, we hypothesize that main-
taining intestinal structural integrity to prevent occur-
rence of inflammation is a protective mechanism for
goose fatty liver during the period of overfeeding. By
addressing the hypothesis, this study may reveal the
relationship between intestine and liver in the develop-
ment of goose fatty liver, illustrate why inflammation
does not occur in goose fatty liver, and open a new
approach to improving the yield and quality of goose
fatty liver and preventing the occurrence of nonalcoholic
steatohepatitis suffered by other animals (e.g., tuning in-
testinal condition by supplementing probiotics to diet).
MATERIALS AND METHODS

Animals and Sample Collection

One hundred 1-day-old Landes geese were raised on
floor in an open house in Licheng Livestock and Poultry
Breeding Co., Ltd. (Huai’an, Jiangsu, China) with natu-
ral light, and the average temperature was from 10�C to
22�C. The geese were fed brooding diet (Supplementary
Table 1) for the brooding period (1–28 d of age) and
growing diet (Supplementary Table 2) for the growing
period (29–65 d of age). The geese had free access to
the diets and water. At the age of 66 d, 48 healthy geese
were randomly divided into 2 groups, that is, the control
group (which has free access to feed and water) and the
overfeeding group, with 24 geese each group. The geese
appeared to be active with tidy plumage and had normal
feed intake and normal droppings, and their body
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weights were around the average body weight. During
the preoverfeeding (66–70 d of age) and overfeeding pe-
riods (71–94 d of age), the geese were raised in cages with
one bird each cage in an open house at the company. The
diet for the groups was the same in the periods, including
the cooked corn plus 1% plant oil and 1% salt
(Supplementary Table 3). For preoverfeeding, the feed
intake for each goose was gradually increased from 100
to 300 g per day. For overfeeding, the following protocol
was applied: the daily feed intake (3 meals a day) was
400 g for the first week, 600 g for the second week (4
meals a day), 800 g for the third week to the end (5 meals
a day). This protocol was modified from that previously
described one (Osman et al., 2016a).
On the 12th and 24th d of overfeeding, half of the geese

from each group (12 geese each group) were randomly
selected for sacrifice. The geese were fasted overnight
before sample collection. The body weight of each goose
was first measured, followed by blood collection. After
cleaning with 75% alcohol, 2 mL of blood sample from
each goose was subsequently collected from the right
wing vein and then mixed with heparin sodium in collec-
tion tubes and placed on ice for 10 min. The plasma was
transferred to a new Eppendorf Safe-Lock tube and
stored at220�C. The liver weight was measured. The in-
testine samples were only collected from the middle part
of each intestinal segment (jejunum, ileum, and cecum),
with one part (around 1-cm long) for histological anal-
ysis and another part for quantitative PCR (qPCR)
analysis. For histological analysis, the intestine samples
were fixed in 10% formalin overnight, followed by being
stored in fresh 10% formalin. For qPCR analysis, the in-
testinal samples were rinsed with physiological saline 3
times, followed by being frozen in liquid nitrogen and
stored in 270�C freezer.
All animal protocols were approved by the Animal

Care and Use Committee of Yangzhou University.
Hematoxylin and Eosin Staining and
Histomorphological Analysis

Hematoxylin and eosin staining was carried out ac-
cording to the instructions of hematoxylin dye solution
kit (Cat# G1005; Wuhan Servicebio Biotechnology
Co., Ltd., Wuhan, China). After embedding with
paraffin, sections were made, placed in water for section
extension in seconds at 42�C, and dried for 2.5 h at 60�C.
The sections were then placed in xylene for 20 min twice,
ethanol for 5 min twice, 75% ethanol for 5 min, followed
by washing with water more than 3 times. At the next
step, the sections were dyed in hematoxylin for 3 to
5 min, after which the sections were placed in 1% hydro-
chloric acid solution for 3 to 5 s and 0.6 to 0.8% ammonia
solution for 3 to 5 min. The sections were washed with
water several times and dehydrated with 85 and 95%
alcohol, followed by dyeing in eosin dye for 5 min. Sub-
sequently, the sections were placed in ethanol for 5 min
three times, in xylene for 5 min twice. Finally, the sec-
tions were sealed with neutral gum. The images of
intestinal histological were acquired under a microscope
(LY-WN-HP SUPER CCD; Chengdu Liyang precision
machinery Co., Ltd., Chengdu, China) with a magnifica-
tion of 100!, and the measurements on intestinal villus
height and crypt depth were carried out at 5 positions
(i.e., 5 bright fields with 2–3 villus each field under mi-
croscope) for each section.
Determination of Plasma LPS
Concentration

The LPS concentration in plasma was determined ac-
cording to the instructions for the LPS enzyme-linked
immunosorbent assay (ELISA) kit (Cat# JL47951;
Shanghai Jianglai Industrial Limited by Share Ltd.,
Shanghai, China). Briefly, blank, standard, and sample
wells were set on a 96-well enzyme-labeled plate. In
blank wells, no reagents and samples were added; in
standard wells, 50 mL of different concentrations of stan-
dard LPS solutions were added; in sample wells, 40 mL of
sample diluent and 10 mL of plasma were added. One
hundred microliters of horseradish peroxidase solution
(2 mg/mL) was then added to all wells except blank
wells. The plate was incubated at 37�C for 60 min, fol-
lowed by washing with detergent 5 times (adding deter-
gent to wells and standing for 30 s each time). After
detergent was completely discarded from the wells,
50 mL of the developer A and 50 mL of the developer B
were added to the wells in turn, and the plate was incu-
bated at 37�C for 15 min. Subsequently, the reaction was
terminated by adding 50 mL of stop solution (At this
time, the blue color turned into yellow.). The optical
density (OD) values for standard and sample wells
were sequentially read out after calibration with blank
well at 450 nm. The concentrations and OD values of
the standard solutions were then used to make the stan-
dard curve, and the linear regression equation for the
standard curve was also calculated. Based on standard
curve, the linear regression equation was used for calcu-
lation of actual plasma LPS concentration using OD
value for each sample.
Total RNA Extraction, Reverse
Transcription, and qPCR

Total RNA extraction, reverse transcription, and
qPCR were carried out according to the methods previ-
ously described (Osman et al., 2016a). The primers were
designed based on mRNA reference sequence published
in GenBank (Table 1), with an exception for TNFa
primers, which were designed using our local database
established with RNA-seq data from transcriptome anal-
ysis of Landes goose. The primers have been described
previously (Liu et al., 2016), and the specificity of the
primers was verified by the melting cure in qPCR anal-
ysis. The forward primer is 50-GTATGCAG-
CAACCCGTAG-30, and the reverse primer is 50-
TGGCATTGCAATTTGGACA-3’. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used



Table 1. The sequences of primers for quantitative PCR

Gene Accession number Sequence (50-30) Product size

GAPDH XM_013199522 F-GCCATCAATGATCCCTTCAT 155
R-CTGGGGTCACGCTCCTG

TJP1 XM_013177396.1 F-ACGCTGTTGAATGTCCC 216
R-TCGAAGACTGCCGTTGC

OCLN XM_013199669.1 F-GGAGCAGCCCAGCAAAG 209
R-GCTTGAGGTCGGTGTCG

BID XM_013172978.1 F-CCCCTCAGACCTGGAAC 101
R-TGAAGACACGCTGTAGAA

PMAIP1 XM_013181610.1 F-CCAGCCCGAGTGAAGGAA 170
R-GAACAGCTTTGCGATGAGGT

BCL2 XM_013187395.1 F-GATGACCGAGTACCTGAACC 156
R-GCTCCCACCAGAACCAA

BAK1 XM_013197007.1 F-CAGCCCACCAAGGAGAA 153
R-GAGGAAGCCCGTTATGC

IL1b XM_013202125.1 F-CACAAGGACTTCGCCGACA 163
R-CGCTCATCACGCAGGACA

SPTLC3 XM_013182212.1 F-CAGAAGACGACTGCACGAA 145
R-CCCAACCACAACCACCC

ASAH2 XM_013178388.1 F-TTGTAAGTGCCAACCCT 183
R-TGTGCCATTCAATCGTC

ACER1 XM_013200333.1 F-GTGGCTTTGCTGGCTCT 135
R-AATGTTGGCATCTCGTAG

CERS6 XM_013171147.1 F-TTTCCTGCCTTGTGGGT 130
R-TTCGGTCATCCTTTGCTAC

SGPP2 XM_013181451.1 F-ACTATTACAGCCCTACCCG 293
R-AACCTCCAGCCTCCTCC

DEGS2 XM_013177434.1 F-ATCCCTTACTCTGCCTCCTT 184
R-GGTTCACATACAACGGTCTCA

Table 2.Average bodyweight, liver weight, and the ratio of liver to
body weights in the overfed and control geese during the period of
overfeeding

Day Variable (g) Control Overfeeding P value

0 Body weight 372.18 6 18.98 371.64 6 20.47 .0.05
12 Body weight 4202.86 6 255.52 5,023 6 231.27 ,0.01

Weight gain 482 6 354.75 1,300 6 283.07 ,0.01
Liver weight 116.63 6 22.57 352.19 6 60.51 ,0.01
Liver/Body (%) 2.76 6 0.44 7.01 6 1.08 ,0.01

24 Body weight 4,415 6 382.95 6867.20 6 446.65 ,0.01
Weight gain 692 6 459.54 3,226 6 504.8 ,0.01
Liver weight 102.95 6 23.46 830.19 6 157.08 ,0.01
Liver/Body (%) 2.33 6 0.47 12.09 6 2.12 ,0.01

The body weight, weight gain, and liver weight of the control and
overfed geese (overfeeding) were determined on the 12th and 24th d of
overfeeding. The ratio of liver weight to body weight was also calculated.
n 5 12. The values are presented as the means 6 SEM.
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as internal reference gene. The data from qPCR were
analyzed with 22DDCt method using Ct value.

Statistical Analysis

All the data were expressed as the means 6 SEM.
Student t test was used to analyze statistical significance
of the difference between the treatment and the control
groups, and P, 0.05 was set as the criteria of statistical
significance.

RESULTS

Fatty Liver Was Successfully Induced by
Overfeeding

Consistent with previous reports, the body weight,
weight gain, liver weight, and the ratio of liver weight
to body weight in the overfed geese were significantly
higher than those in the control geese (Table 2), and
the liver color in the overfed geese appeared to be light
yellow while the liver color in the control geese appeared
to be red, which indicated that fatty liver was success-
fully induced by overfeeding in the overfed geese.

Effect of Overfeeding on Intestinal
Histological Structure

The hematoxylin and eosin staining analysis of
different intestinal segments (jejunum, ileum, and
cecum) in the overfeeding and control groups on the
12th and 24th d of overfeeding showed that the intes-
tines of the overfed and the control geese exhibited
intact histological structure and orderly arrangement.
Except for the atrophy of cecum in the overfed geese
at the late stage of overfeeding, the intestinal villi of
the 2 groups grew well, and there were no obvious tissue
damage and pathological changes (Figure 1). This sim-
ilarity in intestinal structure between the overfed and
control geese indicated that overfeeding did not damage
the integrity of goose intestinal structure and cause
pathological symptoms such as inflammation and
injury.
Moreover, on the 12th d of overfeeding, compared with

the control group, the villus height of ileum, the crypt
depth of jejunum, and the villus-to-crypt ratio of ileum
in the overfeeding group were significantly increased,
but the villus-to-crypt ratio of jejunum was significantly
decreased (Table 3). On the 24th d of overfeeding,
compared with the control group, the villus heights of



Figure 1. The effect of overfeeding on villus height and crypt depth of jejunum, ileum, and cecum in the overfed vs. control (normally fed) Landes
geese. The sections of intestine were hematoxylin and eosin stained. The images were acquired under a microscope with magnification 100!; the size
unit of the photograph was 150 mm. The intestinal morphology of jejunum, ileum, and cecum collected on the 12th and 24th d of overfeeding.
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jejunum and ileum and the villus-to-crypt ratio of ileum
were significantly increased in the overfed geese, but the
villus height of cecum was significantly decreased
(Table 3). Therefore, the data indicated that overfeeding
promoted cell proliferation and the capacities of diges-
tion and absorption of ileum during the period of over-
feeding, and that of jejunum at the late stage of
overfeeding, but inhibited that of the jejunum at the
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early stage of overfeeding and that of the cecum at the
late stage of overfeeding.
Effects of Overfeeding on the Expression of
Intestinal Tight Junction-Related Genes and
Plasma LPS Concentration

OCLN andTJP1 genes are closely related to intestinal
structural integrity and permeability. In this study, the
expression ofOCLN andTJP1 in different intestinal seg-
ments of the overfed and control geese was determined
by qPCR during the period of overfeeding. The results
showed that there was no significant difference in the
expression of TJP1 and OCLN genes in jejunum, ileum,
and cecum between the overfed and control geese
(Figures 2A, 2B), except that the expression of TJP1
in ileum was significantly decreased in the overfed vs.
control geese at the late stage of overfeeding. These find-
ings further confirmed that the overall effect of over-
feeding on structural integrity and permeability of
goose intestine was negligible. More importantly, the
plasma LPS concentrations of the control and overfed
geese were quite similar to each other during the period
of overfeeding (Figure 2C).
Effects of Overfeeding on the Expression of
Inflammation and Apoptosis-Related Genes
in Goose Intestine

Intestinal integrity and permeability are affected by
inflammation. In this study, the expression of TNFa
and IL1b in the intestine of the overfed and control geese
was determined by qPCR at the late stage of over-
feeding. The results showed that there was no significant
difference in the expression of TNFa and IL1b between
the groups (Figures 3A, 3B).
Table 3. The villus height, crypt depth and
in the jejunum, ileum and cecum of the cont
of overfeeding (mm)

Day Tissue Variable Co

12 Jejunum Villus height 1122.58
Crypt depth 307.78
Villus/Crypt 3.65

Ileum Villus height 831.29
Crypt depth 260.85
Villus/Crypt 3.22

Cecum Villus height 240.21
Crypt depth 133.70
Villus/Crypt 1.82

24 Jejunum Villus height 1101.81
Crypt depth 314.67
Villus/Crypt 3.49

Ileum Villus height 1040.77
Crypt depth 288.05
Villus/Crypt 3.72

Cecum Villus height 255.57
Crypt depth 164.41
Villus/Crypt 1.42

The villus height and crypt depth of the cont
12th and 24th d of overfeeding (Measurements w
The ratio of villus height to crypt depth was also
as the means 6 SEM.
As mentioned previously, the cecum of the overfed
geese exhibited atrophy at the later stage of overfeeding,
and the inflammation was not the cause of the atrophy,
we speculated that apoptosis could be involved in the at-
rophy of the cecum in the overfed geese. To verify this,
the expression of apoptosis-related genes, including
BID, PMAIP1, BCL2, and BAK1, was determined in
the cecum of the overfed and control geese at the late
stage of overfeeding by qPCR. The data showed that,
compared with the control group, the expression of
PMAIP1 (P5 0.108) and BCL2 (P, 0.05) in the cecum
of the overfed geese was increased (Figure 3C).
Effects of Overfeeding on the Expression of
Sphingolipid Metabolism-Related Genes in
Goose Intestine

To understand the effect of overfeeding on the in-
crease of ileal villus height and the atrophy of cecum in
the overfeeding group, the expression of some represen-
tative genes related to sphingolipid metabolism was
determined. Compared with the control group, the
expression of SPTLC3 (2.1-folds of upregulations,
P , 0.01) and ASAH2 (19.9-folds of upregulation,
P 5 0.083) was increased and that of ACER1 (9.8-
folds of downregulation, P 5 0.076) and DEGS2 (1.5-
folds of downregulation, P , 0.05) was decreased in
the ileum of the overfed geese (Figure 4A); the expres-
sion of SPTLC3 (1.5-folds of upregulation, P 5 0.055)
and CERS6 (12.2-folds of upregulation, P 5 0.052)
was increased and that of ACER1 (3.1-folds of downre-
gulation, P , 0.05), SGPP2 (3.4-folds of downregula-
tion, P , 0.01), and DEGS2 (2.6-folds of
downregulation, P , 0.01) was decreased in the cecum
of the overfed goose (Figure 4B).
the ratio of villus height to crypt depth
rol and overfed geese during the period

ntrol Overfeeding P value

6 255.31 1057.75 6219.28 .0.05
6 66.34 382.25 6 13.94 ,0.05
6 0.43 2.75 6 0.46 ,0.05
6 65.67 1189.86 6181.54 ,0.01
6 38.09 274.09 6 83.38 .0.05
6 0.27 4.52 6 0.82 ,0.05
6 19.45 222.03 6 44.67 .0.05
6 21.95 118.72 6 13.78 .0.05
6 0.16 1.86 6 0.19 .0.05
6 140.97 1437.45 6127.63 ,0.01
6 23.06 336.64 6 77.78 .0.05
6 0.22 3.86 6 0.97 .0.05
6 31.40 1342.46 6154.48 ,0.01
6 60.61 299.57 6 36.90 .0.05
6 0.62 4.49 6 0.29 ,0.05
6 21.36 144.25 6 40.08 ,0.01
6 19.73 140.04 6 34.39 .0.05
6 0.23 1.28 6 0.37 .0.05

rol and overfed geese were measured on the
ere carried out at 5 locations each section.).
calculated. n5 5. The values are presented



Figure 2. Effects of overfeeding on the expression of intestinal tight
junction-related genes and plasma lipopolysaccharide (LPS) concentra-
tion. The gene expression was determined by quantitative PCR. The
expression of OCLN and TJP1 genes in jejunum, ileum, and cecum of
the overfed vs. control (normally-fed) geese was determined on the
12th d (A) and 24th d (B) of overfeeding. The gene expression of the over-
fed geese was presented as the fold change over the control at each time
point. n 5 6. (C) The plasma LPS concentration in the overfed vs. con-
trol geese was determined by the ELISA kit. n5 12. The values shown on
the top of the columns denote P values; ** denotes P, 0.01 vs. control.
All the data are presented as the means 6 SEM.
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DISCUSSION

Intestinal microbes and metabolites are involved in
the development of NAFLD in humans and mice
(Soderborg and Friedman, 2018; Chu et al., 2019).
Harmful intestinal microbes and metabolites can cause
changes in the structural integrity and permeability of
intestine, damage the intestinal protective barrier, and
induce intestinal and systemic immune response, thus
leading to liver inflammation and injury through the
gut-liver axis (Ong and Yim, 2017). In this study, data
showed that the structural integrity of each intestinal
segment was not damaged during the development of
goose fatty liver. On one hand, the villi of each intestinal
segment were arranged orderly, the crypt were distinct,
and the histological structure was intact without special
pathological symptoms in both the overfed and control
geese. On the other hand, there was generally no signif-
icant difference in the expression of tight junction
marker genes (OCLN, TJP1) and plasma LPS concen-
tration between the 2 groups. In addition, the expression
of inflammation marker genes (TNFa and IL1b) in the
intestine of the overfed geese was similar to that in the
control geese, indicating that intestinal inflammation
did not occur during the overfeeding period, which
further supported the viewpoint that intestinal histolog-
ical structure remained intact during the overfeeding
period. Intestinal histological integrity and no inflamma-
tion are conducive to maintaining the digestive and
absorptive capacity of intestine for nutrients, promoting
the formation of goose fatty liver, avoiding the harmful
effects caused by invasion of intestinal microbes and me-
tabolites, and maintaining the normal function of the
liver (Artis, 2008; Cerf-Bensussan and Gaboriau-
Routhiau, 2010; Kirpich et al., 2015). This is essential
for the super tolerance of goose liver to severe steatosis.
As for the reason why intestinal inflammation does not
occur in goose, it may be related to short-chain fatty
acids produced by beneficial bacteria, as demonstrated
by previous studies (Seo et al., 2013; Liu et al., 2016).

This study also found that the ileal villus height was
increased, the crypt became shallow, and the ratio of vil-
lus to crypt was increased in the overfed vs. control
geese, while that of the cecum was changed inversely
at the late stage of overfeeding. As intestinal villus
height, crypt depth, and the villus-to-crypt ratio can
reflect the proliferative capacity and the digestive and
absorptive capacities of intestinal epithelial cells
(Magnotti and Deitch, 2005; Lamb-Rosteski et al.,
2008), the ileal histological changes in the overfed geese
indicated that the proliferation of epithelial cells was
promoted and the digestive and absorptive capacities
were enhanced. Ileum may be the main contributor to
the enhanced capacity of nutrient digestion and absorp-
tion. Similarly, the opposite histological changes of the
cecum indicated that the adaptation of the cecum to
overfeeding weakened its function. The change in the
expression of the genes involved in sphingolipid synthesis
and metabolism (SPTLC, DEGS, CERS, ACER, SGPP,
ASAH) may provide a clue to ileal hypertrophy and
cecal atrophy as sphingolipids do not only participate
in the construction of cell membranes (Hawthorne,
1975; Coant et al., 2017) but also participate in cell
growth and apoptosis and signal transduction of com-
plex biological functions such as inflammation and im-
munity (Coant et al., 2017; Ogretmen, 2018). The
major active sphingolipids are ceramides and S1P which
usually have opposite effects. Ceramides can promote
cell apoptosis (Hannun and Obeid, 2008), while S1P
can promote cell survival and differentiation (Hait
et al., 2006; Hannun and Obeid, 2008), so the balance be-
tween ceramides and S1P determines the fate of cells
(Guri et al., 2017; Gancheva et al., 2018). In addition,
ceramides and S1P also affect the expression of inflam-
matory genes (Fang et al., 2019). The balance between
ceramide and S1P is determined by a number of genes
involved in the metabolism of ceramide and S1P.



Figure 3. Effects of overfeeding on the expression of inflammation and apoptosis-related genes in goose intestine. The gene expression was deter-
mined by quantitative PCR. (A, B) The expression of TNFa and IL1b genes in jejunum, ileum, and cecum of the overfed vs. control (normally fed)
geese was determined on the 24th d of overfeeding. (C) The expression of BID, PMAIP1, BCL2, and BAK1 genes in cecum of the overfed vs. control
(normally fed) geese was determined on the 24th d of overfeeding. The gene expression of the overfed geese was presented as the fold change over the
control. n 5 6. The values shown on the top of the columns denote P values; ** denotes P , 0.01 vs. control. All the data are presented as the
means 6 SEM.
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Figure 4. Effects of overfeeding on the expression of sphingolipid
metabolism–related genes in goose intestine. The gene expression was
determined by quantitative PCR. (A) The expression of SPTLC3,
ASAH2, ACER1, and DEGS2 genes in ileum of the overfed vs. control
(normally fed) geese was determined on the 24th d of overfeeding. (B)
The expression ofCERS6,ACER1, SGPP2,DEGS2, and SPTLC3 genes
in cecum of the overfed vs. control (normally fed) geese was determined
on the 24th d of overfeeding. The gene expression of the overfed geese was
presented as the fold change over the control. n5 4. The values shown on
the top of the columns denoteP values; *, ** denotes P, 0.05 or 0.01 vs.
control. All the data are presented as the means 6 SEM.
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Ceramide can be generated through 3 different path-
ways, that is, the de novo pathway, the sphingomyeli-
nase pathway, and the salvage pathway (Le Stunff
et al., 2002). SPTLC has 3 isoforms, SPTLC1-3, which
are the first and rate-limiting enzymes in the de novo
pathway, promoting the synthesis of 3-ketosphinganine
(Chaurasia et al., 2016). The latter is then converted
into sphinganine by 3-ketosphinganine reductase. Subse-
quently, ceramide synthases convert sphinganine to
dihydroceramide (Schiffmann et al., 2009), with which
ceramide is synthesized by DEGS (Jang et al., 2017).
Previous studies have shown that inhibition of SPTLC
activity can reduce ceramide levels in cell lines or rodents
(Ruangsiriluk et al., 2012), and CERS6 has a proapopto-
tic effect as it can serve an essential downstream medi-
ator of p53-dependent apoptosis by interacting with
p53-upregulated modulator of apoptosis (Fekry et al.,
2016). On the other hand, ceramidases promote cer-
amide degradation and sphingosine synthesis
(Govindarajah et al., 2019). For example, ACER1 can
catalyze the hydrolysis of very-long-chain ceramides to
generate sphingosine (Sun et al., 2008), while ASAH2
can catalyze hydrolysis of the N-acyl linkage of ceramide
to produce sphingosine. Enzymatic inhibition or
knockout of ASAH2 reduces sphingosine levels (Kono
et al., 2006), increases ceramide levels, and promotes
apoptosis (García-Barros et al., 2016), which is consis-
tent with a previous finding that ASAH2 has a role in
maintaining intestinal barrier in a mouse model of in-
flammatory bowel disease (Snider et al., 2012). In addi-
tion, SGPPs promote the salvage and recycling of
sphingosine into long-chain ceramides (Terragni et al.,
2014) by catalyzing the degradation of S1P (Schwiebs
et al., 2017). In mice, knockout of SGPP2 can inhibit
dextran sodium sulfate–induced intestinal epithelial
cell apoptosis and systemic inflammatory response and
improve mucosal barrier integrity (Huang et al., 2016).
The data in this study showed that the synthesis of
sphingolipids (SPTLC3) and the degradation of cer-
amide (ASAH2) were increased in the ileum of the over-
fed vs. control geese. Increased synthesis of sphingolipids
and degradation of ceramides in the ileum may promote
the proliferation of intestinal epithelial cells and increase
of villus height. On the contrary, the synthesis of ceram-
ides was increased (CERS6) and the ceramide degrada-
tion was decreased (ACER1) in the cecum during the
overfeeding period. Increased ceramide synthesis and
decreased ceramide degradation in cecum may promote
apoptosis of intestinal epithelial cell, decrease villus
height, and cause atrophy. Apoptosis as a programmed
cell death can facilitate the removal of the damaged
and dysfunctional cells by breaking the cells into
membrane-bound, ultrastructurally well-preserved frag-
ments, followed by ingestion of macrophages
(Kaczanowski, 2016). Therefore, apoptosis can preserve
the integrity and structure of surrounding tissue without
induction of inflammation (Sankari et al., 2012;
Kaczanowski, 2016). In line with this, the expression of
apoptotic genes (BCL2, PMAIP1) was increased in the
cecum of the overfed vs. control geese at the late stage
of overfeeding, suggesting that apoptotic signaling
pathway in the cecum of the overfed geese might be acti-
vated at the late stage of overfeeding (Britt et al., 2019).
However, triggering apoptosis requires a cascade of reac-
tions with a number of proteins including BCL2, BID,
BAK, BAX, caspases (Mullen and Obeid, 2012), and
so on; thus, the change in the mRNA expression of
BCL2 and PMAIP1 just hints the occurrence of
apoptosis, which needs a validation with determination
of activation of these proteins. In one word, the consis-
tency of the expression of sphingolipid metabolism–
related genes with the histological changes of ileum
and cecum of goose induced by overfeeding indicates
that sphingolipid metabolism may play an important
role in goose intestinal adaptation to overfeeding.

In conclusion, maintenance of intestinal structure
integrity, sphingolipid-mediated ileal hypertrophy, and
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apoptosis-mediated cecal atrophy is essential for goose
fatty liver to prevent inflammation and development.
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