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Abstract
Backgroud: Early research in our lab is indicated that the effect of glucose, fructose and sucrose on the
levels of triacylglycerol and in�ammatory factor was signi�cantly different, and it is speculated that the
regulatory mechanism of lipid deposition by different type of sugar in the liver is different.

Methods: In order to explore lipid deposition difference mediated by different type of sugar (glucos,
fructose and sucrose) in goose fatty liver formation, this experiment was performed from cell culture,
overfeeding experiment and transcriptome analysis three level.

Results: Cell culture experiment results indicated that the levels of intracellular triglyceride (TG), total
cholesterol (T-CHO) and lipid content of fructose treatment and sucrose treatment were signi�cantly
higher than those of glucose treatment (P < 0.05). In slaughter performance, the liver weight, the ratio of
liver weight to body weight, feed conversion ratio (liver weight / feed consumption ) were better in sucrose
overfeeding group (P < 0.05). In addition, the liver of the sucrose overfeeding group contained a lot of
unsaturated fatty acids, especially (n-3) polyunsaturated fatty acids (n-3 PUFA ) (P < 0.05). Transcriptome
analysis shown that the PPAR signaling pathway is highly enriched in the fructose and sucrose
overfeeding groups; cell cycle and DNA replication pathways were highly enriched in the glucose
overfeeding group.

Conclusions: Due to lipids outward transportation decrease and anti-im�ammation of unsaturated fatty
acids (UFA), thereby, fructose and sucrose hve better ability to induce steatosis in foie gras formation.

Backgroud
The metabolic responses to different types of sugar overintake have varied from study to study.
Sprevious tudies have shown that normal people who consume fructose have higher levels of
triacylglycerol (TG) than those who consume the same amount of glucose [1]. Studies have shown that
there is a gap in acute metabolism between high fructose corn syrup and sucrose. After consuming the
same amount of high fructose syrup, blood fructose concentration was higher than that of sucrose, thus
resulting in a higher blood sugar value in the body. As for the reason, the explanation of this study is that
the glucose component in sucrose can inhibit the activity of sucrase, affecting the hydrolysis of sucrose,
and resulting in a lower fructose content [2]. Compared with the fructose and glucose treatment, the rats
fed the fructose diet had higher body weight and food intake, especially during the immature period [2].
The result suggested that fructose cause a higher intake than glucose, thereby increasing the possibility
of other diseases. In conclusion, there is still a great debate on the metabolic differences caused by
different types of sugar excessive intake. Moreover, it is still in the preliminary stage of research and have
been seldom reported.

As a powerful synthetic and catabolic organ, an important metabolic function of the liver is to maintain
the steady state of plasma glucose concentration under any nutritional state of the body. When energy is
excess, the excess glucose can be converted into lipids and stored in the liver through fatty acid de novo
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synthesis. Under normal basic physiological conditions, only 5% of lipids in the liver are derived from the
de novo synthesis pathway of endogenous lipids. However, in pathological conditions, 26% of the fat in
the liver comes from fatty acid de novo synthesis, and 15% from food [3]. Increased liver lipids induced by
high carbohydrate foods is positively correlated with de novo fatty acid synthesis. The substrate of fatty
acid de novo synthesis is mainly glucose, fructose and amino acids [4]. Ingested carbohydrates are the
main stimulating factor for fatty acid de novo synthesis in the liver, and are more likely to induce fatty
liver than fat in food. In non-alcoholic fatty liver disease, excessive carbohydrates are converted into fats
and the increased fatty acid de novo synthesis is the main cause of liver lipid deposition [5, 6]. High-sugar
foods can activate liver fatty acid synthesis, and high-fat foods can inhibit this synthesis pathway. High-
protein diet can reduce fat deposition induced by high-fat and high-sucrose diet in rats [7]. High-fructose
foods increase fatty acid synthesis in the liver, leading to lipid deposition and IR in the liver [8]. Large
amounts of carbohydrates intake in the form of fructose and sucrose can induce fatty acid de novo
synthesis. Fatty acid synthesis increasement caused by high carbohydrate intake come from the
activation of transcription factors such as SREBP1, FAS and ACCα [9, 10]. Excessive intake of sugar
induces liver fat deposition and its in�uence on metabolism has been a hot research topic in recent years.
However, the differences in liver lipid deposition induced by different types of sugars still lack systematic
research.

The carbohydrate feed commonly used in livestock production, such as corn, wheat and rice, is mainly
composed of starch polysaccharide, which is digested in the body and absorbed by the small intestine as
glucose and other simple sugars. A large number of animal studies have been reported that high fructose
diet can induce fatty liver [11]. It had also been reported that high sucrose diet can induce lipid deposition
by increasing the production of TG in vivo and decreasing the transport of TG [12]. Unlike human fatty
liver, waterfowl is more likely to show non-pathological hepatic steatosis, and the functional integrity of
the hepatocytes remains intact [13]. Therefore, waterfowl is the model animals in biomedical research for
fatty liver [14]. This experiment explored the difference of lipid deposition regulatory mechanism in goose
liver from individual level, transcriptome level and cell level. Not only will understanding these difference
between different types of sugar induced foie gras lipid deposition provide a method for improving foie
gras quality, it is also conducive to improving the production e�ciency. Meanwhile, it will provide not only
a scienti�c basis to ensure animal welfare, but also an approach to the prevention and treatment of fatty
liver disease in human.

Methods
Cell culture and treatment

Hepatocytes were isolated from three 14-day-old Tianfu Meat Goose from the Experimental Farm for
Waterfowl Breeding at Sichuan Agricultural University (Sichuan, China) using a modi�cation of the "two-
step procedure" described by Seglen [15] . Goose primary hepatocytes were isolated and cultured in
dulbecco's modi�ed eagle medium (DMEM) supplemented with 10% fetal bovine serum (PBS). The
culture conditions were 37 ℃ with 5% CO2 after 24 h. After an additional 24 h, the cells were separately
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treated with serum-free media supplemented with 30mmoL/L glucose or fructose or sucros and
incubated for 24 h. Cell viability determination was shown in Supplement materias S-Figure 1. The cells
were collected for follow-up study. Each experiments was performed at least in triplicate.

Concentration measurement of TG and VLDL

The extracellular VLDL concentration in the supernatant was measured using a chicken VLDL ELISA kit
(GBD, USA). The concentration of VLDL in the samples was determined by comparing the optical density
(OD) value at 450 nm of the samples to the standard curve. After cultured cell treatment, the culture
media was collected for detecting extracellular TG concentration. Cell samples used to measure
intracellular TG concentration were collected. The TG levels were quanti�ed using a triglyceride GPO-POD
assay kit (Biosinc, China). Measurements will be in accordance with the manufacturer's protocol. All
assays were performed in triplicate.

Oil Red O staining

Briefly, after the treatments with goose primary hepatocytes, staining of intracellular lipids was performed
using Oil Red O (Sigma) according to the manufacturer instructions. Oil Red O staining images were
taken using a light microscope (Olympus Optical, Tokyo, Japan) at 200× magni�cation. For
quanti�cation of lipid accumulation, the Oil Red O-positive cells were extracted using 100% isopropanol
for 10 min. The absorbance of the extracted dye was analyzed at a wavelength of 510 nM (BIO-RAD,
USA).

Measurement of protein content in culture cells

Protein content of fatty acid synthetase (FAS), acetyl-CoA carboxylase (ACCα), carnitine
palmitoyltransferase 1 (CPT1), microsomal triglyceride transfer protein (MTP) and apolipoprotein B
(APOB) in culture cells was measured using ELISA kit (GBD, USA). Further measurements will be in
accordance with the manufacturer's protocol. All assays were performed in triplicate.

Isolation of total RNA and real-time RT-PCR

Cultured cells total RNA was extracted using extraction kit (TRIzol Reagent) (Invitrogen, USA), and then
RNA was transcribed into cDNA via reverse-transcription using the Primer Script TM RT system kit for
real-time PCR (TaKaRa, Japan) as described by the manufacturer. The �uorescence quantitative PCR was
performed on the CFX 96 instrument (Bio-Rad, USA), using a Takara ExTaq RT-PCR kit and SYBR Green as
the detection dye (Takara, Japan); qRT-PCR reaction system contained the newly generated cDNA
template (1.0 µL), SYBR Premix Ex Taq TM (6.0 µL), sterile water (4.0 µL), upstream primers of target
genes (0.5 µL) and downstream primers of target genes (0.5 µL). After initital denaturation at 95˚C for 5
min, 40 cycles were carried out: 95˚C for 10 sec, 60˚C for 20 sec, 72˚C for 15 sec and 72˚C extension for
10 min. Fluorescence quantitative PCR Primers (BGI, Beijing, China) designed according to the goose
gene sequences in current experiment were summarized in S-Table 1. Fold change in the expression of
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target gene was analyzed using the 2-ΔΔCt method [16]. β-actin and 18S used as the internal reference
gene. Each test include 3 biological samples and each sample was analyzed in triplicate.

Protein Analysis by western blotting

Following the incubation with the diferent treatments, SDS buffer was used to extract total proteins from
the harvested cells which were washed twice and collected in ice-cold PBS. The untreated cells were used
as control. Equal amounts of total proteins (100 μg/lane) were separated by SDS-PAGE gel (6%)
electrophoresis and transferred to a PVDF membrane. After blocking with a mixture of 5% skimmed
milk/Tris-buffered saline Tween 20 (TBST), the membranes were incubated overnight at 4˚C with the
primary antibody rabbit against sterol regulatory element-binding proteins-1 (SREBP1) carnitine
palmitoyltransferase (CPT1A), MTP antibodies (1:1,000; Beijing Biosynthesis Biotechnology, China);
antobody information was listed in Supplement materials S-Table2. Following three consecutive washes
in TBST (0.05%), the membranes were incubated with the goat anti-rabbit horseradish peroxidase-
conjugated IgG at 1:2000 (Beijing Biosynthesis Biotechnology, China) for another 2 h at room
temperature. The results were normalized to α-Tubulin (Beijing Biosynthesis Biotechnology, China) protein
levels. Protein expression levels were �nally visualized using enhanced chemiluminescence (ECL)
reagents (Beyotime Institute of Biotechnology, China).

Birds and Experiment Design and Sampling

One hundred newborn male Tianfu Meat Geese were raised in Experimental Farm for Waterfowl Breeding
at Sichuan Agricultural University (Ya’an, China). When 13 weeks old, the geese of each breed were
randomly separated into �ve groups (control group, corn overfeeding group, glucose overfeeding group,
fructose overfeeding group, sucrose overfeeding group), each group consisted of 20 geese, the grouping
situation and overfeeding dietary component was shown in Table 1; the geese of control group were
normally fed. The overfeeding procedure and diet regimes were performed as previously described [17].
All geese were slaughtered when 16 weeks old. After 12 hours of fasting, the body weight of geese was
weighed before slaughter. After 12 hours of fasting, the body weight of geese was weighed before
slaughter. Ten mL of blood were collected from wing vein, and then the geese were killed. The serum was
separated by blood centrifugation at 4 ℃ for 4000 r/min for 10 min, then kept at -20 °C for follow-up
detection. After slaughter, the liver was separated and weighed immediately. Six geese of each group
were anesthetized with intraperitoneal injection of sodium pentobarbital (60 mg/kg), and then killed; the
liver was collected immediately. The livers were separated into two parts respectively. A part of the liver
tissue was frozen in liquid nitrogen immediately, and then kept at -80 °C for transcriptome sequencing
and long-chain fatty acid determination. Other part of liver was washed in ice-cold saline (0.9% NaCl; 4
°C) and �xed in 4% formaldehyde-phosphate buffer for histomorphology determination.

Biochemical Index Examinations of serum

Ten individuals blood samples were selected randomly from each group, serum biochemical indices were
quanti�ed in whole serum. The assay kits that detected total protein (TP), total cholesterol (T-CHO),
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albumin (ALB), very low-density lipoprotein (VLDL), very high-density lipoprotein (VHDL), TG, blood
glucose, insulin, alanine aminotransferase (ALT), aspertate aminotransferase (AST), uric acid (UA) were
provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China);

Histomorphology Examinations

According to the methods of previous study [18], the cross-sections from the middle of liver were
preserved in 4% formaldehyde-phosphate buffer were prepared using standard para�n embedding
techniques, sectioned (5 µm) and stained with hematoxylin and eosin (HE), and sealed by neutral resin
size thereafter, and then examined by microscope photography system (Olympus, Tokyo, Japan), each
slice was observed and 5 visual �elds were randomly selected at 40× magni�cations.

Long -chain fatty acid of foie gras determination

According to the methods described as previous expriment [19], gas chromatography (GC) was used to
detected the foie gras fatty acids; GC analysis conditions: HP-FFAP capillary column, 29.5 mm × 320μm
(diameter) × 0.25 (thickness); chromatographic column temperature programmed: 160 ℃ retained 1 min,
up to 220 ℃ in 5℃ / min, then retained 8 min; carrier gas is nitrogen; total �ow velocity: 70 mL/min. The
derection were performed by Qingdao Sci-tech Innovation Co., Ltd (Qingdao, Shangdong, China).

Transcriptome Sequencing and analysis

A total amount of 1μg RNA per sample was used as input material for the RNA sample preparations.
Sequencing libraries were generated using NEBNext UltraTM RNA Library Prep Kit for Illumina NexSeq500
(NEB, USA) following manufacturer’s recommendations and index codes were added to attribute
sequences to each sample. The library fragments were puri�ed with AMPure XP system (Beckman
Coulter, Beverly, USA). PCR products were puri�ed (AMPure XP system) and library quality was assessed
on the Agilent Bioanalyzer 2100 system. The clustering of the index-coded samples was performed on a
cBot Cluster Generation System using TruSeq PE Cluster Kit v4-cBot-HS (Illumia). After cluster generation,
the library preparations were sequenced on an Illumina platform and paired-end reads were generated.
The sequencing were performed by Baimike biological Technology Co., LTD (Beijing, China).

Raw reads of fastq format were processed through in-house perl scripts. Clean reads were obtained by
removing reads containing adapter, reads containing ploy-N and low quality reads from raw reads. Hisat2
tools soft were used to map with reference genome of geese (A. cygnoides) reference genome (assembly
Ans Cyg_PRJNA183603_ v1.0, https://www.ncbi.nlm.nih.gov/genome/31397?
genome_assembly_id=229313). Differential expression analysis of �ve groups was performed using the
DEseq. The resulting P values were adjusted using the Benjamini and Hochberg’s approach for controlling
the false discovery rate. Genes with an adjusted P-value < 0.05 found by DEseq were assigned as
differentially expressed. We used KOBAS software to test the statistical enrichment of the differentially
expressed genes (DEGs) in KEGG pathways. The sequences of the DEGs was blast to the genome of a
related species (the protein protein interaction of which exists in the STRING database: http://string-

https://www.ncbi.nlm.nih.gov/genome/31397?genome_assembly_id=229313
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db.org/) to get the predicted PPI of these DEGs. Transcriptome analysis was performed via Baimike
biocloud platform (Baimike biological Technology Co., LTD, Bejing, China).

Statistical analysis

By using SAS 9.13 package (SAS Institute Inc, Cary, NC), the comparisons of multiple groups were
analyzed by GLM, and the means were assessed for signi�cant differences using the SNK-q test. All data
were presented as means ± standard deviation (SD) and showed with graphs created with GraphPad
Prism 5.0 software (GraphPad Prism Software, Inc.). We considered P < 0.05 as statistically signi�cant.

Results
The effect of glucose, fructose and sucrose treatment on the lipid deposition in goose primary
hepatocytes

Goose primary hepatocytes were with glucose, froctose or sucrose 24h. The lipid accumulation and gene
and protein involved in lipid metabolism were detected. There was no signi�cant difference in mRNA
expression of ACCα, FAS and SREBP1 between glucose group, sucrose group and fructose group (P >
0.05) (Fig. 1a). The relative mRNA expression of ACOX1, CPT1A and PPARγ were lower in sucrose
treatment (P > 0.05) (Fig. 1b). The relative gene expression of MTP, ApoB and DGAT2 were lower in
sucrose treatment (P > 0.05) (Fig. 1c). The intracellular TG and T-CHO concentration was higher in
sucrose and fructose group (P < 0.05) (Fig. 1f and g). As shown the intracellular lipid droplets observed
from Oil red O staining (Supplement materias S-Fig. 2), lipid deposition increased (P < 0.05), and the
intracellular lipid content was higher in froctose and sucrose treatment (P < 0.05) (Fig. 1h).

Comparison of different type of sugar on slaughter performance, fatty acid composition and serum
parameters

As shown in Fig. 2a, the body weights of overfed geese were signi�cantly higher than that of control
geese (P < 0.05), but the four overfeeding were no difference (P > 0.05) . The liver weight of fructose and
sucrose overfeeding geese was signi�cantly higher than grucose overfeeding geese (P < 0.05). While the
proportion of liver weight in sucrose overfeeding group was signi�cantly increasing the most in relative
weight by 3.44-fold than that in the control overfeeding group (P < 0.05). The ratio of liver weight to
overfeed diet consumption is highest in sucrose overfeeding group. As shown in Fig. 2b, the size of the
liver has increased signi�cantly after overfeeding, HE staining of liver showed that the hepatocytes are
homogeneous in size and the nucleus was clearly visible in the control group, which indicated that there
is a serious TG accumulation in liver, especially in the fructose and sucrose overfeeding group. The size
of foie gras of fructose and sucrose overfeeding group largest. Fatty acid composition of liver was
measured as shown in Fig. 3a, the content and proportion of unsaturated fatty acids signi�cantly
increased in overfeeding groups. At the same time, the content of n-3 polyunsaturated fatty acids (PUFA)
and the ratio of n-3 PUFA to n-6 PUFA in the sugar-overfeeding group were signi�cantly higher than those
in the corn overfeeding group, which suggesting that supplementation with sugar can increase the n-3
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polyunsaturated fatty acids content and ratio of n-3 PUFA to n-6PUFA in goose fatty liver formation (Fig.
3b).

 The results of the analysis of the effects of different sugars on the serum biochemical indexes of the
overfed goose are shown in Table 2. The TG, T-CHO,VHDL, VLDL and blood glucose levels are not
signi�cantly different in glucose, fructose, and sucrose feeding groups (P > 0.05). The TG level of the corn
overfeeding group was signi�cantly lower than that of the glucose, fructose, and sucrose overfeeding
groups (P < 0.05). In the blood sugar level, the control group was signi�cantly higher than the sugar
treatment group (P < 0.05), indicating that overfeeding caused the impaired blood sugar function of the
goose, but there was no difference in the insulin level (P > 0.05). ALT concentration of fructose
overfeeding group was signi�cantly higher than that of control and sucrose overfeeding groups  (P <
0.05).

Comparison analysis on the effect of supplementaion with different type of sugar on goose fatty liver
formation from transcriptome analysis

In this study, 12 cDNA libraries were constructed (Supplement materials S-Table 3 and S-Table 4), each
RNA-seq library produced more than 107 million raw reads, 53 million clean reads and the clean data of
each sample reached 9.38GB. The quality scores (Q30) of all samples were above 94.28%. The
percentage of total reads mapped to the anser reference genome was between 72.79% and 74.99%, the
percentages of reads uniquely mapped to the reference genome were all above 71.04%. These results
demonstrated that the RNA-seq data was reliable and suitable for further analysis.

We identi�ed DEGs by DEGseq software, and FDR and log2FC were used for screen the DEGs. The
screening conditions were set at FDR < 0.05 and |log2FC| > 1. According to the distance calculated, the
clustering diagram can directly demonstrate the distance and difference between samples. Cluster
Analysis of the DEGs suggested that the Control group was the most different from the G, F and S group,
the G, F and S group were aggregated in another branch (Fig. 4a), but sample of G and F group were not
in a separate branch, and the S group was separated from any groups, so we pay more attention to the
DEGs of S group which were both speci�cally the consistency among biological replicates within groups,
and to those are signi�cantly different in fatty liver producing performance.

A total number of DEGs identi�ed between C group and S group (Control-vs-Sucrose) was 1551, which
were 827 up-regulated and 724 down-regulated genes shown in Supplement materials S-Table 5, Fig. 4b
and 4c. And the Control group with the Glucose group (Control-vs-Glucose) was 1535 DEGs in all, it
contains 833 up-regulated and 652 down-regulated DEGs, while the Control group with the Fructose group
(Control-vs-Fructose) were 1659 DEGs in all, and contains 959 up-regulated and 700 down-regulated
DEGs.

In order to gain a further understanding of goose fatty liver formation difference induced by glucose,
fructose and sucrose, the KEGG database was used for annotate and analyze the differentially expressed
gene (DEGs) pathways. As shown in Fig. 5 and Supplement materials S-Fig. 3, the highest enrichment



Page 10/24

signal pathways related to DEGs in the corn overfeeding group are : fatty acid metabolism, unsaturated
fatty acid synthesis (biosynthesis of unsaturated fatty acids), peroxisome, steroid biosynthesis and fatty
acid elongation (Fig. 5a). The highest enrichment of DEGs-related signaling pathways in the glucose
overfeeding group were: Cell cycle, fatty acid extension, DNA replication, and PPAR signaling pathway
(Fig. 5b). The highest enrichment DEGs-related signaling pathways of the fructose overfeeding group are:
peroxisomes, fatty acid metabolism, unsaturated fatty acid synthesis pathway, PPAR signaling pathway,
and adipocytokine signaling pathway, sterol biosynthesis, fatty acid extension (Fig. 5c). The highest
enrichment of DEGs-related signaling pathways in the sucrose overfeeding group were: fatty acid
extension, fatty acid metabolism, unsaturated fatty acid synthesis, PPAR signaling pathway, and
adipocyte factor signaling pathway (Fig. 5d).

Discussion
When the content of TG produced far exceeded the transport capacity of apolipoproteins, and the fatty
acid produced far exceeded the degraded fatty acid by β-oxidation, the accumulation of lipids occured
[20], wich is the mechanism of fatty live formtion. The results of this experiment shown that after the
primary goose hepatocytes treated with glucose, fructose and sucrose, the content of intracellular TG
increased, and the oil red O test results also showed that glucose, fructose and sucrose treatments can
induce lipid deposition in goose primary hepatocytes. When the goose primary hepatocytes were treated
with glucose, fructose and sucrose, respectively, the expression levels of FAS, ACCα and other genes
related to fatty acid synthesis signi�cantly increase. We also found that there was a tendency to decrease
the expression levels of key genes involved in the fatty acid transportation, which indicated that fructose
and sucrose treatment reduced fatty acid oxidation (Fig. 1k). It suggested that fructose and sucrose can
decrease lipids transportation. Thereby, the fructose and sucrose treatment increased the lipids
deposition in goose primary hepatocytes.

Overfed goose liver (foie gras) has a special hepatic steatosis process where lipid deposition acompany
with cell proliferation [20]. KEGG enrichment pathways showed that the DEGs in overfeeding group were
mainly enriched in fatty acid metabolism, unsaturated fatty acid synthesis, PPAR signaling pathway and
cell cycle pathway. In overfeeding processs, due to the intake of carbohydrates increase, signi�cant
changes have taken place in the signaling pathways related to metabolism, especially the signaling
pathways related to lipid metabolism. Transcriptome analysis shows that in corn overfeeding group, fatty
acid metabolism and lipid deposition induced by sterol synthesis are the major way in the formation of
goose fatty liver. Different from corn overfeeding, the PPAR signaling pathway is highly enriched in the
fructose and sucrose overfeeding groups. The PPAR pathway regulates lipid metabolism, participates in
fat cell differentiation [21, 22]. The liver-type fatty acid binding protein (FABP1) can speci�cally bind to
fatty acids and has a transport effect on fatty acids. It is an important fatty acid carrier protein in the cell.
It not only participates in the absorption, transport and metabolism of fatty acids, but also has
antioxidant effects and regulates cell growth and proliferation [23, 24]. In this study, FABP1 gene
expression in the sucrose overfeeding group was signi�cantly lower than that in glucose and fructose
overfeeding groups (Supplement materialsS-Fig. 3a), which indicated that the liver lipid transport function
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of the sucrose overfeeding group was lower than that of glucose and fructose, so more lipids deposited in
the goose liver. In the glucose overfeeding group, cell cycle and DNA replication pathways were highly
enriched, suggesting that more cell proliferation occurred in the goose liver of glucose overfeeding group.
The regeneration process of the hepatocytes is extremely complex and regulated by many factors. Cyclin
Dependent Kinase (CDKs) is the core of the entire cell cycle regulatory protein. CDKs can only be
activated to perform their functions after combining with the corresponding cell cycle regulatory protein
to form a CDKs-cyclin complex [25]. In this experiment, the gene expression of CDK1 was signi�cantly
increased in the overfeeding group, especially the glucose overfeeding group, indicating that glucose
promoted the mitosis of hepatocytes and induced the proliferation and meristem of hepatocytes. CDC7,
CCNA2, CCNB2, ATR, and BUB1B are also genes related to cell cycle progression [26-28]. (Pereira, et al.,
2020; Yamada, et al., 2014)In this experiment, the expression levels of CDK1, CDC7, CCNA2, BUB1B in the
glucose overfeeding group were the highest (Supplement materialsS-Fig. 3). Our other studies also
showed that glucose can regulate cell growth and proliferation through cell cycle and apoptosis
pathways [29, 30] .

Insulin is the only hormone in the body that can lower blood sugar. Insulin resistance (IR) refers to the
decreased sensitivity of the insulin target organs (mainly liver, skeletal muscle, and adipose tissue), that
is, the biological effect of normal dose of insulin is lower than the normal one. The IR caused by different
types of carbohydrate metabolism is different. Long-term high-dose fructose and sucrose intake can
trigger the stress response in hepatocytes and impair insulin signals, which induced IR. Fructose may
also reduce insulin sensitivity by changing the intestinal micro�ora or changing intestinal permeability,
long-term high-dose fructose diet leads to glucose and lipid metabolism disorders, and ultimately leads to
the IR [31], which in turn can aggravate the symptoms of metabolic syndrome. Fructose intake is closely
related to the IR increase [32, 33]. In mammals, IR plays a role in the development of non-alcoholic fatty
liver disease. Fatty liver caused by high fructose intake may be related to IR [34]. As demonstrated by
Geng et al., overfeeding causes IR [35]. Sucrose is a disaccharide which is made up of 50% fructose and
50% glucose. Studies believe that fructose component is the reason why sucrose metabolism decreased
liver insulin sensitivity [36]. In this experiment, the liver weight of fructose and sucrose overfeeding group
were higher, one of reason may be IR induced by fructose intake. In addition, more and more studies
believe that high fructose intake is the main cause of non-alcoholic fatty liver [9, 10]. Some studies
believe that high-dose fructose and sucrose foods can signi�cantly increase liver fat content. Fructose
has a more pronounced effect than sucrose, and a monosaccharide has a more obvious effect than
polysaccharide [37], which is consistent with the results of other studies [38, 39].

Blood parameters are regarded as the one of indicators of whether disease happens or not. In respect of
liver in�ammation assessment, traditional liver enzymes, such as AST and ALT have been applied
clinically to assess hepatocyte damage and exclude NASH [40, 41]. The elevation of blood TG, TC, HDL,
ALB, ALT and AST is frequently associated with fatty livers in mammalian animals. In this experiment, the
ALT level of the fructose overfeeding group was signi�cantly higher than that of the sucrose overfeeding
group and the corn overfeeding group; in addition, the TP and ALB as indices re�ecting the function of the
liver protein synthesis and storage [42], the decrease of their contents indicated that the ability of liver to
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synthesize protein was weakened [43], the ALB levels of the corn overfeeding group and the glucose
overfeeding group were signi�cantly lower than the sucrose overfeeding group. It suggested that
although the chronic hepatitis occurred in sucrose overfeeding group, the hepatocyte was not seriously
injured and the liver function was not affected, which showed that the in�ammation inhibition
mechanism existed in goose liver [44]. It has been reported that the unsaturated fatty acids (UFA) could
inhibit SFA-induced elevation of ceramides and in�ammation [45]. The fatty liver of goose is more
common in UFA when compared to the mammalian fatty liver, with the polyunsaturated fatty acids in
particular, such as omega-3 and omega-6 [46], i.e., the content of SFA is 39-47% in the fatty liver of
overfed goose [47]; the content of SFA is 52-56% in the liver of human suffered from NAFD [48]. It has
also been reported that multiple fatty acid desaturase including stearoyl-CoA desaturase were induced in
the liver of the overfed geese [49]. In this experiment, the liver of the sucrose overfeeding group contained
a lot of unsaturated fatty acids, especially (n-3) poly-unsaturated fatty acids. It may be one of the reason
that the sucrose overfeeding group had higher liver weight than the corn, glucose and fructose
overfeeding group.

Conclusions
Glucose, fructose and sucrose can all induce the lipid deposition in overfed goose liver, however, the
regulatory mechanism is different. The PPAR signaling pathway is highly enriched in the lipid deposition
process induced by fructose and sucrose, glucose enriched cell cycle and DNA replication pathways in
goose fatty liver formation. In addition, sucrose and fructose have better inducement of lipid
accumulation in goose fatty liver formation. This experiment is only a preliminary exploration on the
regulatory mechanism of lipid deposition by different type of sugar in goose liver, further mechanistic
differences are needed further study. For example, the relationship between lipid deposition, insulin
resistance and endoplasmic reticulum stress in the hepatocytic steatosis induced by different sugar type
has been not clearly elucidated. Study result indicated that overfeeding dietary 10% fructose or 10%
sucrose supplementation induce more lipid deposition in foie gras, however, wether overfeeding dietary
supplementation with high concentration of fructose or sucrose in can reduce overfeeding intensity or
shorten the overfeeding time need to be further research.

In foie gras production, the most common feed is maize �our and maize pellet. In current overfeeding
experiment, the main ingredient of overfeeing feed is maize �our. Compared with maize pellet in
overfeeding, the advantages of maize �our are high �uidity, fast overfeeding speed and lower mortality,
etc., however, the advantages are overfeeding times increase and foie gras weight is lighter; therefore,
maize pellet are still used in foie gras production mostly. Althought the weight of foie gras procucted via
maize pellet overfeeding is higher, the overfeeding speed is slower and the mortality is higher than corn
�our. So, how to overcome the shortcomings of overfeeding using corn �our become a problem that is
necessary to be solved. In this current study, we found that fructose and sucrose have good induction for
lipid deposition in goose liver, which can be a reference to improve maize �our overfeeding effect.
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Table 1 Diet fumula for overfeeding
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 Corn      overfeeding
group

Glucose
 overfeeding group

Fructose

 overfeeding
group

Sucrose
  overfeeding group

Corn �our
(%)

97 87 87 87

Glucose (%)   10    

Fructose
(%)

    10  

Sucrose (%)       10

Salt (%) 1.5 1.5 1.5 1.5

Muti-
vitamin (%)

1.5 1.5 1.5 1.5

Table 2. The effects of different sugars on serum biochemical indexes in overfed geese
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Items Control

group

Corn

Overfeeding

group

Glucose
overfeeding
group

Fructose
overfeeding
group

Sucrose
overfeeding
group

TG
(mmol/L)

2.69±0.53 c 4.07±0.82 b 5.66±1.66 a 5.48±0.46 a 5.84±1.13a

T-CHO
(mmol/L)

11.94±3.97 b 27.28±6.18 a 31±8.38 a 33.58±8.61 a 31.74±5.96 a

VHDL
(mmol/L)

8.42±1.57 b 15.4±2.25 a 15.68±4.84 a 17.2±6.43 a 17.82±4.32 a

VLDL
(mmol/L)

1.53±0.66 b 2.72±1.15 ab 4.39±2.49 a 5.12±2.94 a 5.01±1.3 a

Glucose
(mmol/L)

8.43±1.08 a 5.25±0.96 c 6.51±1.22 bc 6.39±0.93 bc 7.05±0.82 b

Insulin
(μIU/L)

72.49±19.85 62.18±18.81 55.69±14.98 68.92±24.22 68.47±12.57

ALT
(U/gprot)

37.87±22.81
b

44.95±22.03 ab 41.89±20.53 ab 70.79±27.39 a 35.71±7.78 b

AST
(U/gprot)

61.27±15.65 45.9±13.41 44.43±29.07 69.56±23.47 52.88±22.04

TP
(μg/ML)

2329.02

±155.03 b

2216.56

±163.84 b

3142.46

±79.27 a

3095.03

±118.44 a

2947.62

±230.25 a

ALB
(μg/ML)

20.57±3.79 b 22.22±5.86 b 21.67±6.64 b 24.86±3.57 ab 29.21±5.37 a

UA
(μmol/L)

235.97±68.19
b

465.93±171.07
ab

668.18±281.09
a

678.67±375.96
a

570.8±114.43
a

Notes: TP = total protein, T-CHO = total cholesterol, ALB = albumin, VLDL = very low-density lipoprotein,
VHDL = very high-density lipoprotein, TG = triglyceride, insulin, ALT = alanine aminotransferase, AST =
aspertate aminotransferase, UA = uric acid. The datain the table is expressed as mean ± SD (n=10): the
same letter between each line of data indicates that the difference is not signi�cant (P > 0.05),the letter
between each line of data is different, indicating that the difference is not signi�cant (P < 0.05).

Figures
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Figure 1

Effect of different types of suguar (glucose, fructose and sucrose) on lipid metabolism in goose primary
hepatocytes. a. Relative mRNA level of ACCα, SREBP-1 and FAS, which is related to lipogenesis. b.
Relative mRNA level of ACOX1, PPARα, PPARγ and CPT1, which is related to fatty acid oxidation. c.
Relative mRNA level of DGAT1, DGAT2, ApoB and MTP, which is related to lipids transportation. d. Protein
content of FAS, ACCα, ApoB and CPT1 (unit of FAS is nmol/ml; unit of ACCα is ng/ml; unit of CPT1 is
ng/ml; unit of ACCα is pmol/l; unit of ApoB is nmol/ml). e. intracellular and extracellular VLDL
concentrations. f. Intracellular and extracellular T-CHO concentrations. g. Intracellular and extracellular TG
concentrations. h. Intracellular lipid contents. Values are means ± SD (n=3). Different lowercase letters in
the same set indicate difference among treatments at P < 0.05. G30, F30 and S30 represents the goose
primary hepatocytes were treated with 30mmol/L glucose, 30mmol/L fructose and 30mmol/L sucrose,
repectively. The numbers “1, 2, 3, 4” under the blot indicates the treatment of control, 30mmol/L glucose,
30mmol/L fructose and 30mmol/L sucrose, repectively. VLDL = very low-density lipoprotein; TG =
triglyceride; FAS = fatty acid synthetase; SREBP-1 = sterol regulatory element-binding proteins-1; ACCα =
acetyl-CoA carboxylase; CPT1 = carnitine palmitoyltransferase; ACOX1 = acyl-CoA oxidase 1; PPARα =
peroxisome proliferators-activated receptor-α; PPARγ = peroxisome proliferators-activated receptor-γ;
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ApoB = apolipoprotein B; MTP = microsomal triglyceride transfer protein; DGAT1 = diacylglycerol
acyltransferase-1; DGAT2 = diacylglycerol acyltransferase-2.

Figure 2

Effect of different types of suguar (glucose, fructose and sucrose) on foie gras performance in overfed
goose. a. Comparison of slaughter performance (n=20). b. Comparison of livers and liver tissue sections.
(liver tissue sections: (HE staining, 200×) (n=3). Values are means ± SD. Different lowercase letters in the
same set indicate difference among treatments at P < 0.05. BW1 = Body weight before overfeeding; BW2
= Body weight after overfeeding; Liver/ Body = The ratio of liver weight to body weight after overfeeding;
Liver/Feed = The ratio of liver weight to overfeed diet consumption.
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Figure 3

Effect of different types of suguar (glucose, fructose and sucrose) on fatty acid composition(n=6). a.
Comparison of fatty acid composition. b. Statistical result of fatty acid content (unit of SFA, MUFA and
PUFA is “g/100g”). Values are means ± SD. Different lowercase letters in the same set indicate difference
among treatments at P < 0.05. SFA = Saturated fatty acid; MUFA = monounsaturated fatty acid; PUFA =
Poly-unsaturated fatty acid.
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Figure 4

mRNA transcriptome analysis of differentially expressed genes(DEGs) in goose fatty liver induced by
different types of suguar (glucose, fructose and sucrose). (n=3). a. Heatmap analysis of DEGs. P < 0.05,
log2 (fold change) > 1. b. Number of DEGs. c. Venm diagram of the DEGs. C1-C3: control group; G1-G3:
glucose overfeeding group; F1-F3: frucose overfeeding group; S1-S3: sucrose overfeeding group.
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Figure 5

Gene ontology classi�cations and KEGG enrichment pathways (n=3). a. control group vs corn
overfeeding group. b. control group vs glucose overfeeding group. c. control group vs fructose
overfeeding group. d. control group vs sucrose overfeeding group. The ordinate represents the path name
and the abscissa is the enrichment factor. The higher the enrichment factor, the more signi�cant the
enrichment level of differentially expressed genes in this pathway. The color of the circle represents
qvalue, and the smaller qvalue is, the more reliable the enrichment signi�cance of differentially expressed
genes in this pathway is. The size of the circle indicates the number of genes enriched in the pathway.
The larger the circle, the more genes there are.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementMaterial.docx

https://assets.researchsquare.com/files/rs-194490/v1/fba6c3f0f6eef3854ac83001.docx

