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Dietary sea buckthorn polysaccharide reduced lipid
accumulation, alleviated inflammation and oxidative
stress, and normalized imbalance of intestinal microbiota
that was induced by high-fat diet in zebrafish Danio rerio
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Abstract The purpose of this study was to explore
the beneficial effects of sea buckthorn polysaccha-
ride (SP) on lipid metabolism, liver, and intestinal
health in zebrafish fed with high-fat diet (HFD). The
zebrafish were fed with regular diet (RD), HFD, and
HFD supplemented with 2 g/kg (HFD_2SP) and 4 g/
kg (HFD_4SP) of SP, respectively. Growth, serum
biochemistry, histopathology, expression of genes
involved in lipid metabolism, inflammation, oxida-
tive stress and tight junction, and changes in intestinal
microbiota were detected. Results showed that adding 2
and 4 g/kg of SP in the HFD significantly improved the
survival rate of zebrafish; reduced the levels of serum
triglyceride (TG), total cholesterol (TC), aspartate ami-
notransferase (AST), and alanine transaminase (ALT);
and alleviated the lipid accumulation in the liver of
zebrafish. Furthermore, SP significantly enhanced
the antioxidant capacity of liver and intestine by up-
regulating the expression of Nrf2 and Cu/Zn-SOD and
alleviated liver and intestinal inflammation induced by
HFD through up-regulating the expression of TGF-f1
and suppressing the expression of P3SMAPK, IL-8,
and IL-1p. Especially, dietary SP normalized intestinal
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microbiota imbalance caused by HFD and inhibited the
proliferation of harmful bacteria, i.e., Mycobacterium,
but promoted the proliferation of intestinal beneficial
bacteria, i.e., Cetobacterium. In summary, 2 and 4 g/kg
of dietary SP significantly reduced lipid accumulation,
alleviated inflammation and oxidative stress, and nor-
malized the imbalance of intestinal microbiota induced
by HFD and consequently improved the survival rate
of zebrafish.
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Introduction

Long-term consumption of high-fat diet (HFD)
contributes toward the development and progres-
sion of liver steatosis and related metabolic diseases
(Begriche et al. 2006; Rolo et al. 2012). Moreover,
evidence from mammal studies suggests that HFD
induces intestinal dysbiosis, which ultimately pro-
motes the development of systemic inflammation and
obesity (Kangwan et al. 2021). Similarly, HFD also
induced excessive lipid deposition in cultured fish
and up-regulated the expressions of genes related to
inflammatory cytokines, such as interleukin-8 (IL-8),
IL-1p, and IL-6 in intestine or liver of cultured fish,
which has become a major challenge for aquaculture
in recent years (Liu et al. 2021, 2022).
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Supplements such as prebiotics, probiotics, and
polyphenols have been shown to reverse HFD-induced
phenotypes and attenuate the severity of obesity and its
associated metabolic complications. Polysaccharide is
a kind of macromolecular compound, which generally
participates in cell growth, metabolism, immunity, anti-
oxidation, intestinal microflora homeostasis, and other
life processes (Chen et al. 2018; Li et al. 2018, 2020; Sun
et al. 2018; Wang et al. 2017, 2020; Zhong et al. 2020).
Polysaccharide also exhibits function of inducing blood
lipids, such as Gracilaria sulfate polysaccharide that can
significantly reduce the serum TG and TC levels of mice
fed with HFD (Huang et al. 2019) and Cichorium glan-
dulosum polysaccharide that can reduce the fat accu-
mulation in zebrafish fed with high-cholesterol diet (Li
et al. 2018). It is worth noting that the chemical struc-
ture of polysaccharides is complex and changeable, so
the biological activities of different polysaccharides may
be quite different. Moreover, study even found that some
polysaccharides had a negative effect on health (Zhang
et al. 2019). Hence, it is necessary to study the activities
of polysaccharides from different sources. Especially,
the lipid-lowering mechanism of polysaccharides is still
not completely understood.

Sea buckthorn (Hippophae rhamnoides Linn.) is
widely distributed in temperate regions of Europe and
Asia (Wang et al. 2021b), and it is rich in a variety
of nutritional and medicinal components (Guo et al.
2020; Suryakumar and Gupta 2011; Zhang et al.
2017). Studies have shown that sea buckthorn poly-
saccharide (SP) has biological activities such as anti-
oxidation, immunomodulation, and anti-inflammation
(Wang et al. 2018; Wei et al. 2019; Zhao et al. 2020).
It has been reported that sea buckthorn freeze-dried
powder down-regulates lipogenic-related genes,
including sterol-regulatory element binding protein-1c
(SREBP-Ic) and acetyl-CoA carboxylase (ACC), and
up-regulates fatty acid oxidation related genes, such
as hormone-sensitive triglyceride lipase (HSL) and
carnitine palmitoyltransferase 1 (CPT-1), thus effec-
tively reducing the lipid deposition in mice (Guo et al.
2020). However, research focusing on the effect of SP
on lipid metabolism is not sufficient at present, and it
is unclear whether SP can reduce lipid accumulation,
inflammation, and oxidative stress induced by HFD
through regulating intestinal microbiota.

In this study, zebrafish was used as an experimen-
tal animal model (Ka et al. 2020; Schlegel 2012). And
the regulation mechanism of SP on lipid metabolism,
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liver, and intestinal health in zebrafish fed with HFD
were explored by testing the growth, serum biochem-
istry, histopathology, expression of genes related to
lipid metabolism, inflammation, oxidative stress and
tight junction, and changes of intestinal microbiota,
aiming to provide a reference for the prevention and
treatment of HFD-induced diseases in fish.

Materials and methods
Experimental fishes and diets

Zebrafish (AB strains) were acquired from National
Zebrafish Resource of China, Chinese Academy of
Sciences. The second generation of zebrafish was used
in this experiment. Experimental fishes were cultured
in a circulating water system (Shanghai Haisheng Bio-
logical Experiment Equipment Co., Ltd., China).

Four kinds of diets were formulated, including
regular diet (RD), high-fat diet (HFD), and HFD
added with two levels (2 and 4 g/kg) of sea buckthorn
polysaccharide (SP) (HFD_2SP and HFD_4SP).
The lipid levels of RD and HFD were 54 and 142 g/
kg (Table 1), according to the study of Zhang et al.
(2019). The SP with a purity of 90% was isolated by
hot-water extraction and purified by DEAE-cellu-
lose ion-exchange chromatography, according to the
method of Ni et al. (2013). SP levels were according
to the results of our pre-experiment. The main ingre-
dients were obtained in dry, ground form, and mixed
thoroughly. The SP was dissolved in water before
mixing with the other ingredients, based on the listed
formulations. Two-millimeter granular feeds were
created using a pelleting machine (F-26, SCUT indus-
trial factory, Guangdong, China) and were air-dried
and stored at—20 °C until used. Pellets were crushed
and sieved through a battery of sieves to obtain parti-
cles of 600-800 um of diameter. The proximate com-
positions of the experimental diets were analyzed fol-
lowing standard methods (Latimer Junior, 2016).

Experimental process and sampling

After acclimatization, the healthy male zebrafish were
selected for experiment. Before the start of the experi-
ment, the fish fasted for 24 h. Two hundred twenty-
eight of experimental fishes with an average weight
of 047 g were randomly divided into 12 aquariums
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Table 1 The formula and nutritional components of diets

RD HFD
Ingredients (g/kg)
Casein 360 360
Gelatin 90 90
Bean oil 55 145
Microcrystalline cellulose 140 140
CMC 20 20
Dextrin 309.8 219.8
Choline chloride 5 5
BHT 0.2 0.2
Vitamin premix* 10 10
Mineral premix* 10 10
Sea buckthorn polysaccharide 0 0
Proximate composition (%)
Crude protein 42.7 42.7
Crude lipid 54 14.2

*Vitamin premix: vitamin A, 3000 IU/kg; vitamin D, 2000 IU/
kg; vitamin E, 60 IU/kg; vitamin C, 200 mg/kg; thiamine,
5 mg; riboflavin, 10 mg/kg; menadione, 10 mg/kg; pyridoxine
HCI, 10 mg/kg; cyanocobalamin, 0.02 mg/kg; biotin, 1 mg/kg;
calcium pantothenate, 40 mg/kg; folic acid, 5 mg/kg; inositol,
200 mg/kg; niacin, 100 mg/kg; Cellulose was used as a carrier

#Mineral premix: KAl (SO,),, 1.59 g/kg; CaCOs, 181.01 g/kg;
Ca (H,PO,),, 446.01 g/kg; CoCl, 0.70 g/kg; MgSO,, 52.16 g/
kg; MnSO,-H,0, 0.70 g/kg; KCl, 165.53 g/kg; KI, 0.14 g/kg;
ZnCO;, 1.92 g/kg; NaH,PO,, 136.05 g/kg; Na,SeO;, 0.06 g/
kg; CuSO,-5H,0, 0.75 g/kg; ferric citrate, 13.38 g/kg

(15%20%30 cm) and fed with the four kinds of experi-
mental diets respectively, with 3 replicates in each
treatment group. In order to make zebrafish’s intake
of SP consistent with the designed dose, each group of
zebrafish was fed with the same amount of feed. Experi-
mental fishes were fed three times a day with a feeding
rate of 5% of the body weight (Gonzales et al. 2013;
Lawrence et al. 2012). The water circulating pump was
turned off when feeding the fish. Aquarium water was
exchanged about 50%, daily. The water temperature
(27+1 °C) was kept by an automatic temperature con-
trol heater. During the experiment, the photoperiod is
12 h:12 h, the pH is 7.0-7.7, and the ammonia nitrogen
concentration is less than 0.05 mg/L.

After 4-week feeding trial, the experimental fishes
were anesthetized with MS-222 (70 mg/kg) aque-
ous solution. After weighing, blood was collected
by 1 ml injection syringe, and serum samples were
obtained by centrifugation (4 °C, 3000 r/min). Then,

the experimental fishes were dissected on ice, and
liver, intestine, and intestinal contents were separated.
Each kind of samples from the experimental fishes in
the same tanks was mixed. The separated serum and
tissue samples were quickly frozen in liquid nitrogen
and then transferred to a refrigerator at—80 °C for
storage until test.

Determination of samples
Histological analysis

The liver tissue isolated from zebrafish was fixed with
4% paraformaldehyde. The fixated samples were embed-
ded in paraffin after dehydration by graded alcohol series
and sectioned at 5-6 pm thickness using standard proce-
dure. The sections were stained with hematoxylin and
eosin (H&E, Jiancheng Institute of Biotechnology) and
were observed and photographed under fluorescence
microscope to analyze their histological characteristics.

Biochemical test

Biochemical indexes in serum (TC, TG, AST, and
ALT) and the liver (TG, SOD, and MDA) were
detected with commercial kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The whole
process is strictly operated according to the instruc-
tions of commercial kits. The detailed steps are pre-
sented in our previous study (Liu et al. 2021).

Analysis of intestinal microbiota

The total bacterial DNA of intestinal contents was extracted
with the commercial kit (MoBio Laboratories Inc., Carls-
bad, CA, USA) according to the manufacturer’s instructions.
The content and integrity of extracted DNA was evaluated.
And the DNA samples were stored at— 80 °C until used.

The 16S rRNA gene sequencing was performed using
high variable region (V3 and V4) PCR amplification
products. The primers 27F: 5-AGRGTTYGATYMTGG
CTCAG-3' and 1492R: 5-RGYTACCTTGTTACGACT
T-3', which were tagged with specific barcode per sample.
After quantified by QuantiFluor™-ST (Promega, USA),
the amplicon pools were prepared for libraries construc-
tion. SMRTbell libraries were prepared using the Pacific
Biosciences SMRTbell™ Template Prep kit 1.0 (PacBio,
USA) and sequenced on PacBio RS II (LC-Bio Technol-
ogy Co., Ltd., Hangzhou, China).
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Gene expression

The primer sequences used in this study are listed in
Table 2. Total RNA was extracted with RNAiso Plus.
The concentration and purity of the total RNA were

Table 2 Primer sequences
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determined with a spectrophotometer (Eppendorf,
Inc., Hamburg, Germany). The first-strand cDNA was

synthesized using PrimeScript™ RT reagent kit with
gDNA Eraser (TaKaRa) depending on the manufac-
turer’s instruction. The amplification was carried out

Gene name Sequences of primer Accession number

p-actin Forward: 5-GACCAACCTAAACTCTCGAACA-3’ AF057040.1
Reverse: 5'-CTTTGCCAGTTTCCGCATCC-3'

ACC2 Forward: 5" TGCATGGCTGCATTAGAGGT-3' XM_021476434.1
Reverse: 5'-GTCAGTCTGTTTGGGTGGGA-3'

PPARa Forward: 5-ACAGTGCGCTGTTCGTCAG-3' DQ839548.1
Reverse: 5'-CAGGGGTCAGAGCATCCAG-3’

CPT-1 Forward: 5-ACAGTGCGCTGTTCGTCAG-3' NM_001044854.1
Reverse: 5'-CAGGGGTCAGAGCATCCAG-3’

ATGL Forward: 5-GCGTGACGGATGGAGAAA-3’ KP325485.1
Reverse: 5'- AGGCCACAGTAAACAGGAATAT-3'

LPL Forward: 5'- AGGGGAGAGTAAGCAGCG -3’ NM_131127.1
Reverse: 5"TGGCATTGCCTATGATGTCACTTA-3'

AMPKal Forward: 5"TTGCGGCTCTCCTAACTATGCT-3’ NM_001110286.1
Reverse: 5"TCACTCCACTGCTCCAGATGTC-3’

AMPKa2 Forward: 5-GGAAGCACACCCCTACTGAC-3’ XM_695739.8
Reverse: 5'-CCTTCACCTTCTGCCTGCTT-3’

IL-1p Forward: 5-GAACTTAACCAGCTCTGAAATGATG-3' BC098597.1
Reverse: 5'-CATGTCGCATCTGTAGCTCATTG-3'

IL-8 Forward: 5'-~ACACAACAGGAGGCTACTCA-3' HF674400.1
Reverse: 5 "TAAGGACAACAGACGGGCGA-3'

P38 MAPK Forward: 5" TGATCGGCTTGCTGGATGTT-3’ NM_131722.1
Reverse: 5 "TTCAGGTCAGCGCCCATAAG-3’

IL-10 Forward: 5-AATAAGGCACCCCAAGGAGC-3’ BC163031.1
Reverse: 5'-CGTGAGCAGAGCAGAAAGGA-3’

TGF-p1 Forward: 5"TGGCTCGATTTCTCAGTCGG-3’ AY178450.1
Reverse: 5'-CCCTCTGCTTCAGTCCATCTC-3'

Nrf2 Forward: 5" TGTCACTCCCAGAGTTGCAG-3' NM_182889.1
Reverse: 5'-CACTTCTGTTTGAGCCGAGC-3'

Cu/Zn-SOD Forward: 5-GTCGTCTGGCTTGTGGAGTG-3' BC165134.1
Reverse: 5" TGTAATGTCAGCGGGCTAGTG-3'

CAT Forward: 5'-AGCAAACGGTTACCAACCTTAAT-3’ BC051626.1
Reverse: 5'-"ACGAGGCAAAACTACTGCGG-3'

Occludin Forward: 5-CTTCAGTGAGTTTCCTCCTATTGTG-3' NM_212832.2
Reverse: 5-CCTGGTGGTCTTGATCAAAGAG-3'

Claudin-3¢ Forward: 5-GAATGGGCTATTCTGCTCCA-3' NM_131767

Reverse: 5'"TCACCCTTTTCATCCGTCTT-3'

ACC acetyl-CoA carboxylase, PPARa peroxisome proliferation—activated receptor alpha, CPT-1
carnitine palmitoyltransferase 1, ATGL Adipose triglyceride lipase, LPL lipoprotein lipase,
AMPK AMP-activated protein kinase, Nrf2 nuclear factor E2-related factor 2, Cu/Zn-SOD Cu/
Zn-Superoxide Dismutase, CAT Catalase, /L interleukin, MAPK mitogen-activated protein kinase,
TGF-p1 transforming growth factor-p1
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in a real-time PCR detection system (CFX96, Bio-
Rad), and the condition was as follows: 95 °C for
30 s, then 40 cycles of 95 °C for 5 s, and 57-61 °C
for 60 s. The amplification efficiency of each pair of
primers ranged from 98 to 103%. The relative gene
expression levels were calculated by 2722 method
(Livak and Schmittgen 2001).

Statistical analysis

SPSS software was used to analyze the variance of
the experimental data, and the experimental results
were expressed by mean +SD. Ducan’s method (Dun-
can, 1995) was used for multiple comparisons, and
the significant difference level was P <0.05.

The 16S rDNA sequencing results were analyzed
by bio-informatics, including a diversity analysis, f
diversity analysis, and significant difference analysis,
and the significance level was P <0.05.

Results

Effect of sea buckthorn polysaccharide (SP) on the
growth and survival of zebrafish fed with HFD

The specific growth performance and survival rate
(SR) of zebrafish are shown in Table 3. Compared
with the regular diet (RD) group, the specific growth
rate (SGR) and weight gain rate (WGR) of zebrafish
in the HFD group significantly increased (P <0.05),
but there were no significant differences in SR of
zebrafish between the HFD group and the RD group.

Compared with the HFD group, the SGR and WGR of
zebrafish in the HFD_2SP group decreased significantly
(P<0.05), while the SR of zebrafish in the HFD_2SP
group increased significantly (P<0.05). The SGR and
WGR of zebrafish in HFD_4SP group had no significant
difference in comparison with the HFD group (P <0.05).
But the SR of zebrafish in the HFD_4SP group increased
markedly compared with that in the HFD group (P <0.05).

Effect of SP on biochemical indexes in serum and
liver of zebrafish fed with HFD

Serum AST, ALT, TG, and TC levels of zebrafish are
shown in Table 4. Compared with the RD group, the
serum AST and ALT levels of zebrafish in the HFD
group significantly increased (P <0.05), while the serum
TG and TC levels of zebrafish in the HFD group had
no significant differences in comparison with the RD
group. Compared with the HFD group, serum AST,
ALT, TG, and TC levels of zebrafish in the HFD_2SP
and HFD_4SP groups significantly decreased (P <0.05).

Levels of TG in the liver of zebrafish in each group
are shown in Table 4. Compared with the RD group,
TG levels in the liver of zebrafish in the HFD group
increased significantly (P<0.05). And an increasing
trend in the liver index (HSI) of zebrafish in the HFD
group compared with the RD group was also observed,
even though there were no significant differences
between these two groups (Table 4). Compared with
the HFD group, the TG levels in the liver of zebrafish
in HFD_2SP and HFD_4SP groups markedly declined
(P<0.05), and the HSI of zebrafish in the HFD_4SP
group also markedly declined (P <0.05).

Table 3 Effect of SP on the growth performance of zebrafish fed with HFD

RD HFD HFD_2SP HFD_4SP P-values
IBW (g) 0.50 0.50 0.50 0.49 ns

FBW (g) 0.66+0.03 0.69+0.02 0.66+0.02 0.68 +0.02 0.139
WGR (%) 31.89+5.50° 40.66 +3.40° 31.95+1.79" 37.43 +4.49% 0.073
SGR (%) 1.00+0.16° 1.23+0.05 1.01+0.06° 1.16+0.12% 0.067
HSI (%) 0.93+0.11% 1.07+0.12° 0.95+0.01%° 0.84+0.09° 0.080
SR (%) 75.44 +3.04% 68.42+9.12° 89.47 +10.53? 89.47+5.27 0.021

Weight gain rate (WGR, %)= (final body weight —initial body weight)/initial body weightx 100; specific growth rate (SGR, %/
day)=100x (Ln final individual weight — Ln initial individual weight) / number of feeding days; survival rate (SR, %) =final number
of fish/initial number of fish X 100; hepatosomatic index (HSI, %)=Iliver weight/whole body weight x 100; values are presented as
mean=+SD (n=3). Significant differences are indicated by different letters (P <0.05)

IBW initial body weight; FBW final body weight, ns not statistically
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Table 4 Effect of SP on biochemical indexes in serum and liver of zebrafish fed with HFD

RD HFD HFD_2SP HFD_4SP P-values
Serum

TG (mmol/L) 134.75 +5.44% 142.79+5.27% 89.41+8.18° 96.62 +9.50° 0.000
TC (mmol/L) 37.29+£0.55" 37.47+0.48" 31.10+0.45° 31.93+0.28° 0.000
AST (U/L) 317.57+0.69° 537.43+12.36 382.84+5.61° 225.87+2.63¢ 0.000
ALT (U/L) 24.64+2.01° 36.80+1.32* 1.54+0.72¢ 7.59+0.32¢ 0.000
Liver

TG (mmol/g prot) 0.36+0.01° 0.64 +0.04* 0.25+0.02¢ 0.22+0.03° 0.000
SOD (U/mg prot) 15.51+0.01* 11.67+0.01¢ 9.67+0.01¢ 11.8+0.02° 0.000
MDA (mmol/mg prot) 0.56+0.03¢ 0.89+0.00° 0.81+0.02° 0.75+0.03¢ 0.000

Values are given as the mean+ SD (n=3). Values with different letters are significantly different (P <0.05)

TG triglyceride, TC total cholesterol, AST aspartate aminotransferase, ALT alanine transaminase, SOD superoxide dismutase, MDA

malonaldehyde

Activities of SOD and levels of MDA in the liver
of zebrafish in each group are shown in Table 4. Com-
pared with the RD group, MDA levels in the liver of
zebrafish in the HFD group increased significantly
(P<0.05), while SOD activities in the liver of zebrafish
in the HFD group decreased significantly (P<0.05).
Compared with the HFD group, MDA levels in the liver
of zebrafish in the HFD_2SP and HFD_4SP groups
significantly decreased (P <0.05), and SOD activity in
the liver of zebrafish in the HFD_4SP group increased
significantly (P<0.05). The MDA levels in the liver
of zebrafish in the HFD_4SP group were significantly
lower than that in the HFD_2SP group (P <0.05).

Effect of SP on histopathological changes in the liver
of zebrafish fed with HFD

Histopathological changes in the liver of zebrafish
in each group are shown in Fig. 1. In the RD group,
hepatocytes of zebrafish are closely arranged, with
clear boundaries. However, in the HFD group, hepat-
ocytes of zebrafish are loosely arranged, with unclear
boundaries. Particularly, in HFD_4SP group, hepato-
cytes of zebrafish are closely arranged, with clear
boundaries.

Effects of SP on expression of genes related to lipid
metabolism in the liver of zebrafish fed with HFD

Changes in mRNA levels of lipid metabolism related
genes in the liver of zebrafish of each group are

@ Springer

shown in Table 5. Compared with the RD group,
HFD depressed the expression of AMPKal and
AMPKa?2 in the liver, although significant difference
was only observed in AMPKal (P <0.05). Similarly,
the mRNA levels of PPARa, ATGL, LPL, and CPT-
1 in the liver of zebrafish fed with HFD also exhib-
ited decreasing trends compared with those fed with
RD, even though there were no significant differences
observed (P> 0.05).

However, 4 g/kg of dietary SP significantly
up-regulated the expression levels of AMPKal,
AMPKa2, PPARa, LPL, CPT-1, and ACC2 in the
liver of zebrafish compared with those fed with HFD
(P<0.05). And the expression levels of AMPKal,
AMPKa2, ATGL, LPL, CPT-1, and ACC?2 in the liver
of zebrafish fed with HFD added with 2 g/kg of SP
also showed an increasing trend compared with those
fed with HFD, but there were no significant differ-
ences observed (P> 0.05).

Effects of SP on expression of genes involved in
antioxidant defense and inflammation in the liver of
zebrafish fed with HFD

Effects of SP on mRNA levels of genes related to anti-
oxidant defense in the liver of zebrafish fed with HFD
are shown in Table 6. Compared with the RD, HFD
significantly depressed the expression of Nrf2 and
Cu/Zn-SOD in the liver of zebrafish (P <0.05). Simi-
larly, the mRNA expression levels of CAT in the liver
of zebrafish fed with HFD also exhibited decreas-
ing trend compared with that fed with RD, even
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Fig. 1 Effect of dietary
SP on histology of liver in
zebrafish fed with HFD

HFD 2SP

though there were no significant differences observed
(P>0.05). However, 2 g/kg of dietary SP signifi-
cantly up-regulated the expression levels of Nrf2 and
Cu/Zn-SOD in the liver of zebrafish compared with
those fed with HFD (P <0.05). Moreover, 4 g/kg of
dietary SP significantly up-regulated the expression
levels of Nrf2 and CAT in the liver of zebrafish com-
pared with those fed with HFD (P <0.05).

Effects of SP on expression of genes related to
inflammation in the liver of zebrafish fed with HFD
are shown in Table 7. Compared with the RD, HFD
depressed the expression of IL-10 and TGF-f1 in the
liver of zebrafish, although the significant difference
was only observed in IL-10. But HFD significantly
up-regulated the expression of P38 MAPK and IL-1p
in the liver of zebrafish. However, 4 g/kg of dietary
SP significantly up-regulated the expression levels
of IL-10 and TGF-$1, but significantly depressed the

expression levels of P38 MAPK, IL-8, and IL-1f in
the liver of zebrafish compared with those fed with
HFD (P<0.05). And 2 g/kg of dietary SP signifi-
cantly depressed the expression levels of P38 MAPK
in the liver of zebrafish compared with those fed with
HFD (P<0.05). And the expression levels of IL-8
and IL-1p in the liver of zebrafish fed with 2 g/kg of
dietary SP also showed decreasing trends compared
with those fed with HFD, but there were no signifi-
cant differences observed (P> 0.05).

Effects of SP on expression of genes involved in
antioxidant defense, inflammation, and tight junction
in intestine of zebrafish fed with HFD

Effects of SP on expression of genes involved in
antioxidant defense in the intestine of zebrafish
fed with HFD are shown in Table 6. The mRNA

Table 5 Effect of dietary

” RD HFD HFD_2sp HFD-4sp P-values
SP on expression of
gene; lfllYolv?d 1}? 1;Pld ) AMPKal 1.04£027° 031018  0.69+0.11% 1.54£0.09°  0.001
metabolism in the liver o b b b a
zebrafish fed with HFD AMPKa2 1.27+0.70 0.28+0.12 0.40+0.14 3354046  0.000
PPARa 1.27+0.73° 0.87+£0.63° 0.69 +0.36° 4.68+0.81*  0.001

. ATGL 1.06+0.33 0.63+0.11 0.77+0.09 1.16+028  0.144
Values are given as the
mean+SD (n=3). Values LPL 1.03+£0.25° 0.70+0.38" 0.79+0.11° 2.93+0.44*  0.000
with different letters are CPT-1 1.03+£0.27° 0.79 +£0.09° 0.88+0.11° 2.38+0.33*  0.000
significantly different ACC2 1.03+0.27° 1.08+0.30° 1.38+0.22° 8.02+1.94°  0.000

(P<0.05)
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Table 6 Effects of dietary RD

X HFD HFD_2sp HFD_4sp P-values
SP on mRNA expression of
antioxidant defense genes Liver
in the liver and intestine of a b a a
sebrafish fed with HFD Nrf2 1.01+0.11 0.42+0.08 1.08+0.11 1.18+0.26 0.005
Cu/Zn-SOD 1.00+0.09* 0.35+0.13° 0.95+0.16 0.40+0.03° 0.000
CAT 1.01+0.15° 0.64+0.13° 1.28+0.45° 2.43+0.26 0.001
Values are given as the Intestine
mean+ SD (n=3). Values Nrf2 1.07+0.34®  0.53+0.09° 1.99+0.56 1.27+0.55®  0.053
with different letters are Cu/Zn-SOD 1.01+0.12% 1.18+0.25% 1.23+0.07 0.84 +0.08° 0.095
significantly different CAT 1.00+0.08°  0.98+0.44° 1.94+0.08  135+0.14° 0012

(P<0.05)

expression levels of Nrf2, Cu/Zn-SOD, and CAT
in the intestine of zebrafish fed with HFD did not
significantly change compared with that fed with
RD (P> 0.05), but a decreasing trend of Nrf2 was
observed in HFD group in comparison with RD.
However, 2 g/kg of dietary SP significantly up-
regulated the expression levels of Nrf2 and CAT in
the intestine of zebrafish compared with that fed
with HFD (P <0.05). But 4 g/kg of dietary SP did
not significantly up-regulate the expression levels
of Nrf2, Cu/Zn-SOD, and CAT in the intestine of
zebrafish compared with the zebrafish fed with
HFD (P <0.05).

Effects of SP on mNRA levels of genes related
to inflammation in intestine of zebrafish fed
with HFD are shown in Table 7. Compared with

the RD, HFD up-regulated the expression of
P38 MAPK, IL-8, and IL-1f in the intestine of
zebrafish, although the significant difference was
only observed in IL-8 and IL-1f. However, 2 or
4 g/kg of dietary SP significantly depressed the
expression levels of P38 MAPK, IL-8, and IL-1p,
except there was no significant difference observed
in P38 MAPK of the HFD_4SP group (P > 0.05).

Effects of SP on expression of genes involved
in tight junction of intestine of zebrafish fed with
HFD are shown in Table 7. HFD did not signifi-
cantly regulate the expression of Claudin-3c and
Occludin in the intestine of zebrafish. However,
4 g/kg of dietary SP significantly up-regulated the
expression levels of Occludin in the intestine of
zebrafish (P <0.05).

Table 7 Effects of dietary RD

SP on genes expression of HFD HFD_2sp HFD-4sp P-values

inflammatory factors and Liver

glgehltli‘;‘f;r‘l‘;“lg:;z;"e‘;‘f IL-10 1034023 0304023  0.65+0.05*  1.61+047°  0.009

sebrafish fed with HFD TGF-f1 1.08£0.44° 0.55+0.07° 0.68+0.12°  4.40+0.22° 0.000
P38 MARK  1.01+0.12° 2.56+0.20° 0.51+0.09¢ 0.93+0.13° 0.000
IL-8 1.03+0.23* 0.67+043®  0.35+0.04° 0.09+0.05" 0.025
IL-18 1.03+0.26" 2.14+0.322 1.61+0.20* 0.82+0.02° 0.002
Intestine
IL-10 1.04+0.31 0.96+0.22 0.89+0.39 1.62+0.33 0.168
TGF-p1 1.00+0.07° 1.06+0.79° 241+040°  3.86+1.00° 0.008
P38 MARK 1.00+0.04®  225+1.39 0.45+0.03° 0.75+0.40°  0.146
IL-8 1.06+0.35° 3.72+0.61* 1.63+0.19° 1.55+0.33° 0.001
IL-18 1.01+0.12° 2.79+1.01° 0.92+0.57° 0.72+0.34° 0.031
Claudin-3¢ 1.30+0.85 0.72+0.41 0.79+0.49 1.09+0.07 0.689
Occludin 1.03 +0.30° 1.17+0.21° 0.90+0.12° 1.98+0.09% 0.001

Values are given as the mean+SD (n=3). Values with different letters are significantly different

(P<0.05)
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Effects of SP on intestinal microbiota of zebrafish fed
with HFD

The Venn diagram result (Fig. 3a) showed that 192,
116, 222, and 132 unique OTUs were tested among
the RD, HFD, HFD_2SP, and HFD_4SP groups.
The alpha diversity of intestinal flora is reflected by
indexes of Chaol, observed species, Shannon, and
Simpson and are shown in Fig. 3 b, ¢, and d. There
were no significant differences in Chaol, Shannon,
and Simpson indexes among different groups. Beta
diversity of intestinal flora is evaluated by principal
coordinate analysis (PCoA) and is shown in Fig. 3e.
PCoA analysis revealed that the composition of intes-
tinal flora of zebrafish in the HFD group showed
distinct differences with that in the RD group, while
the composition of intestinal flora of zebrafish in the
HFD_4SP group was slightly different from that in
the RD group, but the composition of intestinal flora
of zebrafish in the HFD_2SP group was markedly dif-
ferent from that in RD.

Species composition of intestinal flora of zebrafish
in each group at phylum level is shown in Fig. 4a.
The dominant flora in the intestine of zebrafish was
Proteobacteria, Planctomycetes, and Actinobacte-
ria. Compared with the RD group, the abundance
of Proteobacteria, Planctomycetes, Actinobacte-
ria, Chloroflexi, and Verrucomicrobia in the intes-
tine of zebrafish in HFD group increased, while the
abundance of Bacteroidetes, Firmicutes, and Aci-
dobacteria decreased. Compared with HFD group,
the abundance of Proteobacteria, Planctomycetes,
and Verrucomicrobia in the intestine of zebrafish in
HFD_2SP group decreased, while the abundance
of Fusobacteria increased. Compared with the HFD
group, the abundance of Proteobacteria, Chlorofiexi,
and Verrucomicrobia in the intestine of zebrafish in
HFD_4SP group decreased, but the abundance of
Actinobacteria increased.

Species composition of intestinal flora of zebrafish
in each group at genus level is shown in Fig. 4b.
Compared with the RD group, the abundance of
Pseudomonas, Arenimonas, Sandaracinobacter, Ral-
stonia, Pirellula, and Mycobacterium in the intestine
of zebrafish in the HFD group increased, while the
abundance of Rhodobacter and Nitrospira decreased.
Compared with the HFD group, the abundance of
Arenimonas, Sandaracinobacter, and Mycobacte-
rium in the intestine of zebrafish in the HFD_2SP

and HFD_4SP groups decreased, but the abundance
of Cetobacterium in the intestine of zebrafish in the
HFD_2SP and HFD_4SP groups markedly increased.

Discussion

Dietary SP improved survival and alleviated lipid
accumulation of zebrafish fed with HFD

Studies have been reported that appropriate increase
of fat content in diet prompts the growth of fish, but
excessive fat reduces the survival of fish (Liu et al.
2021; Dai et al. 2018; Landgraf et al. 2017). In the
current study, HFD significantly prompted the growth
of zebrafish in terms of SGR and WGR compared
with the regular diet (RD). But a decrease trend in
SR of zebrafish in the HFD group compared with
the RD group was observed, even though there were
no significant differences between these two groups.
Interestingly, adding 2 g/kg of SP in the HFD signifi-
cantly reduced the SGR and WGR of zebrafish to the
normal level of the RD group, but adding 4 g/kg of
SP in the HFD did not significantly reduce the SGR
and WGR of zebrafish. However, the SR of zebrafish
fed diet added with 2 and 4 g/kg of SP both increased
significantly compared with that fed with the HFD,
indicating that adding 2 and 4 g/kg of SP in the HFD
can improve the survival of zebrafish. Similar effect
has been found in golden pompano fed with konjac
glucomannan (Li et al. 2021b).

Long-term feeding of HFD will lead to disor-
der of synthesis and secretion of TG in the liver and
then affect the contents of TG and TC in serum (Ka
et al. 2020; Liu et al. 2021). Therefore, the levels of
liver TG and serum TG and TC are the main indexes
to distinguish fatty liver in animals (Ka et al. 2020;
Liu et al. 2021). In this experiment, TG level in the
liver of zebrafish in the HFD group was significantly
higher than that in the RD group. The result indicated
that HFD caused lipid accumulation in the liver of
zebrafish. Moreover, in the RD group, hepatocytes of
zebrafish were closely arranged, with clear bounda-
ries. However, in the HFD group, hepatocytes of
zebrafish were loosely arranged, with unclear bound-
aries. Interestingly, adding 2 and 4 g/kg of SP in the
HFD significantly reduced the TG levels in the liver
and the TG and TC levels in the serum of zebrafish.
These results indicated that dietary SP reduced lipid
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accumulation in the zebrafish caused by HFD. Simi-
lar results also have been reported in other polysac-
charides, such as that pomelo fruitlet polysaccharide
reduced lipid deposition in whole body and hepato-
cytes and ameliorated diet-induced nonalcoholic fatty
liver disease in hybrid grouper (Zou et al., 2021),
and Cichorium intybus polysaccharide significantly
reduced the TC and TG of zebrafish and prevent liver
steatosis (Li et al. 2018), although the mechanism has
not been clearly explained.

To further explore the lipid reducing mechanism
of SP, changes in mRNA levels of genes related to
lipid metabolism in the liver of zebrafish were deter-
mined. AMPK is a key regulator of lipid metabolism
in animals including fish (Herzig and Shaw 2018;
Ran et al. 2021). Activation of AMPK activates
CPT-1 and prompts fatty acid decomposition and
down-regulates the expression of lipogenic genes,
such as ACC1 and FAS (Herzig and Shaw 2018;
Liu et al. 2021). Transcriptional effects of AMPK
also participate in redirecting metabolism towards

Fig. 2 Heatmap of Spear-
man’s correlation between

increased catabolism (Garcia and Shaw 2017; Zou
et al. 2021). In this study, HFD depressed the expres-
sion of AMPKal in the liver of zebrafish compared
with RD. And the mRNA expression levels of genes
involved in lipid decomposition, such as PPARa,
ATGL, LPL, and CPT-1 in the liver of zebrafish fed
with the HFD, also exhibited decreasing trends com-
pared with those fed with the RD. However, 4 g/kg
of dietary SP significantly up-regulated the expres-
sion levels of AMPKal, AMPKa2, PPARa, LPL,
and CPT-1 in the liver of zebrafish compared with
those fed with the HFD. And the expression levels of
AMPKal, AMPKa2, ATGL, LPL, and CPT-1 in the
liver of zebrafish fed with HFD added with 2 g/kg
of SP also showed increasing trends compared with
those fed with HFD, even though there were no sig-
nificant differences observed. Moreover, the correla-
tion analysis result showed that the expression levels
of AMPKal, ATGL, and PPARa were negatively cor-
related (P <0.05) with the liver TG levels (Fig. 2).
Those results indicate that dietary SP can regulate the
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transcription levels of AMPKa and its downstream
genes and consequently reduce the lipid accumula-
tion caused by HFD in zebrafish. And this conclu-
sion was supported by the study in grouper in which
lipogenesis-related genes were down-regulated while
lipolysis-related genes were up-regulated by pomelo
fruitlet polysaccharide via AMPK (Zou et al. 2021).
Interestingly, it has been reported that sea buckthorn
freeze-dried powder down-regulates lipogenic related
genes, including SREBP-1c¢, ACC, and SCDI, and
up-regulates fatty acid oxidation related genes, such
as HSL and CPT-1, thus effectively reducing the lipid
deposition in mice (Guo et al. 2020). Hence, the SP
may be the main component in sea buckthorn fruit to
reduce lipid accumulation in zebrafish.

Dietary SP alleviated oxidative stress and
inflammation in the liver of zebrafish induced by
HFD

Long-term ingestion of HFD will not only cause
excessive lipid accumulation in the body, but also
cause liver damage (Li et al. 2021b; Zhang et al.
2019). Serum ALT and AST levels are important
indicators for detecting liver function. When liver
injury occurs, the contents of these two enzymes
in serum will increase (Li et al. 2021b; Zhang et al.
2019). In this experiment, serum AST and ALT lev-
els of zebrafish in the HFD group were significantly
higher than those in the RD group, indicating the
liver injury caused by HFD. However, adding 2 and
4 g/kg SP in HFD significantly reduced the AST and
ALT levels in serum of zebrafish, which indicates that
the SP can alleviate the liver injury caused by HFD in
zebrafish. Zou et al. (2021) found that pomelo fruitlet
polysaccharide significantly reduced ALT and AST
levels in hepatocytes of hepatic steatosis model of
grouper, which is similar to the results of this study.
The damage of liver (increased ALT and AST
levels) may be related to oxidative stress induced
by HFD (Kowalczyk et al., 2021). Therefore, in this
study, we detected the activity of major antioxidant
enzymes, i.e., SOD, expression levels of antioxidant
related genes, and contents of product of lipid per-
oxidation, i.e., MDA in the liver of zebrafish. HFD
caused a significant decrease in SOD activity and
expression levels of antioxidant related genes, includ-
ing Nrf2 and Cu/Zn-SOD in the liver of zebrafish, and
led to the significant increase in MDA content in the

liver, indicating that HFD induced oxidative damage
in the liver. This may be the important reason for the
increase of ALT and AST levels in serum of zebrafish
fed with HFD. Interestingly, adding 2 and 4 g/kg SP
in HFD significantly up-regulated the expression lev-
els of Nrf2 and decreased the MDA content in the
liver of zebrafish. Moreover, the correlation analysis
result showed that the AST and ALT levels in serum
were negatively correlated (P <0.05) with the expres-
sion levels of Nrf2 and CAT in the liver (Fig. 2).
These results indicate that SP can protect the liver
of zebrafish from oxidative damage induced by HFD
through up-regulating antioxidant related genes. This
positive effect of polysaccharide was also reported by
Zhang et al. (2021) in which Lycii fructus polysaccha-
ride increased SOD activity and reduced MDA levels
and reversed the abnormal oxidative stress through
inhibition of mitochondrial-mediated apoptotic path-
way in zebrafish.

Furthermore, it is widely accepted that inflamma-
tion is a key factor that causes liver damage, and HFD
results in inflammation (Liu et al. 2022; Arias-Jayo
et al. 2018). And anti-inflammatory effects of natural
polysaccharides also have been reported in previous
studies (Hou et al. 2020; Zou et al. 2021; Moham-
madi et al. 2022). Hence, in this study, the expres-
sion of genes involved in inflammation in the liver
of zebrafish were further detected. Compared with
the RD, HFD significantly depressed the expression
of anti-inflammatory factors, i.e., IL-10 in the liver
of zebrafish, but up-regulated the expression of pro-
inflammatory factors, such as P38 MAPK and IL-1p
in the liver of zebrafish, which indicate the increased
inflammation in the liver of zebrafish induced by
HFD. However, 4 g/kg of dietary SP significantly up-
regulated the expression levels of IL-10 and TGF-p1,
but significantly depressed the expression levels of
P38 MAPK, IL-8, and IL-1p in the liver of zebrafish
compared with those fed with HFD. And 2 g/kg of
dietary SP significantly depressed the expression lev-
els of P38 MAPK in the liver of zebrafish compared
with those fed with HFD. These results indicate that
dietary SP can alleviate inflammation in the liver of
zebrafish induced by HFD. And this positive effect
was supported by study of Zou et al. (2021) in which
pomelo fruitlet polysaccharide ameliorated high lipid-
induced in inflammatory responses in hybrid grouper.
In addition, the liver TG levels were positively cor-
related (P<0.05) with the expression levels of a
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«Fig. 3 Effects of dietary SP on gut microbiota in zebrafish
fed with HFD (n=3). a Venn diagram of unique OTUs. Alpha
diversity: b Chaol, ¢ Shannon, and d Simpson. Beta diversity:
e PCoA

proinflammatory factor, i.e., P38 MAPK in the liver
of zebrafish (Fig. 2). Moreover, the expression levels
of a proinflammatory factor, i.e., IL-1f in the liver
of zebrafish, were positively correlated (P <0.05)
with the serum AST. But the expression levels of
anti-inflammatory factors including /L-10 and TGF-
plin the liver of zebrafish were negatively correlated
(P<0.05) with the serum AST (Fig. 2). Those results
indicate that SP can depress inflammatory response
and consequently alleviate liver injury induced by
HFD in zebrafish. Oxidative stress induced by exces-
sive lipid accumulation in tissues of fish fed HFD
induces inflammatory responses (Xie et al. 2020).
Hence, the suppressed oxidative stress by SP may be
the important reason for the reduced inflammatory
responses in the liver of zebrafish.

Dietary SP alleviates oxidative stress and
inflammation in intestine of zebrafish induced by
HFD

It has been reported that 0.01% Astragalus polysac-
charide improved the genes expression of SOD, GST
and GPx in zebrafish intestine (Li et al. 2021a). In
this study, the mRNA expression levels of Nrf2, Cu/
Zn-SOD, and CAT in the intestine of zebrafish fed
with HFD did not significantly change compared with
that fed with RD. However, 2 g/kg of dietary SP sig-
nificantly up-regulated the expression levels of Nrf2
and CAT in the intestine of zebrafish compared with
the zebrafish fed with the HFD, and 4 g/kg of dietary
SP also promoted transcription of Nrf2 and CAT in
the intestine of zebrafish, although it did not reach
a significant level, indicating dietary SP can protect
intestine from the oxidative stress by up-regulating
antioxidant related genes.

Furthermore, studies have shown that prolonged
exposure of HFD can perturb immune homeostasis,
inducing intestinal inflammation in mammal and fish
(Devkota et al. 2012; Liu et al., 2022). As such, we
further determined the gene expression of inflamma-
tory factors in the intestine. The results revealed that
compared with the RD, HFD significantly up-regu-
lated the expression of /L-8 and IL-1p in the intestine

of zebrafish. However, 2 or 4 g/kg of dietary SP sig-
nificantly depressed the expression levels of /L-8 and
IL-1f§ in the intestine of zebrafish, indicating that
dietary SP can alleviate inflammation in intestine of
zebrafish caused by HFD. It has been reported that
SP alleviated LPS-induced inflammation in IPEC-J2
cells by inhibiting the MAPK/NF-«B signaling path-
way (Zhao et al. 2020). Hence, the way of SP allevi-
ates intestinal inflammation needs to be further tested.

Besides, gut dysbiosis caused by HFD might sub-
sequently aggravate the destruction of the mucus
barrier and increase epithelial permeability of the
small intestine (Kangwan et al. 2021). In this study,
HFD did not significantly regulate the expression of
Claudin-3c¢ and Occludin in the intestine of zebrafish,
which needs further verification. However, 4 g/kg
of dietary SP significantly up-regulated the expres-
sion levels of Occludin in the intestine of zebrafish,
indicating that 4 g/kg of dietary SP might improve
intestinal health by decreasing epithelial permeability.
Similarly, it has been reported that 0.01% Astragalus
polysaccharide up-regulated the expression of Occlu-
dinl in intestine of zebrafish (Li et al. 2021a). But its
mechanism needs further exploration.

Dietary SP normalizes intestinal microbiota
imbalance that induced by HFD in zebrafish

Intestinal microbiota is closely related to the nutri-
tion, metabolism, and immunity of the host (Arias-
Jayo et al. 2018; Liu et al. 2022). And dietary lipid
levels affect the composition and quantity of intesti-
nal flora (Bisanz et al. 2019). In this study, the domi-
nant flora in intestine of zebrafish are Proteobacteria,
Planctomycetes, and Actinobacteria, which are dif-
fered from mammals (Bisanz et al. 2019; Tian et al.
2021). This is similar to other studies on grass carp
(Liu et al. 2022), but the composition and abundance
of intestinal flora of different fish are still different,
which may be related to the experimental environ-
ment, fish species, and feeding habits.

Furthermore, HFD induces intestinal dysbiosis
encompassing changes in composition balance and
massive redistribution with bacteria (Arias-Jayo et al.
2018; Liu et al. 2022). And Cistanche deserticola pol-
ysaccharide can increase the beneficial flora and regu-
late the diversity of intestinal flora (Fu et al. 2020).
In this study, there were no significant differences in
Chaol, Simpson, and Shannon indexes of intestinal

@ Springer



1730 Fish Physiol Biochem (2022) 48:1717-1735

a Phylum

[ T T 1 I T T T T
0.15 0.10 0.05 0.00 20 40 60 80 100

g

Chlamydiae
Acidobacteria
Patescibacteria

Canddatus_Saccharibacteria
unclassified
Cyanobacteria

SECEEERIERAEN

HFD

Spirochaetes

HFD_4SP

RD

[=}

Bray-Curtis distance Relative abundance

b Genus

Roseomonas

Pseudomonas

Arenimonas
Alphaproteobacteria_unclassified
Sandaracinobacter

Rhodobacter
Planctomycetales_unclassified

Gemmataceas_unclassified
Plesiomonas
Nocardia

- Rhodobacteraceae_unclassified

HFD_4SP

Ralstonia

Nitrospira

Pirellula
Candidatus_Alysiosphaera
JG30-KF-CM45_unclassified
IMCC26256_unclassified
Mycobacterium
OMBOMNORS)_clade
Pird_lineage

EEENEEESE

HFD

Sphingomonas
Cetobacterium

Rhizobacter

Craurococcus.
Novosphingobium

Leucobacter

Nitrosomonas

Roseimicrobium
Acetobacteraceas_unclassified
oLe12

Others

EANERIE WEEENRE

HFD_2SP

RD

| RN I N R RN R | r T T T T 1
035 0.25 0.15 0.0 0 20 40 60 80 100

Bray-Curtis distance Relative abundance

@ Springer



Fish Physiol Biochem (2022) 48:1717-1735

1731

«Fig. 4 Effects of dietary SP on the species composition of gut
microbiota in zebrafish fed with HFD at a phylum and b genus
levels (n=3)

flora in zebrafish in each group, which indicated that
HFD and HFD added with SP did not change o diver-
sity of intestinal flora in zebrafish. This is similar to
the study in which the consumption of HFD did not
affect the total number of bacterial copies and a diver-
sity of zebrafish larvae (Arias-Jayo et al. 2018). How-
ever, the B diversity of intestinal flora in zebrafish was
regulated by the HFD and dietary SP. PCoA analy-
sis showed that the species composition of intestinal
flora of zebrafish in the HFD group showed distinct
differences with that in the RD group. Similar results
have been reported both in zebrafish and grass carp
(Arias-Jayo et al. 2018; Liu et al. 2022).

Moreover, studies have shown that dietary sup-
plements can alter the lipid metabolism and inflam-
mation through intestinal microbiota. The sea buck-
thorn freeze-dried powder alleviated HFD-induced
obesity by regulating the gut microbiota in mice (Guo
et al. 2020). And Astragalus polysaccharides modu-
late intestinal microbiota in grass carp (Ctenophar-
yngodon idellus) (Shi et al. 2021). In this study, the
composition of intestinal microbiota of zebrafish in
HFD_2SP and HFD_4SP groups was markedly dif-
ferent from the HFD group, indicating that dietary SP
normalized intestinal microbiota imbalance that was
induced by HFD in zebrafish (Figs. 3a and 4). And
the normalized intestinal microbiota by dietary SP
might contribute to the regulation of lipid metabolism
and inflammation in zebrafish fed with HFD.

Particularly, Mycobacterium has been reported as
a pathogenic bacteria, which causes mycobacteriosis
in a wide range of animals including fish (Machida
et al. 2021; Mugetti et al. 2020). In this study, HFD
increased the abundance of Mycobacterium in the
intestine of zebrafish, indicating that HFD stimulates
the proliferation of harmful bacteria in zebrafish.
The correlation analysis showed that the abundance
of Mycobacterium was negatively correlated with
the gene expression levels of triglyceride hydrolase,
i.e., ATGL in the liver, and proinflammatory factor,
i.e., TGF-pA1 in intestine, indicating Mycobacterium
might be a harmful bacteria to inhibit fat decompo-
sition and promote intestinal inflammation (Fig. 5 a
and b). However, 2 and 4 g/kg of dietary SP reduced
the abundance of Mycobacterium in the intestine of

zebrafish, indicating that dietary SP might inhibit the
proliferation of harmful bacteria and consequently
reduce the lipid accumulation and inflammation
induced by HFD in zebrafish.

To our surprise, the abundance of Cefobacterium
which has been reported as a beneficial bacteria in
fish (Xie et al. 2021; Wang et al. 2021a) markedly
increased in the intestine of zebrafish in HFD_2SP
and HFD_4SP groups compared with the HFD group.
Moreover, the correlation analysis showed that the
abundance of Cetobacterium was negatively corre-
lated with serum TG, TC, and ALT levels, and the
expression level of P3SMAPK in the liver, but posi-
tively correlated with the expression level of CAT in
intestine (Fig. 5 a and b), indicating that Cetobacte-
rium are beneficial bacteria to reduce the lipid depo-
sition and alleviate HFD induced liver inflammation
in fish. This conclusion also can be supported by Xie
et al. (2021) in which Cetobacterium somerae fer-
mentation product can improve gut and liver health
of common carp and decrease lipid deposition in the
liver. In addition, study has reported that exogenous
Cetobacterium somerae could increase the level of
intestinal short chain fatty acids (SCFAs), such as
acetate, propionate, and butyrate, which has been
reported as a medium in intestine-liver axis to regu-
late liver metabolism (Albillos et al. 2020; Ringseis
et al. 2020). Hence, the increased Cetobacterium
by dietary SP also might prompt the production of
SCFAs in the intestine of zebrafish and participate in
metabolic and immunity regulation of zebrafish fed
with HFD, which is worth further exploration.

Conclusion

This study explored the beneficial effects of dietary
SP on lipid metabolism, liver, and intestinal health
in zebrafish fed with HFD. And the results revealed
that 2 or 4 g/kg SP significantly reduced lipid accu-
mulation, alleviated inflammation and oxidative
stress induced by HFD in zebrafish, and consequently
improved the survival rate of zebrafish. These posi-
tive effects might be owing to the normalization of SP
on the imbalance of intestinal microbiota caused by
HFD through inhibiting the proliferation of harmful
bacteria and stimulating the proliferation of beneficial
bacteria.
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Fig. 5 Heatmap of Spear-
man’s correlation between
the abundance of gut
microbiota (at the genus
level) and a the biochemi-
cal index, expression levels
of genes involved in lipid
metabolism, and b the
expression levels of genes
involved in inflammation,
oxidative stress, and tight
junction. The intensity

of the colors represented
the degree of association
(red, positive correlation;
blue, negative correlation).
Significant correlations
are marked by *P <0.05;
**P<0.01
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