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Dietary Supplementation of Bile
Acids in Tongue Sole (Cynoglossus
semilaevis): A Promising Strategy to
Improve Hepatic Health Status

Shengpeng Wang T Wei Zhang *, Aizhi Cao, Zhongchao Pan™ and Tailiang Liu*

Dezhou Key Laboratory for Applied Bile Acid Research, Shandong Longchang Animal Health Product Co., Ltd., Dezhou, China

A 10-week feeding trial was conducted to investigate the beneficial effects of bile acids
(BAs) on hepatic health status in tongue sole (Cynoglossus semilaevis). Three
experimental diets were prepared with different levels of BA inclusion in the commercial
basal diet: control group (CT: 0 mg/kg basal diet), low-level group (BA1: 300 mg/kg basal
diet), and high-level group (900 mg/kg basal diet). At the end of the feeding trial, growth
performance and survival rate were measured, as well as numerous physiological and
biochemical parameters of the liver, including four hepatic function indices, five antioxidant
indices, five lipid metabolism parameters, and three digestive enzyme activities. Moreover,
the mRNA expression levels of three growth-related genes and three immune-related
genes in the liver were assayed. Results showed that growth performance and survival
were substantially improved in both low- and high-level BA inclusive groups. Further, the
tested liver physiological and biochemical parameters combined with the quantitative real-
time PCR results revealed enhanced antioxidant capacity, energy metabolism, digestive
ability, and immune response. Finally, these findings provide a wider spectrum of the
beneficial effects of dietary BAs on liver health in tongue sole.

Keywords: hepatic health, antioxidant capacity, immune response, digestive enzyme activity, hepatic function

INTRODUCTION

Bile acids (BAs), synthesized from cholesterol in the liver, can act as emulsifiers to promote lipid
digestion and absorption in animals (Hofmann et al., 2010). Other roles of BAs include enhancing
glucose absorption and transport, regulating cholesterol levels, and modulating the immune
response in the liver and intestine (Houten et al., 2006; Nguyen and Bouscarel, 2008; Fiorucci
et al., 2010; Fiorucci and Distrutti, 2015; Xie et al., 2021; Fu et al., 2022; Xu et al., 2022). International
research on the BAs as feed additives in livestock and poultry started in the 1970s, and BAs were
soon used in aquaculture species in the 1980s. In China, BA-related products have been proved as
animal feed additives since 2014 by the Ministry of Agriculture.

Indeed, BAs as feed additives have shown much effectiveness in solving a series of adverse effects
caused by unbalanced diets or antinutritional factors in feeds (e.g., high lipid diets, high starch diets, and
high plant protein-based diets) (Romano et al., 2020). Recently, the beneficial effects of dietary BAs on
liver health have been investigated in many aquaculture species. New studies have shown remarkable
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promise to enhance liver health and then further improve
productivity by dietary BA supplementation in fishes, including
large yellow croaker (Larimichthys crocea) (Ding et al., 2020), tiger
pufferfish (Takifugu rubripes) (Liao et al., 2020), largemouth bass
(Micropterus salmoides) (Yu et al., 2019; Guo et al., 2020; Yin et al.,
2021), black seabream (Acanthopagrus schlegelii) (Jin et al., 2019),
tilapia (Oreochromis niloticus) (Jiang et al., 2018), and grass carp
(Ctenopharyngodon idella) (Zhou et al., 2018).

The liver has long been acknowledged as one of the essential
metabolic organs and is extensively involved in maintaining
normal energy metabolism in the body through sophisticated
processes, such as lipid digestion, glucose homeostasis, and
antioxidant defense (McBride and Kelly, 1990; Li et al., 2012;
Wu et al,, 2013; Xie et al., 2016). Further, the liver is the major
lymphoid organ containing many innate immune effectors that
undertake immune defense when exposed to infectious diseases
in teleost (Zapata et al., 2006). Thus, a good physiological status
of the liver contributes to building the hepatic antioxidant and
immune defense system, which is significantly important for
health maintenance.

In view of these perspectives, it is a salient interest point to reveal
the beneficial effects of BAs on the fish hepatic status by dietary
supplementation. However, studies focused on this field are still
scarce in aquaculture species, especially in flatfishes. Tongue sole
(Cynoglossus semilaevis) is an important flatfish that is of high
economic values and widely cultured in coastal areas in China (Li
et al.,, 2020; Li et al., 2021b; Li et al., 2021¢; Li et al.,, 2021d). The
objectives of this study were mainly focused on the effect of BA
administration on liver health. Numerous parameters, including
growth performance, physiological and biochemical indices of the
liver, and immune gene expression levels, were investigated by
dietary BA inclusion through a 10-week feeding trial using tongue
sole juveniles. This research sheds light on a potential strategy for
improving hepatic health status in tongue sole.

METHODS AND MATERIALS

Experimental Diet Preparation

In this study, a diet formulated containing ~53% crude protein, ~8%
crude fat, ~3% crude fiber, and ~16% crude ash was used as the
basal diet in the control group (CT), while the other two
experimental diets were formulated by adding 300 (BA1) and 900
mg/kg (BA2) of BAs (Longchang Group, China; purity 99%;
containing 69.9% hyodeoxycholic acid, 18.9% chenodeoxycholic
acid, and 7.8% hyocholic acid) to the basal diet. The additive
contents of BAs were determined according to previous studies
(Li et al., 2021a). The compound of BAs was extracted from viscera
of animals like livestock and poultry by our group. The
experimental diets were commercially manufactured by our
partner (Sangtong Bio-engineering (Weifang) Co. Ltd, Weifang,
China), and the main ingredients and proximate compositions of
the basal diet are as described in previous studies (Li et al., 2021e).

Feeding Trial
Juvenile tongue sole fish were obtained from a flatfish
aquaculture company in Tangshan, China. After a 15-day

acclimation (fed with a control diet), fish were randomly
distributed to nine rearing tanks (1 m>), each tank has 180
(Np) individuals, and each group has three triplicate tanks. Then
fish were hand-fed to apparent satiation with an amount of 1%-
2% of wet body weight twice daily at 06:00 and 18:00 for 10
weeks. For each meal, in most cases, there were little feed
residuals within 0.5 h after feeding, but residuals would be
eaten up in the extended 0.5 h. The daily amount was fine-
tuned weekly according to the total wet weight of the fish in each
tank. Throughout the whole experimental period, the
physicochemical parameters of water were as follows:
temperature 22.5°C-23.5°C, salinity 26%0-30%o, pH 7.6-8.3,
ammonia nitrogen <0.06 mg/L, dissolved oxygen 6-8 mg/L,
and daily water exchange rate 500%.

Growth Performance Measurements

At the beginning and end of the feeding trial, 30 individuals from
each tank were randomly selected and measured after 24-h
starvation to obtain the initial body weight (BWi) and final
body weight (BWf). The survival fish (N;) of each tank were
counted at the same time. The weight gain rate (WGR), specific
growth rate (SGR), hepatosomatic index (HSI), and survival rate
(SR) are calculated as follows: WGR = Bug;\gm x 100 %; HSI =

liver weight . _ loge(BWf)/;lfge(BWi) i M
WXIOO%,SGR—(B day. —1))(100, SR—WX
100 %. Herein, the BWi is the average of the initially measured
body weight of 30 individuals.

Sample Collection

At the end of the feeding trial, fish were fasted for 24 h, and then
10 fish from each tank were randomly selected and anesthetized
with MS-222 (30 mg/L) for sampling. Briefly, the body weight of
10 fish from each tank was individually measured, and then the
whole liver of each fish was dissected and measured for weight
promptly. After that, three of these liver samples from each tank
were divided in half, separately pooled in 2 ml of sterilized
RNase-free tubes, immediately frozen in liquid nitrogen, and
then stored at —80°C for later use. All the scientific activities were
performed in accordance with the protocols and guidelines
approved by the Care and Use of Laboratory Animals of
Shandong Longchang Animal Health Product Co., Ltd.

Physiological and Biochemical

Indices in Liver

Four hepatic function indices, five lipid metabolism parameters
in the liver, five antioxidant parameters in the liver, and three
digestive enzyme activity indices in the liver were assayed by
commercial kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions.
The detailed parameters are listed in Table 1.

RNA Isolation and Quantitative Real-Time
PCR Analysis

For detecting the immune responses in the liver, the expression
levels of three immune-related genes (i.e., IL-8, TGF-B1, and
TNF-0) and three growth-related genes (insulin-like growth
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TABLE 1 | The assayed hepatic parameters in this study.

Item Index (activity or content) Version
Hepatic function Urea nitrogen (UN) C013-2-1
Albumin (ALB) A028-2-1
Alanine transaminase (ALT) C009-2-1
Aspartate aminotransferase (AST) C010-2-1
Antioxidant index Superoxide dismutase (SOD) A001-3-2
Catalase (CAT) A007-2-1
Total antioxidant capacity (TAOC) A015-2-1
Glutathione peroxidase (GSH-PX) H545-1-2
Malondialdehyde (MDA) A003-3-1
Lipid metabolism Total bile acid (TBA) E003-2-1
Triacylglycerol (TG) A110-1-1
Total cholesterol (TC) A111-1-1
High-density lipoprotein cholesterol (HDL-C) A112-1-1
Low-density lipoprotein cholesterol (LDL-C) A113-1-1
Digestive enzyme Protease A080-2-2
Lipase A054-1-1
Amylase C016-2-1

factor (IGF-I), FAS, and G6PD) were analyzed by qRT-PCR.
Total RNA of liver samples was extracted using TRIzol Reagent
(Takara, Maebashi, Japan) according to the manufacturer’s
instructions. The RNA quality and quantity were determined
by agarose gel electrophoresis (1.5%) and spectrophotometric
analysis (Nanodrop 2000, Thermo Fisher Scientific, Waltham,
MA, USA). Then RNA samples were reversely transcribed into
complementary DNA for qRT-PCR analysis using Servicebio®
RT reagent kit with gDNA Eraser (Servicebio, Wuhan, China).
Primers were designed by Premier 5.0 and listed in Table 2. -
Actin gene has been validated as a stable internal reference gene
and is widely used in various tissue samples of tongue sole (Li
et al,, 2010). The qRT-PCR amplification was performed based
on QuantStudioTM 5 system (Thermo Scientific, USA). The
detailed reaction system and programs were described by Wei
et al. (2019). The gene expression levels were normalized by the
2724CT method (Livak and Schmittgen, 2001), and the CT was
used as the reference group.

Statistical Analysis

Data were shown as mean + SE. Data expressed in percentage
were arcsine square-root transformed and followed by one-way
ANOVA to determine significant differences in various
parameter indices in R software (v4.1.0). Tukey’s test was used
for significance comparison between different dietary groups.
The significance level was set as p < 0.05.

RESULTS

Growth, Hepatosomatic Index, and Survival
The growth performance parameters, HSI, and survival rate are
presented in Table 3. The inclusion of BAs in diets substantially
enhanced the growth performance of tongue sole; parameters
including BWf, WGR, and SGR were significantly improved in
both BA supplementary groups, especially in the high addition
group (p < 0.05). In the BA1 group, the HSI increased slightly
(p > 0.05), while in the BA2 group, it was significantly improved as
compared to both the CT and BA1 groups. For SR, a significant
improvement was observed only in the BA2 group (p < 0.05).

Hepatic Function Index

Effects of dietary BAs on hepatic function indices are shown in
Table 4. The urea nitrogen (UN) content in the liver was only
significantly increased in the BA2 group (p < 0.05). Compared
with the CT group, the albumin (ALB) content in the liver was
significantly improved in both dietary BA supplementation
groups (p < 0.05). However, when BAs were added to the basal
diet, the hepatic alanine transaminase (ALT) activity decreased
dramatically (p < 0.05), where the value was the lowest in the
BA1 group, while for aspartate aminotransferase (AST) activity,
it significantly declined (p < 0.05) when 300 mg/kg of BAs
was added to the basal diet (BA1) and further slightly declined
(p > 0.05) when 900 mg/kg of BAs was added (BA2).

Lipid Metabolism in Liver
Five lipid metabolism-related parameters in the liver are
summarized in Table 5. The content of total bile acid (TBA)

TABLE 3 | Growth performance, hepatosomatic index, and survival of tongue
sole fed diets supplemented with bile acids for 10 weeks.

Group CT BA1 BA2

BWi (g) 13.02 + 2.38 13.12 + 2.40 13.15 + 2.40
BWf (g) 52.05 + 2.09° 60.40 + 2.65° 71.34 + 2,252
WGR (%) 299.80 + 10.57° 360.39 + 27.75° 44251 +12.15°
SGR 2.00 + 0.04° 2.20 + 0.09° 2.44 +0.03°
HSI (%) 1.01 +0.04° 1.03 + 0.03° 1.15 + 0.05°
SR (%) 92.18 + 1.07° 93.34 + 1.89% 96.64 + 0.442

Data are expressed as mean + SE (n = 3 for SR, n = 10 for HSI, and n = 90 for others).
BWi initial body weight; BWY, final body weight, WGR, weight gain rate; SGR, specific
growth rate; HSI, hepatosomatic index; SR, survival rate. CT, basal diet; BA1 and BA2, bile
acids were supplemented at the level of 300 and 900 mg/kg of basal diet.

abCyalues with different superscript letters in the same row show significant differences

(o < 0.05).

TABLE 2 | Primers used in quantitative real-time PCR (QRT-PCR).

Gene Forward primer (5'-3') Reverse primer (5'-3') Product length Accession no.

B-Actin CCAACAGGGAAAAGATGACC TTCTCCTTGATGTCACGCAC 304 NM_001308179

IL-8 CTGAAGGAATGAGCCTGAGAAGC TCACTTTCTTCACCCAAGGAGC 207 XM_025058206.1
TGF-B1 GATGTGACTGAGACCCTGCAGAAC TCCCAAAAGAGACCCCAGAGAT 142 XM_008308810.3
TNF-a. TGTGAGAGCGGCCATTCATT GGAACGACACCTGGCTGTAA 173 XM_008331806.3
IGF-I TGGGATGTTCTCAAGAGTGCG GGTTTGCTGAAATAAAAGCCTCTC 182 NM_001294198.1
FAS GCTGCTCAAGCCAAACACCT CCCTGCTCTTTGTAGCCGTCT 210 XM_008314383.3
G6PD TGCTCCCAGACAACACCTACTTT ACAATCACTCTGTTCCAGCCTCT 328 XM_008318150.3

Frontiers in Marine Science | www.frontiersin.org

May 2022 | Volume 9 | Article 899768


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al.

Dietary BAs in Tongue Sole

TABLE 4 | Effects of dietary bile acids on hepatic function indices of tongue sole.

Group CT BA1 BA2
UN (pmol/mg prot) 0.97 + 0.03° 1.10 = 0.02° 1.75 +0.012
ALB (1g/mg prot) 0.98 + 0.01° 1.46 + 0.012 1.42 +0.02°

171.58 + 2.03°
490.29 + 2.95°

152.08 + 0.89°
507.74 + 4.61°

191.28 + 1.57°
698.99 + 4.00%

ALT (U/g prot)
AST (U/g prot)

TABLE 6 | Effects of dietary bile acids on the activity levels of protease, lipase,
and amylase in liver in tongue sole.

Group CT BA1 BA2

Protease (U/mg prot) 4.00 + 0.05% 4.83 + 0.05° 6.18 + 0.04°
Lipase (mU/g prot) 96.69 + 1.74°  120.01 £1.11°  162.38 + 0.68°
Amylase (U/g prot) 6.71 + 0.04% 10.72 + 0.09° 15.39 + 0.21°

Data are expressed as mean + SE (n = 3).

CT, basal diet; BAT and BA2, bile acids were supplemented at the level of 300 and 900
mg/kg of basal diet; UN, urea nitrogen; ALB, albumin; ALT, alanine transaminase; AST,
aspartate aminotransferase.

abe\yalues with different superscript letters in the same row show significant differences

(b <0.05).

TABLE 5 | Effects of dietary bile acids on lipid metabolism in the liver in tongue sole.

Group CT BA1 BA2

TBA (umol/g prot) 12278 +0.73%  96.09 + 0.28°  124.15 + 1.73%
TC (umol/prot mg) 417 +0.04 2.24 +0.01° 3.21 +0.04°
TG (umol/mg prot) 0.94 +0.01° 1.01 +0.01° 1.14 + 0.02%
LDL-C (umol/mg prot) 1.46 + 0.01? 1.22 + 0.00° 1.49 + 0.03%
HDL-C (umol/mg prot) 0.92 + 0.00° 1.36 + 0.01° 1.64 + 0.02%

Data are expressed as mean + SE (n = 3).

CT, basal diet; BAT and BA2, bile acids were supplemented at the level of 300 and 900
mg/kg of basal diet; TBA, total bile acid; TG, triacylglycerol; TC, total cholesterol; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
ab\/alues with different superscript letters in the same row show significant differences
(p < 0.05).

declined significantly (p < 0.05) when a low amount of BA (300
mg/kg, BA1) was added to the basal diet, while the addition level
of BAs increased to 900 mg/kg basal diet (BA2), and it went up
the same level of the CT group. The content of total cholesterol
(TC) was significantly reduced (p < 0.05) in both BA
supplementary groups, where it was significantly lower in the
BA1 group than in the BA2 group (p < 0.05). The contents of TG
and HDL-C in the liver were significantly gradually improved
with the increase of BAs in the basal diet (p < 0.05). With the
increase of the BA addition, the content of LDL-C in the liver
showed first a significant decrease (BA1), followed by a
significant rise (BA2) close to the level in the CT group.

Digestive Enzyme Activity in Liver

The activities of protease, lipase, and amylase in the liver were all
gradually significantly boosted with the increase of BA inclusion
levels (p < 0.05) (Table 6).

Antioxidant Status in Liver

The antioxidative parameters in the liver are listed in Table 7. The
significantly improved superoxide dismutase (SOD) activity (p <
0.05) was only observed in high BA addition groups (BA2), and
the improvement in the BA1 group was negligible. Catalase (CAT)
activity and total antioxidant capacity (TAOC) content in the liver
significantly declined when 300 mg/kg of BAs was added to the
basal diet (BA1), and the values were further significantly reduced
in the 600 mg/kg supplementary group (BA2) (p < 0.05). The
activity of GSH-PX showed a significant decline in the low BA
supplementation group (BAl) compared to the control group

Data are expressed as mean + SE (n = 3).

CT, basal diet; BAT and BA2, bile acids were supplemented at the level of 300 and 900
mg/kg of basal diet.

ab\/alues with different superscript letters in the same row show significant differences
(o < 0.05).

TABLE 7 | Effects of dietary bile acids on liver antioxidant capacity in tongue sole.

Group CT BA1 BA2

0.426 + 0.002°

93.43 + 0.37°
249.23 + 2.04°
215.83 + 1.04°

37.28 + 0.26°

0.424 + 0.003°
124.45 + 1.29°2
283.43 + 1.40°
289.70 + 1.07°

50.28 + 0.872

SOD (U/ug prot)
CAT (U/mg prot)
TAOC (ng/g prot)
GSH-PX (mU/g prot)
MDA (pmol/ug prot)

0.633 + 0.007°

84.13 + 1.30°
194.48 + 3.58°
379.61 + 5.61°

22.75 + 0.32°

Data are expressed as mean + SE (n = 3).

CT, basal diet; BAT1 and BA2, bile acids were supplemented at the level of 300 and 900
mg/kg of basal diet; SOD, superoxide dismutase; CAT, catalase; TAOC, total antioxidant
capacity; GSH-PX, glutathione peroxidase; MDA, malondialdehyde.

abyalues with different superscript letters in the same row show significant differences
(o < 0.05).

(p < 0.05) but underwent a marked improvement in the BA2
group compared to the other two groups (p < 0.05). The content of
malondialdehyde (MDA) in the liver was significantly cut down
with the increase of dietary BA supplementation (p < 0.05).

Growth and Immune-Related Gene
Expression in Liver

Growth and immune gene expression levels in the liver are illustrated
in Figure 1. As shown in Figure 1, the mRNA expression level of
G6PD was significantly downregulated (p < 0.05) regardless of low

uCT mBAl mBA2
4.0 a
35
3.0
2.5
2.0
1.5 b

b
a a a c a
aby,

1.0 5 bb b . b c
0.5 = < -
0.0

IGF-I FAS G6PD  TNF-o TGF-B1 IL-8
Genes

4o

Rleative mRNA expression

FIGURE 1 | Growth and immune-related gene expression in the liver of
tongue sole fed a diet of BAs for 10 weeks. *>°Values with different superscript
letters in the same row show significant differences (o < 0.05). CT, basal diet;
BA1 and BA2, bile acids were supplemented at the level of 300 and 900 mg/kg
of basal diet.
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or high BA administration levels; the expression level of FAS was
dramatically downregulated in the BA2 group (p < 0.05), while in the
BA1 group, it showed an intermediate value (p > 0.05); however,
dietary BAs (both the BA1 and BA2 groups) significantly increased
the transcription of IGF-I (p < 0.05) when BAs were supplemented in
diets. With the increase of supplementation of BAs in the diet, the
hepatic mRNA expression levels of IL-8 and TNF-o were
significantly downregulated (p < 0.05), while the expression level of
TGF-B1 showed the opposite trend, which is significantly
upregulated in both BA inclusion groups compared to the CT
group (p < 0.05) (Figure 1).

DISCUSSION

Dietary Bile Acid Supplementation

Is an Alternative Strategy to

Boost Tongue Sole Farming

As previously mentioned, tongue sole is an important
aquaculture sector of flatfish production in China. Due to its
high nutritional value, tongue sole is one of the most expensive
aquaculture seafood in China. However, to a large extent, the
industrialization production of tongue sole was limited by its
susceptibility to bacterial diseases usually resulting in a low
survival rate under commercial rearing environments.
Therefore, improving fish welfare to ensure high productivity
by health management is of the highest priority. In this regard,
genetic improvement toward disease resistance has been
extensively studied by selective breeding geneticists with effort
(Lietal., 2019; Hu et al., 2020; Li et al., 2020; Song et al., 2020; Lu
et al,, 2021). Furthermore, in the long term, improving tongue
sole healthy status by functional feed additives (e.g., BAs)
inclusion is a practical and effective strategy to produce
fine crops.

In China, tongue sole feed has been well formulated and is
commercially produced by several renowned manufacturers. In
this study, to improve the formulation of tongue sole feeds and
provide first-hand data to feed manufacturers, we conducted this
fundamental research. Basically, these results will further boost
the tongue sole aquaculture industry in China. Overall, according
to our results, firstly, the growth performance of tongue sole was
substantially improved, as well as the survival rate, although the
experimental period is relatively short (only 10 weeks). These
results were consistent with those of previous studies on other
aquaculture species (Jiang et al., 2018; Zhou et al., 2018; Ding
et al., 2020; Guo et al., 2020). Therefore, an extensive
investigation of the beneficial effects of BAs on the hepatic
health status of tongue sole is of significance for future
health management.

Beneficial Effects of Bile Acid Inclusion on

Hepatic Function

The studied hepatic function indices were significantly enhanced
or declined with favorable trends. For example, ALT and AST as
the main indicators for evaluating hepatic function showed a
notable decrease, which implies an improvement status of the

liver because the reasonable decline of both parameters indicates
a mitigated liver degeneration and injury (Akrami et al., 2015).
Further, the abnormal fluctuations of lipid metabolism indices
(e.g., triacylglycerol (TG), TC, low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol
(HDL-C)) are considered underlying biomarkers of liver damage
(Chrostek et al., 2013; Helkin et al., 2016). Thus, the results of
assayed lipid metabolism parameters in this study may also
imply the ability of BAs to improve lipid metabolism status in
tongue sole. However, the increased or decreased contents of
lipid metabolism parameters in this study are not exactly the
same as in previous studies, which may be discussed case by case
because the species and experimental designs are quite different.

Moreover, the antioxidant enzymes are of significance to
protect cells and tissues from peroxidation, and they are
important indicators that can reflect growth performance and
the health status of the body (Mate, 2000; Jin et al., 2017). In this
study, significantly enhanced activities of SOD and GSH-PX and
lower contents of MDA in the liver were observed when BAs
were included in the basal diet, which agrees with previous
reports (Jin et al., 2019; Ding et al., 2020). On the contrary, the
CAT activity and TAOC content were significantly declined
when BAs were added, which are incompatible with the other
three studied antioxidant parameters, whereas relevant research
about the effect of dietary BAs on liver antioxidant capability is
very limited in other aquaculture species. Intensive studies
focused on the mechanism of liver antioxidants regulated by
dietary BA inclusion are needed.

Beneficial Effects of Bile Acid Inclusion on
Digestive Ability and Immune Response

As we previously mentioned in the Introduction section, the liver
is an important organ that plays key roles in food digestion and
immune response. In the present study, the activities of protease,
lipase, and amylase in the liver were significantly improved in
both low and high BA supplementation levels. To a large extent,
these findings are in accordance with previous studies (Adhami
et al, 2017; Zhou et al, 2018; Ding et al., 2020). Thus, the
increased digestive enzyme activity may be a rational explanation
for the healthy growth performance of tongue sole. This was
corroborated by the upregulation of IGF-I with BA
administration. Moreover, interestingly, the other two hepatic
fatty acid regulatory enzymes (G6PD and FAS) were
downregulated. Previous studies reported that the expression
level of FAS was positively correlated with TC content in the
body (Semenkovich, 1997; Leng et al., 2012). As indicated in this
study, the hepatic TC content and FAS expression shared a
consistent downtrend. The substantially decreased expression
levels of FAS and G6PD may result in the decelerated
accumulation of lipid in the liver and may also imply a
reduced risk of fatty liver disease.

TGF-P1, TNF-o, and IL-8 are major cytokines extensively
involved in pro-inflammatory reactions, innate immune responses,
and wound repair processes (Secombes et al., 2001; Willuweit et al.,
2001; Moldoveanu et al., 2009; Atiba et al., 2011; Cho et al., 2011),
where the higher expression level of TGF-1 means an accelerated
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wound healing and reduced tissue damage, and the lower
expression levels of TNF-o and IL-8 indicate the decreased
inflammatory responses. In this study, the expression level of
TGF-B1 in the liver was significantly upregulated, and the
expression levels of TNF-o. and IL-8 were significantly
downregulated with dietary BA addition. These findings were
consistent with those in tilapia when guanidinoacetic acid was
included in the diets (Aziza et al., 2020).

CONCLUSION

This study concludes that dietary BA supplementation in tongue
sole markedly improved the health status of the liver. The
physiological and biochemical indices closely related to growth,
lipid metabolism, immune, and antioxidants were markedly
improved. The analytical results revealed well energy
metabolisms and immune responses in the liver and finally
explained the prominently improved growth performance and
survival rate. This study provides a wider spectrum of the
beneficial effects of dietary BAs on liver health in tongue sole.
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