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Lycium barbarum polysaccharides (LBP) are bioactive compounds possessing potent
immunomodulatory, antioxidant, and intestinal health-regulating properties. Although
extensively applied in terrestrial livestock, their effects on aquaculture species remain
underinvestigated. This study evaluated the impact of dietary LBP on growth
performance and physiological responses in obscure puffer (Takifugu obscurus). A 56-day
feeding trial was conducted using experimental diets containing 0 (control), 0.5, 1.0, 1.5,
and 2.0 g/kg LBP. Dietary LBP supplementation significantly enhanced growth
performance (P < 0.05). In the 1.0 g/kg (L2) group, intestinal fold length was significantly
increased, hepatic activities of antioxidant enzymes—total superoxide dismutase (T-SOD)

and catalase (CAT)—together with plasma activities of immune-related
enzymes—alkaline phosphatase (AKP) and acid phosphatase (ACP)—were significantly
elevated (P < 0.05). CAT activity reached its highest level in the L2 group, while hepatic
malondialdehyde (MDA) was significantly reduced (P < 0.05). Furthermore, digestive
enzyme activities, specifically lipase (LIP) and amylase (AMS), were significantly
potentiated. Furthermore, dietary LBP altered the intestinal microbial community

structure, with a reduced relative abundance

of Pseudomonadota, which was lowest in

the L2 group. Quadratic regression analysis of growth parameters indicated that the
optimal dietary LBP requirement for T. obscurus was approximately 1.235 g/kg. These
findings suggest that dietary LBP supplementation can enhance growth performance,
antioxidant status, immune response, and intestinal morphology in T. obscurus and may
help maintain intestinal microbial homeostasis, highlighting its potential as a functional

feed additive in aquaculture.

1. INTRODUCTION

The obscure puffer (Takifugu obscurus) is a commercially
significant species extensively cultivated in regions such as
Jiangsu Province, China.l It is highly valued for its high
nutritional profile, palatable flesh, and relatively low
tetrodotoxin content compared to other pufferfish species.2
Over the past decades, T. obscurus production in China
has grown rapidly. Statistics reveal that farmed pufferfish
output reached approximately 11,830 tons in 2022—repre-
senting a 958% increase from 2005.3 This growth has been
attributed to advancements in dietary formulations, pro-

cessing technologies, and the development of low-toxicity
strains.4 Despite these improvements, intensive aquacul-
ture practices have exacerbated challenges associated with
high-density culture systems, and frequent disease out-
breaks and immunosuppression remain major constraints
to the sustainable development of T. obscurus aquaculture.>
Conventional disease management strategies rely heavily
on broad-spectrum antibiotics, which compromise the sus-
tainability of T. obscurus farming and create significant
food safety risks and antimicrobial resistance. In 2024, the
World Health Organization (WHO) emphasized that the
prudent use of antibiotics is crucial for ensuring aquacul-
ture sustainability and safeguarding public health.® Accord-
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ingly, the development of eco-friendly and safe alternatives
has become an urgent priority.

Innovative feed additives represent a promising strategy
to address these challenges. Significant advancements have
already been made within the aquaculture industry. Nu-
merous studies have demonstrated that polysaccharide-
based additives improve the growth performance of aquatic
species and enhance immune function and antioxidant ca-
pacity.”  Polysaccharides are high-molecular-weight
biopolymers consisting of monosaccharide units linked via
glycosidic bonds.8 They are widely distributed natural com-
pounds derived from plant tissues, characterized by envi-
ronmental sustainability, negligible residues, and diverse
bioactivities, making them a focal point in feed additive re-
search. Botanical polysaccharides have been shown to stim-
ulate growth and enhance nonspecific immunity,? as well as
improve hepatic health!0 and intestinal barrier integrity.!1
However, their application in aquaculture remains rela-
tively limited, and the mechanisms of action and optimal
inclusion levels for specific species are not yet fully un-
derstood. Lycium barbarum, a traditional medicinal herb, is
widely distributed across Asia and has been traditionally
used as a functional nutraceutical.l2 This plant contains
numerous bioactive compounds, such as polysaccharides,
flavonoids, and carotenoids. Among these, Lycium bar-
barum polysaccharides (LBP) are the principal bioactive
components responsible for its therapeutic effects.!3 Ex-
tensive research has demonstrated that LBP exhibits potent
antioxidant,!4 anti-inflammatory, and anti-tumor activi-
ties.1> In fish species such as Lateolabrax maculatus,!!
Cyprinus carpio,'® and Luciobarbus capito,}* dietary LBP
supplementation has been shown to improve growth per-
formance and enhance disease resistance. It also amelio-
rates intestinal inflammation!! and regulates lipid metabo-
lism.17 However, the optimal dietary inclusion levels of LBP
vary considerably among species, necessitating species-
specific evaluation.

During their evolution, teleost fish have developed an in-
testinal microbiota that plays a critical role in host phys-
iology. Functional microbial strains are positively associ-
ated with fish growth.18 LBP have been shown to modulate
the gut microbiota, promoting the proliferation of Bac-
teroidetes and inhibiting pathogenic bacteria,!%20 thereby
promoting the production of short-chain fatty acids (SC-
FAs), These changes can enhance growth rates and disease
resistance.2! Although LBP has been preliminarily applied
in aquaculture feeds, its effects on T. obscurus remain un-
investigated. The molecular weight, conformational struc-
ture, and monosaccharide composition of LBP vary accord-
ing to their source and extraction method.22 To address
these gaps, the present study first characterized the mono-
saccharide composition, molecular weight, and conforma-
tion of LBP. Subsequently, a 56-day feeding trial was con-
ducted using diets supplemented with 0, 0.5, 1.0, 1.5, and
2.0 g/kg LBP. The objective of this study was to evaluate
the dose-dependent effects of dietary LBP supplementation
on growth performance, antioxidant status, immune re-
sponse, digestive enzyme activities, intestinal histomor-
phology, and gut microbiota composition in T. obscurus. We

hypothesized that dietary LBP supplementation would im-
prove growth performance and physiological health by en-
hancing antioxidant capacity, intestinal function, and mi-
crobial homeostasis.

2. METHODS

2.1. CHARACTERIZATION OF LBP

In the present study, Lycium barbarum polysaccharides
(LBP) were procured as a commercial product (Cat. No.
SP9311; Batch No. 2550614003) from Beijing Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). According to
the manufacturer’s specifications, the purity of LBP was
>90% by ultraviolet-visible (UV-Vis) spectrophotometry.

Given that the biological activity of polysaccharides is
closely tied to their molecular structure, the LBP used in
this study was previously characterized.23 Characterization
included analysis of monosaccharide composition and mol-
ecular weight distribution, using high-performance anion-
exchange chromatography with pulsed amperometric de-
tection (HPAEC-PAD) and high-performance size-exclusion
chromatography coupled with multi-angle laser light scat-
tering and refractive index detection (HPSEC-MALLS-RI).
The weight-average molecular weight (Mw) of LBP was
50.94 kDa (*16.417%), and the polysaccharide exhibited
a compact random-coil conformation. Monosaccharide
analysis revealed that LBP predominantly comprised glu-
cose (0.796) and mannose (0.188), with minor proportions
of galacturonic acid (0.006), galactose (0.005), glucuronic
acid (0.002), and arabinose (0.002). These structural char-
acteristics provide a basis for interpreting the physiological
responses observed in T. obscurus.

2.2. EXPERIMENTAL DIETS

Five isonitrogenous and isolipidic diets were formulated,
including a control diet (LBP-free) and four experimental
diets supplemented with Lycium barbarum polysaccharides
(LBP) at levels of 0.5, 1.0, 1.5, and 2.0 g/kg (designated
as L1, L2, L3, and L4, respectively). Carboxymethyl cellu-
lose was used as a binder to maintain dietary consistency
and stability. For diet preparation, all dry ingredients were
finely ground, passed through an 80-mesh sieve, and thor-
oughly mixed. Fish oil was subsequently added, followed by
distilled water (approximately 35% of the total diet weight)
containing the pre-dissolved LBP, to obtain a homogeneous
dough. The mixture was then pelleted into 2.5-mm-diam-
eter pellets using a pellet mill (Pinzheng Equipment Co.,
Ltd., China). The pellets were dried in a forced-air oven at
65°C for 8 h, vacuum-sealed, and stored at —20°C until use.
The ingredient composition and proximate nutrient levels
of the experimental diets are presented in Table 1.

2.3. EXPERIMENTAL FISH AND HUSBANDRY
MANAGEMENT

Juvenile T. obscurus were obtained from Shuangyang Seed
Industry Technology Co., Ltd. (Jiangsu, China). The feeding
trial was conducted at the Laboratory of Aquatic Animal
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Table 1. Ingredients and nutrient composition of experimental diet (g/kg).

Item Control L1 L2 L3 L4
Fish meal® 500 500 500 500 500
Soybean meal® 160 160 160 160 160
Wheat flour® 215 215 215 215 215
Carboxymethyl cellulosed 20 19.5 19 18.5 18
LBP® 0 0.5 1 15 2
Fish oilf 40 40 40 40 40
Choline (50%) 5 5 5 5 5
Multivitamin8 10 10 10 10 10
Compound mineralsh 10 10 10 10 10
Yeast! 40 40 40 40 40
Total 1000 1000 1000 1000 1000
Nutrient of Diet
Moisture(g/kg)l 95.41 81.9 102.47 93.02 96.79
Crude protein(g/kg) 448.28 448.6 449.3 448.6 447.1
Crudefat(g/kg) 83.65 87.2 84.44 88.66 86.43

2 Fish meal: Provided by Dalian Ecological Biotechnology Co., Ltd., Dalian, China
b Soybean meal: Provided by Dalian Ecological Biotechnology Co., Ltd., Dalian, China
¢ Flour: Provided by Dalian Ecological Biotechnology Co., Ltd., Dalian, China

d Carboxymethyl cellulose: Provided by Tianjin Comio Chemical Reagent Co., Ltd., Tianjin, China

€ Lycium barbarum polysaccharides (LBP) (purity>90%) were purchased from Beijing Solarbio Science & Technology Co., Ltd.

fFish oil: Provided by Dalian Ecological Biotechnology Co., Ltd., Dalian, China

& The following ingredients were provided per kilogram of multivitamin (B1: 10,000 mg, B2: 10,000 mg, B6: 10,000 mg, water <10% carrier anhydrous glucose) provided by Guangzhou

Southern Biotechnology Co., Ltd.

h Each kilogram of composite mineral contained the following components (Cu: 6000-10000 mg, Fe: 30000-50000 mg, Zn: 6000-10000 mg, Mn: 15000-25000 mg, Mg: 8000-13000

mg) provided by Anhui Zhuokai Biotechnology Co. Ltd.
i Yeast: Provided by Dalian Ecological Biotechnology Co., Ltd., Dalian, China
iMoisture values represent the final moisture content of diets after drying.

Nutrition and Feed, Dalian Ocean University (Dalian,
China). Prior to trial initiation, the salinity of the rearing
water was adjusted to 4%o using sea salt (Qingdao Hai Zhi
Yan Aquarium Technology Co., Ltd.) in accordance with the
protocols described by Yang et al.24 The fish were accli-
mated in 1,500 L tanks and fasted for 3 days, followed by a
one-week pre-feeding period with the control diet to facili-
tate adaptation. During this period, fish were fed to appar-
ent satiety three times daily (9:00, 13:00, and 18:00). Resid-
ual feed and feces were siphoned out 30 min post-feeding,
and one-third of the water volume was replaced daily while
maintaining salinity at 4%o under continuous aeration.
Following the acclimation period, the fish were fasted
for 24 h and anesthetized with 100 mg/L tricaine methane
sulfonate (MS-222, buffered to neutrality with NaHCO3).25
A total of 525 healthy, uniform individuals (initial weight:
3.15 £ 0.07 g) were selected and randomly assigned to ex-
perimental tanks after measurement of body weight and
length. The trial employed a recirculating aquaculture sys-
tem (RAS) consisting of 150 L tanks, with 35 fish per tank
and three replicates per treatment group. During the trial,
the recirculation and filtration systems operated continu-
ously; however, approximately one-third of the water vol-
ume was replaced daily to maintain water quality, and
salinity was monitored and maintained at 4%o after water
replacement. The feeding trial lasted 56 days. Throughout
the trial, water quality parameters were monitored daily
and maintained at the following levels: actual water tem-
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perature 25.0 £ 0.2 °C, pH ~7.7, dissolved oxygen > 6.0 mg/
L, nitrite < 0.01 mg/L, and ammonia-nitrogen < 0.20 mg/L.
The daily feeding rate was set at 4% of total body weight,
with rations adjusted biweekly based on batch weighing.

2.4. SAMPLE COLLECTION

At the conclusion of the 56-day feeding trial, T. obscurus
were fasted for 24 h and euthanized with an overdose of
NaHCO;-buffered MS-222. All individuals were weighed
and measured, with the final weight and body length
recorded. At the end of the experiment, all surviving fish
from each replicate were counted and weighed to calculate
growth performance and survival rate (SR). Based on these
whole-tank data, growth indices including weight gain rate
(WGR) and specific growth rate (SGR) were determined. Six
fish were chosen at random from each replicate after anes-
thesia in order to collect the liver, intestine, and kidney for
hepatosomatic index (HSI) and viscerosomatic index (VSI).

For biochemical analysis, nine fish per tank were ran-
domly selected for blood collection. Blood samples were
immediately collected from the caudal vein using a sterile
1-mL syringe (fitted with a 27-gauge needle) pre-coated
with heparin sodium. The samples were incubated at 4°C
for 30 min, then centrifuged at 3,000 rpm for 10 min. The
resulting plasma was immediately frozen in liquid nitrogen
and stored at -80°C for subsequent enzymatic analysis. Fol-
lowing blood sampling, liver and intestinal tissues were col-
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lected from three randomly selected individuals per tank;
these samples were rapidly frozen in liquid nitrogen and
stored at -80°C for subsequent tissue enzyme activity as-
says.

Furthermore, liver tissues from three fish per tank were
collected for quantitative PCR (qPCR) analysis. Midgut tis-
sues were also collected from three fish per treatment and
fixed in 4% paraformaldehyde for histological examination
(assessment of mucosal folds). The fish used for qPCR, his-
tological examination, and tissue enzyme assays were se-
lected from the same individuals sampled for blood and tis-
sue collection. All sampling procedures were performed on
sterile ice trays to ensure sample integrity under aseptic
conditions.

The proximate composition of the experimental diets
was analyzed according to the standard procedures of the
Association of Official Analytical Chemists (AOAC). Specifi-
cally, crude protein content was determined using the Kjel-
dahl method. Crude lipid was measured by Soxhlet extrac-
tion with petroleum ether. Moisture content was
determined by drying the samples at 105°C until a constant
weight was achieved.

2.5. BIOCHEMICAL ASSAYS AND ENZYMATIC ACTIVITY

Plasma, hepatic, and intestinal samples were analyzed for
biochemical parameters and enzymatic activities using
commercial diagnostic kits in strict accordance with the
manufacturer’s protocols, with all assays performed based
on independent samples. Plasma indices included total
cholesterol (TCHO; Cat. No. A111-1-1), triglycerides (TG;
Cat. No. A110-1-1), and total protein (TP; Cat. No.
A045-2-2), alongside the activities of acid phosphatase
(ACP; Cat. No. A060-1-1), alkaline phosphatase (AKP; Cat.
No. A059-2-2), and total bile acids (TBA; Cat. No.
E003-2-1). Hepatic parameters included total superoxide
dismutase (T-SOD; Cat. No. A001-3-2), TP (Cat. No.
A045-2-2), malondialdehyde (MDA; Cat. No. A003-1-2),
and catalase (CAT; Cat. No. A007-1-1). Intestinal parame-
ters included lipase (LIP; Cat. No. A054-2-1) and amylase
(AMS; Cat. No. C016-1-2).

2.6. INTESTINAL HISTOLOGICAL ANALYSIS

Midgut tissues were fixed in 4% paraformaldehyde for 24
h. Following fixation, samples were dehydrated through a
graded ethanol series (75%-100%), cleared in xylene, and
embedded in paraffin. The paraffin blocks were sectioned at
5 pym using a microtome and stained with hematoxylin and
eosin (H&E). Stained sections were imaged using a PAN-
NORAMIC SCAN scanner (3DHISTECH, Hungary) and an-
alyzed with Case Viewer software. For each section, five
intact and well-oriented mucosal folds were randomly se-
lected to measure their height and width. The obtained data
were then subjected to statistical analysis to assess signifi-
cant differences between treatments.

2.7. RNA EXTRACTION AND GENE EXPRESSION
ANALYSIS

Total RNA was isolated from the hepatic tissues of T. ob-
scurus using a commercial RNA extraction kit (Tiangen
Biotech, Beijing, China). RNA concentration and purity
were assessed using an Ultrospec 3100 Pro spectropho-
tometer (Amersham Bioscience, UK), with the A260/A280
ratio ranging from 1.8 to 2.0. Subsequently, the RNA was
reverse-transcribed into cDNA using FastKing gDNA Dis-
pelling RT SuperMix (Tiangen Biotech, Beijing, China).
Primer specificity was verified by the presence of a single
peak in the melting curve analysis, while amplification effi-
ciency (90%-110%) and linearity (R2 > 0.99) were confirmed
using serial dilutions of cDNA.

Quantitative real-time PCR (qPCR) was performed using
FastReal qPCR PreMix (SYBR Green; FP217; Tiangen) on
a QuantReady K9600 thermal cycler (Hangzhou Suizhen
Biotechnology Co., Ltd., Hangzhou, China). The 20-ul re-
action mixtures were subjected to 40 cycles of amplifica-
tion. The thermal profile consisted of initial denaturation
at 95°C for 2 min, followed by 40 cycles of denaturation at
95°C for 5 s and annealing/extension at 60°C for 15 s, with
fluorescence acquisition at the end of each cycle. A final
melting curve analysis was conducted post-amplification to
ensure primer specificity. All assays were performed in trip-
licate, and the relative expression levels of target genes
were calculated using the 2-2ACT method, with B-actin used
as the internal reference gene. Primer sequences are pro-
vided in Table 2.

2.8. INTESTINAL MICROBIAL DIVERSITY ANALYSIS IN
TAKIFUGU OBSCURUS

At the end of the feeding trial, Takifugu obscurus were
fasted for 24 h, after which three individuals were randomly
selected from each treatment group. Under sterile condi-
tions, the fish were dissected, and posterior intestinal sam-
ples were collected into sterile centrifuge tubes. Three pos-
terior intestinal samples from the same treatment group
were pooled as one composite sample, immediately frozen
in liquid nitrogen, and stored at —80 °C until further analy-
sis.

Genomic DNA was extracted from each composite sam-
ple using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, USA)
according to the manufacturer’s protocol. DNA integrity
was assessed by 1% (w/v) agarose gel electrophoresis, while
DNA concentration and purity were measured using a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA). The V3-V4 hypervariable region of the bacterial 16S
rRNA gene was amplified by PCR using the specific primers
338F (5'-ACTCCTACGGGAGGCAGCAG-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'). After purification, the
PCR products were quantified using a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, USA) and normalized to equimo-
lar concentrations for sequencing library construction. The
libraries were sequenced on the BGI G99 platform.

Raw sequence data were processed using the Mothur
pipeline. High-quality sequences were clustered into oper-
ational taxonomic units (OTUs) at a 97% sequence similar-
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Table 2. Specific primer sequences

Primer sequence (5-3) Efficiency(%) R2 Source

B-Actin F:CATCACCATCGGCAACGAGAGG 97.168 0.9979 26
R:CGTCGCACTTCATGATGCTGTTG

CAT F:-TGAGCCAAGCCCTGACAAGATGC 102.191 0.9944 27
R:GGTAGTTGGCCACACGGGTTCTG

Mn-SOD F:AGATGTCCGCCGCTACAGTTGC 98.233 0.9977 27
R:GCCAAGGAGCGGGATGAGACC

IL-6 F: GCTGGAAAACAAGGTGAGGGA 95.687 0.9988 28

R: TGTGGAAGGTGTCGGGGTAGT

Note: Beta-actin (B-Actin);Catalase (CAT); Manganese Superoxide Dismutase (Mn-SOD);

ity threshold, and chimeric sequences were removed dur-
ing quality control. Taxonomic classification was performed
against the SILVA database with a confidence threshold of
0.8. To normalize sequencing effort among samples, the
OTU abundance table was rarefied to 29,963 sequences per
sample prior to downstream community composition
analysis.

2.9. STATISTICAL ANALYSIS

Experimental data are presented as mean * standard devi-
ation (SD). Statistical analyses were performed using IBM
SPSS Statistics 29 (IBM Corp., Armonk, NY, USA). Data were
initially tested for normality and homogeneity of variances.
Following verification of these assumptions, significant dif-
ferences between the experimental groups were determined
using the Waller-Duncan multiple range test. Furthermore,
to evaluate the relationship between dietary LBP inclusion
levels and growth, antioxidant, and Plasma biochemical pa-
rameters, a second-order polynomial regression model (y =
ax2 + bx + ¢) was employed to describe dose-response re-
lationships and estimate the optimal dietary LBP require-
ment for T. obscurus. The threshold for statistical signifi-
cance was set at P < 0.05.

3. RESULTS

3.1. GROWTH PERFORMANCE

Following the 56-day feeding trial, the FBW, WGR, and SGR
of T. obscurus in the LBP-supplemented groups initially in-
creased and then decreased as dietary LBP levels increased.
Compared with the control group, FBW, WGR, and SGR
were significantly elevated in all experimental groups (P <
0.05), with peak values observed in the L2 group (P < 0.05).
Conversely, FCR initially decreased and then increased with
increasing dietary LBP levels, reaching its lowest value in
the L2 group (P < 0.05). Additionally, except for group L1,
HSI was significantly lower across all experimental groups
compared with the control (P < 0.05). No significant dif-
ferences in CF or SR were detected among the treatment
groups (P > 0.05). Although VSI showed no significant dif-
ferences among groups, a decreasing trend was observed
with increasing LBP levels (P > 0.05) (Table 3).

Interleukin-6 (IL-6)

3.2. INTESTINAL HISTOMORPHOLOGY

As illustrated in Figure 1, dietary LBP supplementation sig-
nificantly modulated the intestinal mucosal morphology of
T. obscurus. In the control (CON) group, the intestinal mu-
cosal folds appeared relatively short and loosely arranged.
In contrast, LBP supplementation enhanced the intestinal
architecture, characterized by a more compact and orga-
nized tissue structure. The most pronounced improvements
were observed in the L2 group, where the fold length (FL)
was significantly greater than that in the CON group (p <
0.05). Although no significant difference was observed in
fold width (FW) among all groups (p > 0.05), the mucosal
folds in the L2 group were more densely distributed and ex-
hibited superior structural integrity.

3.3. INTESTINAL DIGESTIVE ENZYMES

The effects of dietary LBP on intestinal digestive enzyme
activities in T. obscurus are shown in Figure 2. LIP activity
initially increased and subsequently decreased as dietary
LBP levels increased, with the highest value observed in the
L2 group. With the exception of the L4 group, LIP activity in
all experimental groups was significantly higher than that
in the CON group (P < 0.05). Similarly, AMS activity showed
a comparable trend, increasing initially and then declining
with increasing LBP levels, and reached its maximum in the
L2 group. Except for the L1 and L4 groups, AMS activity
in the remaining treatment groups was significantly higher
than that in the CON group (P < 0.05).

3.4. PLASMA BIOCHEMICAL PARAMETERS AND HEPATIC
ANTIOXIDANT STATUS

The effects of dietary LBP inclusion levels on the plasma
biochemical parameters of T. obscurus are illustrated in Fig-
ure 3. Regarding the plasma biochemical profile, levels of
TCHO, and TBA were significantly reduced in all LBP-sup-
plemented groups compared with the CON group (P < 0.05).
Specifically, TBA and TCHO were lowest in the L2 group
and significantly lower than in all other treatment groups
(P < 0.05). The activities of ACP and AKP in the L2, L3,
and L4 groups were significantly elevated (P < 0.05), with
AKP activity reaching its maximum in the L3 group and be-
ing significantly higher than those in all other experimental
groups (P < 0.05).
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Table 3. Effects of dietary LBP inclusion on the growth performance and somatic indices of T. obscurus.

CON L1 L2 L3 L4
IBW 3.13+0.08 3.16+0.06 3.15+0.09 3.17+0.09 3.17+0.06
FBW 9.32+0.22 9.89+0.37P 10.5+0.45d 10.130.32¢ 10.01%0.39¢
WGR 198.65+8.922 213.05+12.56P 233.02+16.43¢ 220.02+13.14¢ 215.66+12.64P
SGR 1.95+0.052 2.04+0.07° 2.15+0.094 2.08+0.07¢ 2.05+0.071P
VSl 11.1620.79 11.15+0.51 11.19+0.63 10.91+0.89 11.12+0.77
HSI 7.45+0.672 7.45+0.64° 7.03+0.44b 6.97+0.61P 7.09+0.7P
FCR 1.97+0.042 1.9+0.05P 1.83+0.06¢ 1.87+0.054¢ 1.89+0.05P
CF 3.34+0.52 3.34+0.51 3.37+0.63 3.3+0.65 3.29+0.72
SR 86.67+4.36 89.52+1.65 89.52+4.36 88.57+5.71 85.71+4.95

Data are presented as mean * SD (n = 3). Different letters indicate significant differences (P < 0.05, Waller-Duncan test).
Note: IBW (g): Initial Body Weight; FBW (g) Final Body Weight; WGR (%): Weight Gain Ratio; SGR (% day-1): Specific Growth Rate; VSI: Viscerosomatic index; HSI:Hepatosomatic

index; FCR : Feed Conversion Ratio; CF (g/cm3): Condition factor; SR (%): Survival rate.
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Figure 1. Effects of varying dietary LBP levels on the intestinal histomorphology of T. obscurus.

Scale bar: 100 ym. FW: Fold width; FL: Fold Length. Data are presented as mean * SD (n =

In terms of hepatic antioxidant status, LBP-supplemented
groups exhibited significantly higher T-SOD and CAT activ-
ities, and significantly lower MDA content, compared with
the control (P < 0.05). The L2 group exhibited the lowest
hepatic MDA levels. Furthermore, T-SOD and CAT activities
were highest in the L2 group, significantly exceeding those
observed in the remaining treatment groups (P < 0.05).
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5). Different letters indicate significant differences (P < 0.05, Waller-Duncan test).

3.5. HEPATIC GENE EXPRESSION ANALYSIS

As illustrated in Figure 4, the relative expression levels of
antioxidant- and inflammation-related genes in LBP-sup-
plemented groups differed significantly from the control
(CON) group. Dietary LBP supplementation induced a pro-
gressive downregulation of the pro-inflammatory cytokine
IL-6. Significant differences were observed among all treat-
ment groups (P < 0.05), with the lowest expression level ob-
served in the L4 group (P < 0.05). Furthermore, the relative
mRNA expression levels of the antioxidant genes Mn-SOD
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Figure 2. Effects of varying dietary LBP levels on the intestinal digestive enzyme activities of T. obscurus.

LIP (U/gprot): Lipase. AMS (U/mgprot): Amylase. Data are presented as mean * SD (n = 3). Different letters indicate significant differences (P < 0.05, Waller-Duncan test).
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Figure 3. Effects of varying dietary LBP levels on the plasma biochemical parameters and hepatic antioxidant-
related indices of T. obscurus .
ACP (King unit/100 mL): Acid phosphatase.; AKP (King unit/100 ml): Alkaline phosphatase.; TCHO (mmol/L): total cholesterol.; TBA (mmol/L):Total Bile Acids.; TG (mmol/L):

triacylglycerol.; T-SOD(U/mgprot): Total Superoxide Dismutase.; MDA (nmol/mgprot):Malondialdehyde. CAT (U/mgprot): Catalase. Data are presented as mean * SD (n = 3). Dif-
ferent letters indicate significant differences (P < 0.05, Waller-Duncan test).

and CAT were significantly higher in all LBP-supplemented
groups relative to the control (P < 0.05). Mn-SOD expres-

sion increased initially and then decreased with increasing
dietary LBP levels, exhibited an initial increase followed by
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Figure 4. Effects of varying dietary LBP levels on the expression of hepatic antioxidant- and inflammation-
related genes in T. obscurus . Data are presented as mean * SD (n = 3). Different letters indicate significant

differences (P < 0.05, Waller-Duncan test).

a subsequent decrease, peaking in the L2 group, where it
was significantly higher than in all other groups (P < 0.05).
While LBP increased CAT expression compared to the CON
group, no significant differences were detected among the
L2, L3, and L4 groups (P > 0.05).

3.6. EFFECTS OF DIETARY LBP ON INTESTINAL
MICROBIOTA IN TAKIFUGU OBSCURUS

The relative abundances of the top 10 intestinal microbial
taxa across different treatment groups (CON, L1, L2, L3,
and L4) are presented in Fig. 5.

At the phylum level (Fig. 5a), Bacteroidota and
Pseudomonadota were the dominant bacterial phyla across
all treatment groups. With increasing dietary LBP supple-
mentation, the relative abundances of Campylobacterota
and Spirochaetota initially increased, then declined, reach-
ing their highest levels in the L2 group. Meanwhile, the rel-
ative abundance of Pseudomonadota decreased to its low-
est level in the L2 group and subsequently increased in the
L3 and L4 groups, suggesting that dietary LBP supplemen-
tation may modulate the intestinal microbial community
structure of Takifugu obscurus.

At the class level (Fig. 5b), Bacteroidia was the dominant
bacterial class across all treatment groups. Compared with
the CON group, the relative abundances of Gammapro-
teobacteria and Alphaproteobacteria were markedly re-
duced in the L2 group, whereas the relative abundance of
Campylobacteria increased and reached its highest level.

3.7. REGRESSION ANALYSIS AND ESTIMATION OF THE
OPTIMAL DIETARY LBP REQUIREMENT

A second-order polynomial regression model (y = ax2+bx-+c)
was employed to describe the dose—response relationships
between dietary LBP levels and the growth performance,
antioxidant capacity, and digestive and metabolic parame-
ters of T. obscurus (Fig. 6). The results yielded coefficients
of determination (R%) ranging from 0.807 to 0.986, indicat-
ing a good fit for all evaluated parameters. Although the
L2 group exhibited the most favorable overall physiologi-
cal performance during empirical observations, regression
analysis indicated that the theoretical optimal dietary in-
clusion levels (Xopt) ranged from 1.08-1.445 g/kg. Consid-
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ering that no single parameter alone can comprehensively
reflect the physiological response of fish to dietary sup-
plementation, the mean value of the nine estimated Xopt
values was used as an integrated reference to estimate the
dietary LBP requirement. Accordingly, the optimal dietary
LBP requirement for T. obscurus was estimated to be 1.235

g/kg.
4. DISCUSSION

Plant-derived polysaccharides have garnered substantial
attention across various disciplines due to their potent
bioactivity, biodegradability, and lack of harmful residues.
As a naturally occurring acidic heteropolysaccharide,2 LBP
has been reported to promote growth, enhance antioxidant
capacity, and improve immune function.30 Accordingly,
LBP are considered promising functional feed additives in
animal husbandry and aquaculture. Studies have demon-
strated that dietary LBP supplementation in high-soybean-
meal diets for Lateolabrax maculatus can partially alleviate
hepatic injury and dysregulated glucose-lipid metabolism
induced by such diets.3! The biological efficacy of poly-
saccharides is strongly influenced by their physicochemical
properties, particularly molecular weight (MW). In the pre-
sent study, the measured MW of the LBP was 50.94 kDa.
Furthermore, research involving fractionated LBP has indi-
cated that the 46.239 kDa fraction exhibits superior antiox-
idant activity, free-radical scavenging, and immunomod-
ulatory activities compared with lower-MW fractions.32
Therefore, the LBP used in this study fall within an optimal
MW range.

In the present study, dietary LBP supplementation
(0.5-2.0 g/kg) significantly improved growth performance
and reduced FCR in T. obscurus. These findings are con-
sistent with previous research on other aquatic species,
such as Lateolabrax maculatus!© and Hippocampus erectus.33
Similar growth-promoting effects have also been reported
for other plant-derived polysaccharides. For instance, lam-
inarin has been shown to improve growth performance and
significantly lower the FCR of L. maculatus,3* while mul-
berry leaf polysaccharides have been reported to promote
growth in Micropterus salmoides and mitigate high-starch-
induced hepatic injury.” Growth enhancement is a mul-
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Figure 5. Composition of intestinal microbiota at the phylum (a) and class (b) levels.
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level of 1.235 g/kg despite L2 being the best observed group.

tifactorial process3> that correlates strongly with antioxi-
dant status, immune function, and intestinal health.36.37
Furthermore, fish growth performance is closely linked to
intestinal digestive enzyme activities and villous morpho-
logical characteristics.38 Consistent with this, dietary LBP
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significantly increased lipase (LIP) and amylase (AMS) ac-
tivities in T. obscurus. Dietary polysaccharides are known
to modulate the composition of the gut microbiota, which
may stimulate endogenous digestive enzyme secretion.
Taxa such as Bacteroidota, Bacillota, and Clostridia possess
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abundant Polysaccharide Utilization Loci (PULs), which en-
able them to cleave glycosidic bonds. This degradation
process provides a competitive advantage over pathogenic
bacteria by enhancing colonization and nutrient utiliza-
tion.39 Furthermore, Bacillus species, widely used as probi-
otics in aquaculture, secrete diverse extracellular digestive
enzymes that hydrolyze recalcitrant complex carbohy-
drates.0 Reactive oxygen species (ROS) are inevitable by-
products of cellular metabolism; however, excessive accu-
mulation of ROS leads to oxidative stress, which can
damage cellular structures and functions.4! The liver is
highly susceptible to oxidative stress and is the primary site
of synthesis and distribution of key antioxidant enzymes,
including CAT and T-SOD.42 Accordingly, the activities of
these enzymes reflect the organism’s endogenous antioxi-
dant capacity. Botanical polysaccharides have been shown
to augment antioxidant enzyme activity and immune func-
tion while directly scavenging free radicals, thereby miti-
gating oxidative damage and preserving cell membrane in-
tegrity.#3 This contributes to an overall enhancement of
the host antioxidant defense system.** Consistent with our
findings, Luo et all4 reported significant increases in SOD
and T-AOC activities following dietary LBP supplementa-
tion. However, their study reported a significant reduction
in ACP activity, whereas the present study observed no
such effect. This discrepancy may be attributed to differ-
ences in LBP extraction methods, monosaccharide com-
position, molecular weight, or species-specific physiolog-
ical responses. Furthermore, it has been established that
polysaccharides can comprehensively enhance immune re-
sponses by promoting the development of immune organs,
activating macrophages, and inducing dendritic cell matu-
ration.4

Plasma biochemical parameters are key indicators of
physiological status, with TCHO reflecting systemic lipid
metabolism. In the present study, dietary LBP supplemen-
tation significantly reduced plasma TCHO and TBA levels,
suggesting that LBP positively modulates lipid metabolism
in T. obscurus. These findings are consistent with previous
reports.*047 In contrast, Huang et all7 reported that dietary
LBP improved hepatic lipid metabolism in L. maculatus but
did not significantly affect Plasma lipid levels. Such dis-
crepancies likely arise from the physicochemical hetero-
geneity of LBP and interspecies physiological variations.
Pseudomonadota was the dominant bacterial phylum in the
intestine of T. obscurus , and its relative abundance de-
creased markedly following dietary LBP supplementation,
reaching the lowest level in the L2 group. Previous studies
have suggested that an abnormal expansion of Pseudomon-
adota is a potential microbial signature of intestinal dysbio-
sis and disease risk,4® whereas a reduction in its abundance
may reflect improved microbial stability and intestinal
homeostasis,? In contrast, Bacillota exhibited a slight in-
crease in the LBP-fed groups. Members of Bacillota are
known to ferment dietary carbohydrates and produce SC-
FAs,50 which contribute to intestinal barrier maintenance
and host health.5! At the class level, dietary LBP supple-
mentation markedly altered the intestinal microbial com-
munity of T. obscurus. Notably, the relative abundance of

Gammaproteobacteria decreased substantially in the L2
and L3 groups compared with the control group.
Gammaproteobacteria comprise a large proportion of the
phylum Pseudomonadota and include numerous oppor-
tunistic pathogens, such as species of Aeromonas,
Pseudomonas, and Vibrio.52 Previous studies have sug-
gested that the overrepresentation of Gammaproteobacte-
ria is frequently associated with intestinal dysbiosis and
compromised intestinal health.>3 In contrast, the relative
abundance of Clostridia increased in the LBP-fed groups,
particularly in the L2 and L3 groups. Members of Clostridia
are recognized as important anaerobic fermentative bacte-
ria capable of degrading complex carbohydrates and pro-
ducing beneficial metabolites, including short-chain fatty
acids (SCFAs).54 These metabolites contribute to intestinal
barrier integrity, immune regulation, and nutrient utiliza-
tion.5! Therefore, the microbial shifts observed in the pre-
sent study may indicate that dietary LBP promoted a more
favorable intestinal microbial environment. These changes
may partly explain the improvements in intestinal mor-
phology and growth performance observed in fish fed the
LBP-supplemented diets.

Mechanistically, the ability of polysaccharides to inhibit
lipid absorption depends on their steric conformation and
hydrophobicity. Distinct extraction protocols may alter the
bile acid sequestration capacity of LBP,55:56 thereby affect-
ing lipid absorption processes in the intestine. While it is
conventionally accepted that higher molecular weight and
viscosity enhance the lipid-blocking potential of polysac-
charides,>® recent evidence suggests that molecular weight
is not the sole determinant of bile acid-binding affinity.
Low-molecular-weight polysaccharides may possess a
larger specific surface area, facilitating increased interac-
tion with bile acids.’? Furthermore, variations in fish
species and developmental stages result in distinct capac-
ities for degrading and assimilating macromolecular poly-
saccharides. Given the complex interplay among molecular
weight, conformation, and monosaccharide composition,
further studies are needed to elucidate the structure-activ-
ity relationships of LBP. It should also be noted that dietary
LBP supplementation was achieved by replacing an equiva-
lent amount of carboxymethyl cellulose, which was used as
a feed binder in the experimental diets. However, the max-
imum replacement level was only 0.2%, and therefore, the
minor variation in CMC content among treatments was un-
likely to have materially influenced the observed physio-
logical responses. In summary, four dietary LBP inclusion
levels (0.5, 1.0, 1.5, and 2.0 g/kg) were evaluated in this
study. While observational data suggested 1.0 g/kg as the
optimal concentration for growth performance, a compre-
hensive second-order polynomial regression analysis—in-
tegrating growth, enzymatic activities, and other physi-
ological indices—indicated that the optimal dietary LBP
requirement for T. obscurus is 1.235 g/kg. It should be noted
that gut microbiota analysis was conducted on a single
composite sample per dietary treatment. Therefore, the mi-
crobiota results should be regarded as preliminary and ex-
ploratory observations of community composition rather
than statistically supported differences in microbial diver-
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sity. Future studies incorporating biological replicates and
comprehensive diversity analyses will be necessary to fur-
ther validate the effects of dietary LBP on the intestinal mi-
crobiota of T. obscurus.

5. CONCLUSION

In summary, dietary LBP supplementation significantly en-
hances the growth performance, intestinal histomorphol-
ogy, and enzymatic activities of T. obscurus, with the L2
group exhibiting the most pronounced improvements. Re-
gression analysis of the growth and physiological parame-
ters indicates that the theoretical optimal inclusion level of
LBP is 1.235 g/kg. These findings suggest that LBP is an ef-
fective functional feed additive for improving the growth,
immune function, and antioxidant capacity of obscure
puffer, providing a robust scientific basis for its integration
into sustainable aquaculture practices.
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