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Compared to mammals, fish exhibit poor carbohydrate utilization. Thus, exploring
exogenous additives to promote efficient carbohydrate utilization in fish holds significant
promise. In mammals, dietary supplementation with tea polysaccharides (TPS) has been
associated with alleviating metabolic syndrome and inhibiting intestinal enzyme
activities. However, limited research has focused on the effects of TPS on metabolic
syndrome in fish. In this study, grass carp were fed three experimental diets (control;
high-carbohydrate, HG; high-carbohydrate supplemented with 0.05% TPS, HG+TPS) for 8
weeks to investigate the effects of TPS supplementation on growth performance and
carbohydrate utilization in fish fed a high-carbohydrate diet. Following the feeding trial,
the HG+TPS group exhibited a significantly higher specific growth rate compared with
the HG group. TPS supplementation inhibited exogenous glucose uptake in fish fed a
high-carbohydrate diet by downregulating intestinal a-glucosidase activity and hepatic
glut2 gene expression. In addition, TPS supplementation increased hepatic pk expression
to stimulate glycolysis compared with the HG group. Furthermore, the hepatic glycogen
content of fish fed the HG+TPS diet was increased by decreasing the pygl gene expression
compared to fish fed with the HG diet. Therefore, TPS supplementation alleviated glucose
stress induced by high carbohydrate intake by inhibiting intestinal glucose absorption,
enhancing hepatic glycogen accumulation, and promoting the glycolysis process. These

results provide evidence of the potential application of TPS as an antihyperglycemic

additive in aquatic feeds.

INTRODUCTION

Carbohydrates are an economical and readily available
source of energy in aquaculture. Adequate dietary carbo-
hydrate intake can spare lipids and proteins in fish by re-
ducing the catabolism of other nutrients.l:2 Furthermore,
improving carbohydrate utilization is essential for the
long-term sustainability of aquaculture.3 However, fish are
less efficient at utilizing carbohydrates compared to mam-
mals, as they require more time to clear excess glucose from
the bloodstream,%> and have not developed effective inter-
nal mechanisms to regulate hyperglycemia over the course
of their evolutionary history.® Therefore, exploring the use
of exogenous additives to enhance carbohydrate utilization
in fish represents a promising strategy to improve aquacul-
ture efficiency.

Tea (Camellia sinensis) is one of the most widely con-
sumed beverages worldwide, celebrated not only for its re-
freshing taste but also for its numerous health benefits.”-8

Among the bioactive compounds in tea, tea polysaccharides
(TPS) have garnered significant attention due to their di-
verse therapeutic effects, including antitumor, antioxidant,
hepatoprotective, and antidiabetic properties.?-11 Notably,
TPS exhibits low toxicity and is recognized as safe for oral
consumption, positioning it as a promising natural food
additive. In contrast to other carbohydrate-utilization en-
hancers in fish feeds, such as probiotics and synthetic reg-
ulators, TPS presents distinct advantages. Derived from a
natural source, TPS aligns with the increasing emphasis
on sustainable and eco-friendly aquaculture practices.”-
Moreover, its high biocompatibility and favorable safety
profile offer a potentially safer alternative to single-target
or synthetic additives, which may carry risks of side ef-
fects.!2 Given these attributes, TPS-supplemented
aquafeeds hold considerable promise. This is further sup-
ported by its successful application as a dietary additive
in poultry,!314livestock,'5and fish.16:17 Previous studies in
aquatic species indicate that dietary TPS can improve
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growth performance,!® boost immune responses,!%20and
elevate digestive enzyme activities.2! Nevertheless, despite
these documented benefits, little attention has been paid to
the specific role of TPS in modulating carbohydrate utiliza-
tion in fish.22 The present work, therefore, seeks to address
this gap by evaluating the potential of TPS as a functional
supplement to enhance carbohydrate utilization in aqua-
culture species.

While TPS has been shown to exert antihyperglycemic
effects in mammals, including the inhibition of intestinal
glucose absorption,2324 improvement of insulin sensitiv-
ity,25 and reduction of blood glucose levels,26:27 its rel-
evance to fish remains uncertain. This uncertainty stems
from fundamental differences in glucose regulation and
postprandial metabolism between mammals and teleosts.
In particular, glucose homeostasis in fish is governed more
directly by hepatic nutrient sensing and substrate-level
regulation than by the insulin-dependent signaling dom-
inant in mammals.>2829 Consequently, it is unclear
whether dietary TPS can alleviate carbohydrate-induced
metabolic stress or enhance carbohydrate utilization in fish
under high-carbohydrate feeding regimes. To address this
gap, the present study mechanistically tests the hypothesis
that TPS modulates key hepatic pathways of glucose me-
tabolism in teleosts. In the process of glucose metabolism,
key molecular components include the facilitative glucose
transporter GLUT2, the glycolytic regulatory enzymes glu-
cokinase (GCK) and pyruvate kinase (PK), as well as the
rate-limiting enzymes for glycogen synthesis and degrada-
tion, glycogen synthase (GYS) and glycogen phosphorylase
(PYGL), respectively.30 This targeted approach enables a fo-
cused evaluation of whether TPS influences major hepatic
routes of postprandial glucose disposal in fish. Given the
prominent role of hepatic substrate handling in teleosts,
these endpoints provide a functionally relevant framework
for assessing the metabolic efficacy of dietary TPS.

As a typical herbivorous cyprinid widely cultivated in
aquaculture, grass carp (Ctenopharyngodon idella) demon-
strates considerable glucose tolerance.3! However, the car-
bohydrate content in common commercial diets is fre-
quently higher than its physiologically optimal level.
Therefore, investigating exogenous additives to improve
carbohydrate utilization in this widely cultured fish is par-
ticularly meaningful. In the present study, the effects of
TPS on the growth performance and carbohydrate utiliza-
tion of grass carp were evaluated. The findings are expected
to provide a theoretical basis for the application of TPS to
enhance carbohydrate utilization in aquatic animal feeds.

MATERIALS AND METHODS

EXPERIMENTAL DIETS

The ingredients and chemical composition of the three ex-
perimental diets are presented in Table 1. Two basal diets
were formulated with distinct levels of digestible carbohy-
drates—designated as the control and high-carbohydrate
(HG) diets—using fish meal, casein, and gelatin as dietary
protein sources; corn starch and a-starch as the primary
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sources of digestible carbohydrates; fish oil and soybean
oil as lipid sources. The HG+TPS diet was formulated by
supplementing the HG diet with TPS (TPS purity > 98%;
supplied by Wuhu Tianyuan Science & Technology Devel-
opment Co., Ltd) at a concentration of 0.5 mg/g. The sup-
plementation dose was determined according to previous
studies on common carp.32 All raw materials were sourced
from commercial suppliers in China.

After thorough blending of the ingredients, the mixtures
were pelleted into 2.0 mm diameter pellets using a labo-
ratory-scale pelletizer within 30 minutes. The pellets were
subsequently dried in a precision forced-air drying oven
(DGT-G-C series, Hefei Darth-Carter Scientific Equipment
Co. Ltd) at 65 °C. Finally, the dried pellets were portioned
into ziplock bags and stored at —20 °C until further use.

FISH AND EXPERIMENTAL CONDITIONS

Grass carp were obtained from a commercial fishery (Dax-
ing, Hefei, China). Healthy, uniformly sized fish were ran-
domly allocated into nine gray plastic tanks (60 x 60 x
60 cm; 180 L water volume), with 30 fish per tank. The
tanks were then randomly assigned to one of three dietary
treatments (control, HG, or HG+TPS), yielding three repli-
cate tanks per treatment. Following a two-week acclimation
period, during which the fish were fed a commercial diet
(35.7% protein, 5.02% fat, 6.45% ash; Anhui Jinlong Feed
Co., Ltd) twice daily to satiation, they were fasted for 24
hours to obtain initial body weights. The experiment com-
menced with 30 fish per tank, hand-fed twice per day (09:00
and 17:00) for eight weeks. Uneaten feed was collected
via siphon 30 minutes after feeding, dried at 65 °C, and
weighed to determine daily consumption. Throughout the
trial, water temperature was maintained at 25.8 £ 0.4 °C,
dissolved oxygen at 86.12 = 2.89% saturation, water pH at
7.2-7.5, ammonia-nitrogen < 0.05 mg/L, nitrite-nitrogen <
0.01 mg/L, and photoperiod at 12L:12D.

SAMPLE COLLECTION

At the end of the feeding trial, fish were fasted for 24 h,
anesthetized with MS-222 (200 mg L~ !; Sigma-Aldrich,
Germany), and weighed. Blood samples were collected from
the caudal vein of four fish per tank using heparinized sy-
ringes for glucose measurement. Liver, muscle, and intesti-
nal tissues were then excised, snap-frozen in liquid nitro-
gen, and stored at -80 °C for further analysis.

CHEMICAL ANALYSES

Diet composition was determined following standard meth-
ods (AOAC, 1995). Crude protein (N x 6.25) was measured
using the Kjeldahl method with a Kjeltec system (K9860,
Hanon Instruments, China). Crude lipid was quantified by
ether extraction using a Soxtec System HT (HT6, Tecator,
Sweden). Carbohydrate content was determined using the
3,5-dinitrosalicylic acid method. Crude ash was measured
by combustion at 550 °C for 12 h in a muffle furnace
(SX2-4-10, Zhengda Electric Technology Co., China). Gross
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Table 1. Composition and proximate analysis of the experimental diets.

Item Control HG HG+TPS
Ingredient (%)
Fish meal 30.00 30.00 30.00
Casein 8.00 8.00 8.00
Gelatin 5.00 5.00 5.00
Cornstarch 20.00 42.00 42.00
a-starch 0 3.00 3.00
Fish oil 0.70 0.70 0.70
Soybean oil 2.50 2.50 2.50
DL-Met (99%) 0.15 0.15 0.15
Premix 1.00 1.00 1.00
Ca(H2PO4)2 2.00 2.00 2.00
TPS 0 0 0.05
Microcrystalline cellulose 30.65 5.65 5.60
Composition (%)
Crude protein 29.80 29.64 29.79
Crude lipid 4.73 4.75 4.69
Crude ash 6.05 5.54 551
Carbohydrates 23.42 48.04 48.53
Gross energy 10.02 13.63 13.82

* Premix (per mg of diet): vitamin A, 440,00 IU; vitamin B1, 24 mg; vitamin B2, 28 mg; vitamin B6, 28 mg; vitamin B12, 0.16 mg; vitamin C, 600 mg; vitamin D3, 96,00 IU; vitamin E,
320 mg; vitamin K3, 12 mg; folic acid, 8 mg; pantothenic acid calcium, 160 mg; niacinamide, 160 mg; Mn, 0.08 g; Zn, 0.24 g; Fe, 0.6 g; Cu, 0.016 g; Se, 2.4 mg; [, 0.8 mg.

energy was determined via bomb calorimetry (Parr 6200,
Parr Instrument Company, USA).

BLOOD GLUCOSE LEVELS, GLYCOGEN CONTENT
DETECTION AND INTESTINAL DIGESTIVE ACTIVITY
ANALYSIS

Blood glucose levels were immediately measured using a
handheld glucometer (Roche, Shanghai Rongsheng Bio-
Pharmaceutical Co., China). Liver and muscle tissues (0.2 g)
were homogenized in physiological saline and centrifuged
(12,000% g, 10 min, 4 °C). Glycogen content was determined
using a commercial Glycogen Assay Kit (A043-1-1, Nanjing
Jiancheng Bioengineering Institute, China). Intestinal sam-
ples (0.1 g) were homogenized and centrifuged (6,000 g,
10 min, 4°C), and the supernatants were used to assess Q-
amylase and a-glucosidase activities with respective assay
kits (BC0610 and BC2550, Solarbio, China).

GENE EXPRESSION ASSAY

Total RNA was extracted from liver samples using Trizol
reagent (Takara, Japan) and quantified spectrophotometri-
cally (NanoDrop 2000, Thermo Scientific, USA). RNA purity
was confirmed by A260/A280 ratios > 2.0. cDNA was syn-
thesized from 1 pg of RNA using SuperScript™ II RT re-
verse transcriptase (Takara). The primers for glucose me-
tabolism-related genes (gys, pygl, glk, pk, glut2) were
designed using Primer Premier 5.0 software and synthe-
sized by Shanghai Sangon Biotech Co., Ltd. The specific
criteria were: length of 18 - 25 base pairs, GC content
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of 45 - 55%, and melting temperature (Tm) of 55 — 65
°C. Primer specificity was preliminarily evaluated by per-
forming BLASTn searches against the grass carp genome
database to confirm unique target alignment. After synthe-
sis, their specificity was further confirmed by 1.5% agarose
gel electrophoresis (a single clear band) and melting curve
analysis in gPCR (a single sharp peak). Quantitative real-
time PCR was performed with gene-specific primers (Table
2) on a CFX Connect system (Bio-Rad, USA). Each 20 pL
reaction contained 10 pL of 2x SYBR Green Master Mix
(Vazyme, China), 0.8 pL of primers (10 uM each), 1 uL of
c¢DNA (50 ng/uL), and 8.2 uL of ddH20. The thermal pro-
file included initial denaturation (95 °C, 5 min), 40 cycles of
amplification (95 °C for 10 s, Tm for 30 s), and a melt curve
analysis (65 — 95 °C, increment 0.5 °C every 6 s). Two refer-
ence genes (B-actin and efla) were used for normalization.
Gene expression was calculated via the 2*(-AACt) method,
with all reactions run in triplicate.

STATISTICAL ANALYSIS

Data are expressed as mean * standard error of the mean
(SEM). The tank was defined as the unit of biological repli-
cation for all statistical analyses. Prior to conducting analy-
sis of variance (ANOVA), the normality of the data distri-
bution was assessed using the Shapiro-Wilk test, and the
homogeneity of variances across groups was verified via
Levene’s test. Since the core assumptions of ANOVA were
fully satisfied, no data transformation was performed for
the subsequent statistical analysis. One-way ANOVA fol-
lowed by Duncan’s multiple range test was applied to eval-
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Table 2. Primer sequences for real-time PCR.

Gene name Primer Sequence 5-37 Tm Product size (bp) Genbank no.
(°C)

gys gys-F CCTCCAGTAACAACTCACAACA 56 277 JQ792167
gys-R CAGATAGATTGGTGGTTACGC

pygl pygl-F GAGGAAGCGGATGATTGGTT 54.5 241 JQ782458
pygl-R CTCGGAGATTGAAGTCGTTGG

pk pk-F GCCGAGAAAGTCTTCATCGCACAG 56.0 157 JQ951928.1
pk-R CGTCCAGAACCGCATTAGCCAC

glk glk-F GTGAAAGTGGGTGAGGATGA 55.0 204 GU065314.1
glk-R ATGACGGACTGGAAAAGAGA

glut2 glut2-F CAGCAGCCATAGCATTAGC 52.0 134 KY763986
glut2-R GGTGAAACCGAACAGGAGTA

efla efla-F GCTGACTGTGCCGTGCTGAT 58.5 201 GQ266394
efla-R GCTGACTTCCTTGGTGATTTCC

B-actin B-act-F CGTGACATCAAGGAGAAG 50 299 M25013
B-act-R GAGTTGAAGGTGGTCTCAT

uate the significant differences in measured indices among
dietary treatments. All statistical analyses were conducted
using the Statistical Product and Service Solutions (SPSS)
software (Version 18.0), and statistical significance was set
at p < 0.05 for all tests.

RESULTS

THE EFFECTS OF DIETARY TPS SUPPLEMENTATION ON
GROWTH PERFORMANCE AND FEED UTILIZATION

As summarized in Table 3, the inclusion of TPS in the diet
notably influenced growth performance and feed utiliza-
tion. At the end of the trial, final weight (FW), feed intake
(FI), and specific growth rate (SGR) were significantly lower
in the HG and HG+TPS groups relative to the control group
(p < 0.05). However, supplementation with TPS significantly
improved both FW and SGR compared to the HG group (p <
0.05). In addition, feed efficiency (FE) and protein efficiency
(PE) were markedly reduced in fish fed the HG diet when
compared to the control group (p < 0.05).

THE EFFECTS OF DIETARY TPS SUPPLEMENTATION ON
BLOOD GLUCOSE AND GLYCOGEN CONTENTS

As illustrated in Figure 1, dietary TPS administration sig-
nificantly modulated circulating glucose and hepatic glyco-
gen levels. Blood glucose levels were significantly elevated
in the HG group compared to the control group (p < 0.05).
In contrast, fish receiving the HG+TPS diet exhibited a pro-
nounced increase in hepatic glycogen content relative to
controls (p < 0.05). No statistically significant differences
were detected in muscular glycogen content across the ex-
perimental groups.
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THE EFFECTS OF DIETARY TPS SUPPLEMENTATION ON
THE ACTIVITIES OF CARBOHYDRATE HYDROLASES

The effects of TPS on intestinal carbohydrate-digesting en-
zyme activities are presented in Figure 2. No significant dif-
ferences were observed in a-amylase activity among the
control, HG, and HG+TPS groups. However, dietary inclu-
sion of TPS significantly reduced intestinal a-glucosidase
activity compared to the HG group (p < 0.05).

THE EFFECTS OF DIETARY TPS SUPPLEMENTATION ON
THE EXPRESSIONS OF GENES RELATED TO GLUCOSE
METABOLISM

Figure 3 displays the mRNA expression levels of key genes
involved in hepatic glucose metabolism. The expression
of gys was significantly upregulated in both the HG and
HG+TPS groups relative to the control (p < 0.05). In the
HG+TPS group, pygl transcript levels were significantly
downregulated compared to both the control and HG
groups (p < 0.05). With respect to glycolysis, pk mRNA
abundance was significantly higher in the HG+TPS group
than in both the control and HG groups (p < 0.05). The glk
gene expression was significantly enhanced in the HG and
HG+TPS groups compared to the control (p < 0.05). More-
over, glut2 expression was significantly upregulated in the
HG group relative to both the control and HG+TPS groups
(p < 0.05).

DISCUSSION

Increasing the efficiency of carbohydrate utilization to
meet energy needs and spare expensive dietary nutrients
is a viable nutritional strategy in the aquafeed industry.
To explore suitable exogenous additives for enhancing car-
bohydrate utilization, we focused on natural tea extracts
that have been shown to reduce blood glucose levels in
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Table 3. Growth performance and feed utilization of grass carp fed with experimental

Item* Control HG HG+TPS
IW (g) 8.79+0.04 8.50+0.13 8.67+0.30
FW (g) 26.99+0.88¢ 16.93+0.432 20.34+0.94b
SGR (%) 1.97+0.07¢ 1.21+0.072 1.50+0.04P
Fl (g fish'l) 35.27+1.21P 24.12+0.842 27.59+3.022
FE 0.52+0.04b 0.35+0.012 0.43+0.032P
PE 1.74+0.15b 1.17+0.022 1.44+0.092b

Values are mean * S.E.M (n=3). Different lowercase letters indicate statistical significance among different dietary digestible carbohydrate levels without TPS supplemented (one-way

ANOVA, P < 0.05).

* IW, Initial weight; FW, final weight; FI, food intake;

Specific growth ratio (SGR, %) = 100 x (In FW — In IW) / time (days);
Feed efficiency (FE) = weight gain (g) / feed consumed (g);

Protein efficiency (PE) = weight gain (g) / total protein intake (g).
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Figure 1. Effects of dietary TPS supplementation on blood glucose (A), hepatic glycogen (B) and muscular
glycogen (C) contents of fish. Data are mean * SEM. (n = 3). Different lowercase letters present statistical
significance among different diets (one-way ANOVA, p < 0.05).
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mammals. Previous studies reported that oral treatment
with TPS could improve growth performance in rats, in-
cluding anti-obesity effects 33..33 In our study, we supple-
mented TPS into a high-carbohydrate diet to estimate its
effects on growth performance and carbohydrate utiliza-
tion in grass carp. In the absence of supplemented diets,
improved growth performance and protein-sparing effects
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were observed in experimental fish after TPS supplemen-
tation under high-carbohydrate diet intake — a finding re-
ported for the first time in grass carp.

Our findings demonstrate that grass carp fed the HG
diet exhibited a significant decrease in growth performance
compared to the control group, a pattern consistent with
previous reports of growth suppression due to excessive
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Figure 3. Effects of TPS supplementation on the expression of genes regarding hepatic glucose metabolism in
grass carp. Data are mean * SEM (n = 3). Different lowercase letters present statistical significance among

different diets (one-way ANOVA, p < 0.05).

carbohydrate intake in grass carp,3* Tilapia nilotica (Ore-
ochromis niloticus),>> and juvenile spotted Babylon (Baby-
lonia areolata).36 In contrast, TPS supplementation signif-
icantly improved growth performance. This improvement
coincided with enhanced postprandial glucose handling
and hepatic glucose disposal in our study, indicating that
TPS may alleviate carbohydrate-induced metabolic stress
through coordinated metabolic regulation. Specifically, it
was observed that TPS supplementation induced glycolysis
by upregulating hepatic glk transcriptional levels, a key
adaptive response to high carbohydrate intake, as grass
carp typically enhance glycolysis and stimulate glucose-in-
duced lipogenesis to manage glucose metabolism.37 Fur-
thermore, glucose storage as hepatic glycogen was pro-
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moted through upregulated gys expression. This
mechanism aligns with findings in rainbow trout hepato-
cytes, where the balance between glycogen phosphorylase
and synthase determines hepatic glycogen accumulation.38
Therefore, as previously reported in teleosts, the strategy
adopted by our experimental fish for glucose metabolism in
response to higher dietary carbohydrate intake is to acti-
vate hepatic glycolysis and glycogen synthesis.

Many studies have demonstrated that suppressing gas-
trointestinal enzymes involved in nutrient digestion, par-
ticularly a-amylase and o-glucosidase activities, is one
strategy to modulate glucose absorption following TPS ad-
ministration in mammals.3940 This effect is attributed in
part to the ability of TPS to form complexes with a-amylase
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under simulated intestinal conditions, thereby inhibiting
its activity.4! However, findings from mammalian systems
cannot be directly extrapolated to teleosts, which may ex-
hibit distinct digestive physiology and enzyme character-
istics. For example, a-amylase in Nile tilapia (Oreochromis
niloticus) possesses unique structural features and main-
tains activity across a broad pH range, suggesting potential
species-specific functional resilience.#Z In the present
study, we observed no significant difference in intestinal a-
amylase activity between grass carp fed the HG diet with
or without TPS supplementation. This result indicates that,
under our experimental conditions, TPS did not measurably
affect starch hydrolysis via a-amylase inhibition. The
mechanism underlying this absence of effect remains un-
clear and warrants further investigation through enzyme
kinetics, binding assays, or structural studies using fish-
specific a-amylase. In contrast, intestinal a-glucosidase ac-
tivity was significantly reduced in TPS-supplemented fish.
In teleosts, a-glucosidase is a key terminal digestive en-
zyme that catalyzes the hydrolysis of dietary oligo- and dis-
accharides into absorbable glucose, thereby directly shap-
ing postprandial glucose influx and glycemic load.*3
Accordingly, the marked reduction in a-glucosidase activity
observed here provides fish-specific evidence that TPS can
attenuate terminal carbohydrate digestion and limit glu-
cose availability for absorption after feeding, which likely
contributes to alleviating glucose stress under a high-car-
bohydrate diet. Together, these results suggest that TPS
preferentially targets terminal carbohydrate digestion in
grass carp, highlighting a functionally important route by
which dietary TPS may modulate postprandial glucose dy-
namics in aquaculture species.

To further explore the molecular mechanism by which
TPS regulates blood glucose in grass carp, we examined
the expression of key rate-limiting genes involved in he-
patic glucose metabolism. Our results showed that, com-
pared to the HG group, TPS supplementation significantly
upregulated the expression of hepatic pk, thereby stimu-
lating glycolysis. Concurrently, TPS significantly downreg-
ulated the gene expression of pygl, while the expression
of gys showed no significant change. This pattern suggests
that in grass carp, TPS may promote net hepatic glycogen
accumulation primarily by inhibiting glycogen breakdown
rather than directly enhancing its synthesis. It is notewor-
thy that this strategy of promoting glycogen storage by
downregulating pygl aligns with metabolic adaptive strate-
gies employed by other teleosts to manage glucose.4 How-
ever, the specific molecular pathways may exhibit species-
specific differences. For instance, studies in mammals have
reported that black tea can increase hepatic glycogen con-
tent by upregulating gys and downregulating glycogen syn-
thase kinase-3[B (GSK-3B).45 The absence of significant gys
upregulation observed in our grass carp study suggests that
the terminal effectors of TPS-mediated glycogen metabo-
lism regulation may differ between fish and mammals. Fur-
thermore, dietary TPS supplementation in our study also
reduced the gene expression of the hepatic glucose trans-
porter 2 (glut2). This observation coincides with the previ-
ously noted significant decrease in intestinal a-glucosidase
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activity, jointly indicating that TPS can effectively mitigate
postprandial glucose load through a dual mechanism: in-
hibiting exogenous glucose absorption in the intestine and
reducing hepatic uptake of circulating glucose4.46 There-
fore, the improved SGR in the TPS group is consistent with
a coordinated metabolic adjustment that may alleviate glu-
cose overload and improve nutrient utilization under high-
carbohydrate feeding. Specifically, TPS supplementation
reduced glucose influx by inhibiting intestinal a-glucosi-
dase and downregulating hepatic glut2, while simultane-
ously promoting hepatic glucose disposal through upreg-
ulated pk and downregulated pygl to stimulate glycolysis
and glycogen storage. While previous epidemiological stud-
ies have reported similar hypoglycemic effects of green tea
extract or TPS in diabetic rats*$ 47 our study provides ev-
idence in grass carp, identifying key targets across diges-
tion, transport, and hepatic metabolism, and elucidating a
distinct, species-specific pathway of TPS action. However,
given that our study relied on selected molecular and bio-
chemical endpoints, future studies incorporating enzyme
kinetics, metabolic flux analysis, or targeted interventions
are needed to establish definitive causality.

In summary, the results show that TPS supplementation
improves the growth performance of grass carp fed a high-
carbohydrate diet and promotes blood glucose clearance by
enhancing glycogen synthesis and glycolysis while inhibit-
ing intestinal a-glucosidase activity. The application of TPS
shows potential as a natural antihyperglycemic feed addi-
tive to improve carbohydrate utilization, thereby providing
benefits including dietary protein-sparing and cost savings
in aquaculture.
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