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Abstract

Selenium (Se) is an essential trace element for aquatic animals, but its narrow margin be-
tween nutritional requirement and toxicity necessitates precise supplementation strate-
gies. Nano-selenium (Nano-Se) has emerged as a promising alternative, yet its dose- and
time-dependent effects on the Paramisgurnus dabryanus remain poorly understood. This
study employed a central composite design (CCD) within response-surface methodology
(RSM) to systematically investigate the interactive effects of dietary Nano-Se concentra-
tion (04 mg Se/kg diet) and feeding duration (20-60 days) on growth performance, and
further evaluated hepatic antioxidant parameters as well as expression profiles of 12 sele-
noprotein- and glutathione-metabolism-related genes. The RSM models for weight-gain
rate (WGR) and specific growth rate (SGR) were highly significant (R*>_Adj = 0.972 and
0.855, respectively; p < 0.001), revealing that the two factors act independently (TS term
not significant, p >0.05). Optimal growth was achieved at 1.0 mg/kg Nano-Se, with feeding
duration showing a continuous positive effect on WGR (maximum at 60 d) but a plateau
effect on SGR after 30 days. The medium dose (1.0 mg/kg) maintained stable antioxidant
capacity and induced the strongest gene—enzyme coupling at 40 days (e.g., selenoprotein
01 (selenool) vs. SOD: ¢ = 0.90, p <0.001). The low dose (0.5 mg/kg) suppressed SOD and
GSH-Px activities, whereas the high dose (3.0 mg/kg) disrupted positive coupling and
caused an “uncoupling” phenomenon with up-regulation of antioxidant enzymes but
down-regulation of transaminases. Twelve functional genes were clustered into three re-
sponse modules: selenoprotein synthesis (Cluster I, including glutathione peroxidase 1
(gpx1) and tRNA-selenocysteine-1-associated protein (trnaulap)), GSH-dependent sec-
ondary defense (Cluster II), and GSH regeneration/metabolism (Cluster III). Notably,
gpx1 and other antioxidant-defense genes were prioritized under adequate Se supply,
whereas trnaulap (SECp43), a potential master switch for selenoprotein translation, was
globally down-regulated under long-term high-Se exposure. In conclusion, the optimal
Nano-Se supplementation for juvenile P. dabryanus is 1.0 mg/kg for 40 days, providing a
theoretical basis for precision selenium nutrition in farmed fish.
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1. Introduction

Selenium (Se) is an indispensable micronutrient for aquatic animals, playing vital
roles in maintaining health, regulating the antioxidant defense system, and promoting
growth performance [1,2]. Selenoproteins, particularly glutathione peroxidases (GPx) and
thioredoxin reductases, constitute the molecular foundation of Sees biological functions,
as they participate directly in scavenging reactive oxygen species and maintaining cellu-
lar-redox homeostasis. Dietary Se deficiency has been shown to impair antioxidant capac-
ity and compromise immune function across multiple aquaculture species [3]. Conversely,
excessive Se intake can induce oxidative stress and exert toxic effects, reflecting a narrow
margin between nutritional requirement and toxicity [2]. The U-shaped dose-response re-
lationship of Se necessitates precise supplementation strategies tailored to specific species
and rearing conditions [4].

Traditional inorganic Se sources, such as sodium selenite, exhibit relatively low bio-
availability and carry a high risk of toxicity when supplemented at elevated levels [5,6].
Organic Se sources, such as selenomethionine (SeMet) and selenized yeast (Se-yeast), also
have adequate bioavailability in fish, with Se-yeast typically containing selenocysteine
and/or methylselenocysteine as the major Se species [7,8]. However, their production costs
and variable Se content limit their application. Nano-selenium (Nano-Se), defined as ele-
mental selenium nanoparticles (SeNPs), offers a high surface-area-to-volume ratio, en-
hanced bioavailability, and improved safety profile, making it a promising alternative for
precise Se supplementation in aquafeeds [2,9]. Nano-Se supplementation has been con-
sistently shown to promote growth performance, up-regulate the expression of genes en-
coding antioxidant enzymes and immune-related factors, and enhance disease resistance
in various fish species [1,10]. In particular, biosynthesized Nano-Se can optimize gut-mi-
crobial composition, activate antioxidant enzyme systems, and modulate immune-related
gene expression, thereby significantly improving the health status of aquatic animals [3,9].
Collectively, these findings underscore the potential of Nano-Se as an efficient and safe
functional additive in aquaculture nutrition. Nevertheless, the metabolic responses to
Nano-Se vary markedly among different aquaculture species, and the optimal dietary
dosage as well as the underlying mechanisms remain to be systematically clarified [4].

The large-scale loach (Paramisgurnus dabryanus), belonging to the family Cobitidae
and subfamily Cobitinae, is a benthic fish characterized by high protein and low lipid
content [11]. As an indigenous and economically important freshwater fish in China, it is
valued for its tender meat, rich nutrition, strong environmental adaptability, and increas-
ingly mature farming technologies, making it a leading species in the aquaculture indus-
try [12]. With the intensification of culture practices, how to enhance disease resistance,
improve flesh quality, and achieve healthy aquaculture through nutritional regulation has
become a pressing issue. As a key functional trace element, Se is gaining importance in
the health management of P. dabryanus [1,2].

Recent studies have made progress in understanding Se nutrition in fish, but most
have focused on phenotypic parameters such as growth and antioxidant status [5,7]. How-
ever, several key questions remain unanswered: (1) The biological effects of Nano-Se are
not only dose-dependent but also time-dependent; however, conventional single-factor
experiments fail to reveal the interactive effects between dietary Se concentration and
feeding duration. (2) The molecular mechanisms by which Nano-Se regulates the tran-
scriptional expression of Se-metabolism-related genes remain insufficiently explored.
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Previous molecular studies have shown that Nano-Se supplementation can up-regulate
GPx1a expression in rainbow trout [13], improve liver health in grass carp [14], and that
high Se levels can down-regulate trnaulap and related selenoprotein genes in yellow cat-
fish [15]. Nevertheless, these studies were mostly limited to single doses or time points,
and the dynamic expression patterns of Se-metabolism-related genes under different
dose-time combinations remain unknown. (3) The Nano-Se nutritional requirements and
molecular response mechanisms of P. dabryanus, an economically important freshwater
fish in China, have not been reported.

To address these gaps, the present study employed response-surface methodology
(RSM) with a central-composite design (CCD) to systematically investigate the interactive
effects of dietary Nano-Se level and feeding time on growth performance (weight-gain
rate, WGR; specific growth rate, SGR) of P. dabryanus. Furthermore, we examined the dy-
namic changes in hepatic antioxidant parameters (total antioxidant capacity T-AOC, su-
peroxide dismutase SOD, glutathione peroxidase GSH-Px, aspartate aminotransferase
AST, alanine aminotransferase ALT, lactate dehydrogenase LDH) and the expression pro-
files of key genes involved in selenoprotein synthesis and glutathione metabolism. The
present study contributes to the field in three main ways: (1) it systematically evaluates
the dose-time interactive effects of Nano-Se in P. dabryanus; (2) it applies RSM/CCD to
optimize Nano-Se supplementation in this species, thereby extending this approach to a
new aquaculture species; and (3) it systematically analyzes the expression of 12 seleno-
protein- and glutathione metabolism-related genes, revealing a potential “priority hierar-
chy” in selenoprotein translation. Collectively, these analyses are expected to elucidate
the dose- and time-dependent regulatory patterns of Nano-Se at both the phenotypic and
molecular levels, providing a theoretical basis and molecular insights for precise selenium
nutrition strategies in farmed fish. An overview of the experimental design is shown in
Figure 1.
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Figure 1. Overview of the experimental design. Note: (a) Response surface methodology (RSM/CCD)

was used to screen the optimal dietary Nano-Se supplementation level and feeding duration based
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on the growth indices (WGR and SGR) of Paramisgurnus dabryanus. (b) Hepatic antioxidant param-
eters and the expression of key genes related to selenoprotein synthesis and GSH metabolism were

analyzed to characterize the hepatic responses to dietary Nano-Se.

2. Materials and Methods
2.1. Experimental Fish

Juvenile Paramisgurnus dabryanus were purchased from a local farm and acclimated
in a recirculating aquaculture system at the Jiangxi Fisheries Research Institute for 20 days.
During acclimation, water temperature was maintained at 27.0 = 0.5 °C, dissolved oxygen
(DO) = 7.5 mg/L via continuous aeration, and commercial feed was provided twice daily
(morning and evening). Before the formal experiment, fish were fasted for 24 h. A total of
1050 healthy juvenile P. dabryanus with uniform body size (initial body weight 14.15 +1.22
g, mean * SD) were selected.

2.2. Chemicals and Reagents

Nano-selenium (Nano-Se) was purchased from Yunnan Boshieo Biotechnology Co.,
Ltd. (Kunming, China). According to the supplier, the product contains 1% selenium, with
gelatin as the stabilizing agent. The average particle size is approximately 50 nm, and the
zeta potential is approximately 8.3 mV. The commercial kits for total antioxidant capacity
(T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), aspartate ami-
notransferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase (LDH)
were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The
RNA extraction kit was purchased from Tiangen Biotech (Beijing, China). The HiScript III
RT SuperMix for qPCR (+gDNA wiper) kit was obtained from Vazyme (Nanjing, China).
The 2x SYBR Green Pro Taq HS premix was purchased from Accurate Biology (Changsha,
China). Eugenol was obtained from YSC Flavor Co., Ltd. (Jiean, China). All other chemi-
cals and reagents used were of analytical grade and purchased from local suppliers.

2.3. Experimental Design for Growth Performance

The biological effect of Se follows a typical U-shaped curve, with both dietary Se con-
tent and feeding duration affecting growth performance. Traditional single-factor experi-
ments cannot reveal the interaction between these two factors. Therefore, response-sur-
face methodology (RSM) was employed to systematically investigate the effects of dietary
Nano-Se level and feeding time on growth performance.

2.3.1. Single-Factor Experiments

Single-factor experiments were conducted to analyze the effects of dietary Nano-Se
concentration and feeding time on weight-gain rate (WGR) and specific growth rate (SGR),
thereby determining the lower and upper bounds of independent variables for the subse-
quent RSM model.

(1) Nano-Se concentration experiment

Five experimental diets with different Se levels from Nano-Se were formulated. The
Nano-Se product contained 1% selenium. It was added to the basal diet to provide 0 (A),
0.5 (B), 1.0 (C), 2.0 (D), and 3.0 (E) mg Se/kg diet. The basal diet composition and nutri-
tional components are shown in Table 1. All ingredients were ground through a 40-mesh
sieve, mixed with 15% purified water (w/w), and pelleted into sinking feed using a
pelletizer. Fish were randomly distributed into fiberglass tanks (300 L water volume) with
three replicates per group and 70 fish per replicate. The feeding trial lasted 60 days. Dur-
ing the experiment, water temperature was 27.0 £ 0.5 °C, pH 7.5+ 0.5, and DO >7.5+ 0.5
mg/L through 24 h aeration. Daily feeding rate was 3-5% of body weight, adjusted weekly
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according to feed intake. Water-quality parameters (temperature, DO, pH) were moni-
tored weekly and remained stable throughout the trial. In addition, fish behavior and
feeding responses were observed daily to ensure environmental stability. Body weight
was measured on day 60, and WGR and SGR were calculated, 30 fish were randomly se-
lected from each tank and individually weighed. The concentration range where maxi-
mum WGR and SGR occurred was selected for the RSM design.

Weight-gain rate (WGR, %) = (Wt - W0)/W0 x 100%

Specific growth rate (SGR, %-d!) = (In Wt - In W0)/rearing days x 100%

where WO is initial body weight (g) and Wt is final body weight (g).

Data were processed using Excel 2019 and SPSS 27.0. One-way ANOVA was per-
formed, and differences were considered significant at p < 0.05.

Table 1. Experimental basic-feed formula and nutritional components.

Ingredients (%) A B C D E
Fish meal 20.00 20.00 20.00 20.00 20.00
Soybean meal 18.00 18.00 18.00 18.00 18.00
Vegetable meal 10.00 10.00 10.00 10.00 10.00
Chicken meal 5.00 5.00 5.00 5.00 5.00
Fermented soybean meal 10.00 10.00 10.00 10.00 10.00
Corn-protein flour 10.00 10.00 10.00 10.00 10.00
Bean oil 4.00 4.00 4.00 4.00 4.00
Corn starch 16.00 16.00 16.00 16.00 16.00
Yeast hydrolysate 2.00 2.00 2.00 2.00 2.00
CaH2PO4 2.00 2.00 2.00 2.00 2.00
Choline chloride 0.50 0.50 0.50 0.50 0.50
Vitamin premix and mineral premix ! 1.00 1.00 1.00 1.00 1.00
Sodium alginate 1.50 1.50 1.50 1.50 1.50
Total 100.00 100.00 100.00 100.00 100.00
Added Se from Nano-Se (mg Se/kg diet) 0.00 0.50 1.00 2.00 3.00
Measured total selenium content (mg/kg) 1.42 1.9 2.35 3.31 4.27

! The Vitamin premix and mineral premix the following per kg of diets: VA 16,000 IU, VD 33,000 IU,
VC 200 mg, VE 200 mg, VK 320 mg, VB1 13.4 mg, VB2 20 mg, VB6 30 mg, VB12 27 mg, D-calcium
pantothenate acid 80 mg, nicotinic acid 130 mg, folic acid 6.6 mg, biotin 1000 mg, Inositol 270 mg,
Ca (H2PO4)2-H20 400 mg, calcium lactate 1000 mg, Fe (as ferric citrate) 100 mg, Mg (as magnesium
sulfate) 400 mg, Al (as aluminum chloride) 20 mg, Zn (as zinc chloride) 60 mg, Cu (as copper sulfate)
30 mg, Mn (as manganese sulfate) 20 mg, Potassium iodide 20 mg. The negative control diet (Group
A) contained no added Nano-Se; its Se content (1.42 mg/kg) originated from the natural background

of feed ingredients (fish meal and soybean meal), as the vitamin/mineral premix contained no added
Se.

(2) Feeding duration experiment

Fish were fed the optimal Nano-Se concentration determined above (1.0 mg/kg).
Body weight was measured on days 0, 20, 30, 40, 50, and 60, and WGR and SGR were
calculated. The time range where maximum values occurred was selected for the RSM
design. Statistical methods were the same as above.

2.3.2. Response-Surface Methodology Optimization

Based on the results of 2.3.1, a central-composite design (CCD) with two factors and
five levels was used. Although the single-factor experiment preliminarily identified 1.0
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mg Se/kg diet as the optimal Se level from Nano-Se, the U-shaped dose-response of Se
necessitates inclusion of both deficiency (0 mg/kg) and excess (>3.0 mg/kg) ranges. To ac-
curately fit the non-linear relationship across the full response domain (including both
limbs around the turning point), the factor range was set from 0 to 4 mg Se/kg diet, cov-
ering deficient, optimal, and excessive levels to avoid boundary extrapolation. The two
factors were dietary Nano-Se concentration (T) and feeding duration (S), and the response
variables were WGR and SGR. The experimental factors and levels are shown in Supple-
mentary Table S1. A quadratic polynomial regression equation was fitted using the least-
squares method in Design-Expert 8.0:

Y =bo + biT + b2S + bsTS + baT2 + bsS?

where Y is the predicted value of WGR or SGR; bo is the intercept; b1 and b2 are linear
coefficients; bs is the interaction coefficient; b4 and bs are quadratic coefficients. The signif-
icance level was set at a = 0.05. Rearing conditions were the same as in the single-factor
experiments.

2.4. Biochemical Index Measurement

To evaluate the effects of Nano-Se on antioxidant and metabolic performance of P.
dabryanus, fish were fed the five experimental diets (Groups A-E) as described in 2.3.1.
Sampling was performed on days 0, 20, 40, and 60. Four fish per group were sampled for
biochemical and gene-expression analyses, based on previous fish-selenium-nutrition
studies (3-6 biological replicates) [14-16] and the 3R principle for ethical animal use [17].
Liver tissues were collected, immediately frozen in liquid nitrogen, and stored at -80 °C.
T-AOC, SOD, GSH-Px, AST, ALT, and LDH were measured using commercial kits fol-
lowing the manufactureres instructions.

Data are presented as mean + standard deviation. One-way ANOVA followed by
Duncane multiple range test was performed using Excel 2019 and SPSS 27.0, with p <0.05
considered significant. Heatmap and correlation analyses are described in Section 2.6.

2.5. Gene Expression Analysis of Key Selenium Metabolism Genes

Dietary Nano-Se gradients and sampling were the same as in 2.4. Total RNA was
extracted from liver using an RNA extraction kit. RNA concentration and purity were
measured with a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), and in-
tegrity was assessed by agarose gel electrophoresis. cDNA was synthesized using the HiS-
cript III RT SuperMix for qPCR (+gDNA wiper) kit. Primers were designed using Premier
5.0 and are listed in Table 2. To ensure reliable normalization, three candidate reference
genes (efla, f-actin, and gapdh) were evaluated for expression stability using geNorm anal-
ysis. The M-values for efla and S-actin were 0.489 and 0.497, respectively (both below the
0.5 threshold), while gapdh showed a higher M-value of 0.596 and was therefore excluded.
The amplification efficiencies of efla, f-actin, and gapdh were 100.17%, 97.70%, and 83.09%,
respectively; efla and f-actin fell within the acceptable range (90-110%), whereas gapdh
did not meet this criterion. The M-value and efficiency data for all candidate genes are
provided in Table S2, Figures S1 and S2 (Supplementary Materials). Consequently, efla
and f-actin were selected as the reference genes for subsequent normalization. Relative
expression levels were calculated according to Hellemans and Vandesompele [18]. All
primers showed satisfactory amplification performance, with efficiency values ranging
from 94.3% to 107.7%. qPCR was performed on a StepOne Plus Real-Time PCR System
(Thermo Fisher, USA). The 20 pL reaction mixture contained: 10 uL 2x SYBR Green Pro
Taq HS premix, 0.8 uL each of forward and reverse primer (10 umol/L), 2 uL cDNA, and
6.4 uL DEPC-treated water. The thermal cycling protocol was: 50 °C for 2 min; 95 °C for
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30 s; 40 cycles of 95 °C for 15 s and 58 °C for 45 s; followed by 95 °C for 15 s and 72 °C for
5 min.

Relative gene expression was calculated using the 2-AACt method and presented as
mean * standard deviation. GraphPad Prism 8 was used for graphing, and one-way
ANOVA followed by Duncane test (p < 0.05) were performed with SPSS 27.0. Heatmap
and correlation analyses are described in Section 2.6.

Table 2. Sequences of primers used for gRT-PCR.

Genes

P Length Amplification Ef-
Primer Sequence Accession Number roduct Length Amplification

(bp) ficiency (%)
selenool ;ég?:éég (? é%ﬁ%?é?iggg C XM_065278813.2 138 108.14
rnactap T CCICCTCCAGTICCACAAGE RV 0657
selenop?2 ;gg%é%iqg%?g?;?;?é%g%cc XM_065276391.2 123 92.42
chac2 ; 12?;?,?;: gggig?ggéggggﬁ XM_065242312.2 75 92.24
g T CCCAGAAGGTTGTCGATGCT a2 | 7 2
glol ;%ﬁ;?zi(é(;‘éCASTTSCA? CA g"l(“: CCAA:AG XM_065296127.1 97 96.06
ngrz | FCACIGGCAGAACTGGAGGAG ooz s
mgst3b ETT(';CCCCAAG(}I“((;}”AI“é;;? CAT(C;}ZFFIT é; (? ((;? XM_065296140.2 96 104.76
iy T CATGICIGGCAGGCGGTAR oo 0 156
gsr ;?éiiééé? g]il:[‘%%?AGSTTg g;;f XM_065273062.2 129 103.67
ot FIACCCAGACATCCGCATAGAA ooz 05
efla E iii%%éiiéiigi(é%i%%iT XM_065290951.1 290 100.17
pacin B ICTIGOGTATGGAGICTIGEGST vy o~
qapdh FIGTCTTCTCTCTCCCAGTGTAAGC XM_065298779.1 101.2 83.09

R:GCTCCCCTGGCTAAAGTCATTCATG

2.6. Heatmap and Correlation Analysis

Heatmap analysis: To eliminate dimensional differences and initial individual varia-
tion, the biochemical indices and gene-expression data were analyzed separately. Within
each dataset, all data were transformed to log: fold change (log:FC) relative to day 0
within the same Nano-Se concentration group, calculated as log: (treatment mean/day 0
mean of the same Nano-Se concentration). This transformation was used because (1) dif-
ferent indicators within the same dataset have different units and scales, and log2FC elim-
inates these dimensional differences, allowing a common color scale in the heatmap; (2)
using each groups own day 0 as baseline reduces the influence of initial individual vari-
ation; and (3) this transformation focuses on the temporal dynamics of each indicator.
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Hierarchical clustering (Euclidean distance, complete linkage) was performed on log:FC
matrices of biochemical indices and gene expression data separately using the R package
heatmap. Clustering was applied to both indicators (rows) and time-concentration com-
binations (columns). Red and green color scales indicate positive (up-regulation) and neg-
ative (down-regulation) log2FC values.

Correlation analysis: Global correlations were assessed using Spearman correlation,
which captures monotonic relationships without assuming linearity or normality. Strati-
fied analyses used Pearson correlation for linear relationships. Scatter plots were visually
inspected for obvious non-linear patterns. Data from five Nano-Se concentration groups
(A-E) at three time points (20, 40, 60 d) were analyzed as 15 treatment-time combinations
to explore potential associations among biochemical indices and gene expression. We
acknowledge that measurements from the same concentration group at different time
points may not be fully independent; therefore, this analysis was considered exploratory,
and stratified analyses by concentration and by time were also performed; these stratified
analyses do not rely on the assumption of independence across all 15 combinations. The
significance level was a = 0.05. Statistical analyses were performed using SPSS 27.0, and
heatmaps were generated with the R package heatmap.

3. Results
3.1. Single-Factor Experiment Results

3.1.1. Effect of Nano-Se Concentration on Growth Performance

After 60 days of feeding with Nano-Se diets, the effects of different Nano-Se concen-
trations on growth performance of P. dabryanus are shown in Figure 2. As the Se from
Nano-Se addition increased from 0 to 3.0 mg Se/kg diet, both weight-gain rate (WGR) and
specific growth rate (SGR) first increased and then decreased. The maximum WGR and
SGR were observed at 1.0 mg Se/kg diet, while the minimum occurred at 3.0 mg/kg. Thus,
under single-factor conditions, the optimal Se concentration for both WGR and SGR was
1.0 mg/kg.

3.1.2. Effect of Feeding Duration on Growth Performance

Using the optimal Nano-Se concentration (1.0 mg Se/kg diet), the effects of feeding
duration on growth performance are shown in Figure 3. WGR increased continuously
with time, reaching a maximum at 60 d and minimum at 20 d. SGR peaked at 30 d and
then slightly declined, with no significant differences among groups after 30 d (p > 0.05).
Therefore, the optimal feeding duration for WGR was 60 d, and for SGR was 30 d under
single-factor conditions.

3.2. Response-Surface Methodology for Growth-Performance Optimization
3.2.1. WGR Model Building and Response-Surface Analysis

The central-composite design (CCD) results are presented in Supplementary Table
S3. After coding (as shown in Supplementary Table S1), multiple regression was per-
formed to obtain the quadratic regression Equation (1) for WGR (Y): Y =6.373 +58.719 T
+0.2325-0.290 TS - 17.649 T2 + 0.022 S%, where Y is WGR (%), T is coded Se level from
Nano-Se (mg Se/kg diet), and S is coded feeding duration. Based on the regression coeffi-
cients and their significance levels, the relative contribution of each factor to the response
was evaluated.

ANOVA results for the WGR model are shown in Supplementary Table S4. The
model was highly significant (F = 82.79, p < 0.001), and the lack-of-fit was not significant
(p=0.0658>0.05). R2=0.9834, adjusted R?=0.972, indicating that the model explains 97.2%
of the response variation. AP =29.479 >4, CV = 6.59% < 10%, confirming model reliability.

https://doi.org/10.3390/antiox15111392
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The linear terms T (Se level from Nano-Se) and S (time) were both highly significant (p <
0.01), the quadratic term T? was significant (p < 0.01), while S? (p = 0.3066) and the interac-
tion TS (p = 0.0988) were not significant. The order of influence on WGR was S>T.
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Figure 2. Effect of different Se levels from Nano-Se on growth performance. WGR, weight-gain rate
(%); SGR, specific growth rate (%/d). Data are presented as mean + SD (1 = 3 replicate tanks per
group, 30 fish per tank). Different letters indicate significant differences among groups (p < 0.05).
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Figure 3. Effect of feeding duration on growth performance at 1.0 mg Se/kg diet from Nano-Se. WGR,
weight-gain rate (%); SGR, specific growth rate (%/d). Data are presented as mean + SD (n = 3 repli-
cate tanks per group, 30 fish per tank). Different letters indicate significant differences among groups
(p <0.05).

3.2.2. SGR Model Building and Response-Surface Analysis

The SGR response-surface results are shown in Supplementary Table S5. The quad-
ratic regression Equation (2) for SGR (Y) after coding was: Y = 0.639 + 0.493 T + 0.027 S -
0.001 TS -0.167 T2 - 0.0003 S2. ANOVA (Supplementary Table S6) showed that the model
was significant (F = 15.18, p = 0.0012), with a non-significant lack-of-fit (p = 0.0583). R? =
0.9156, adjusted R2=0.8552, AP =11.1484 > 4, CV =4.99% < 10%. The linear term T (Nano-
Se) and quadratic term T2 were highly significant (p < 0.01), while S (time) was not signif-
icant (p = 0.8064), S? approached significance (p = 0.0579), and TS was not significant (p =
0.7305). The influence order was T > S.

3.2.3. Interactive Effects of Nano-Se Concentration and Feeding Duration on WGR
and SGR

Response surface and contour plots (Figures 4 and 5) were generated from Equations
(1) and (2). Figure 4 shows that WGR first increased and then decreased with increasing
Nano-Se concentration, peaking at about 1.0 mg/kg; at the same concentration, WGR con-
tinuously increased with feeding duration, reaching a maximum at 60 d. Figure 5 shows
that SGR also exhibited a parabolic response to Nano-Se concentration, with the optimum
at ~1.0 mg/kg; however, with prolonged feeding, SGR first increased and then decreased,
peaking at 30 d. The upward-convex surfaces indicate the existence of maximum values.
Numerical optimization using Design-Expert 8.0 predicted the optimal conditions for
maximum WGR as 1.171 mg/kg Nano-Se and 60 days (predicted WGR = 121.934%), and
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for maximum SGR as 1.395 mg/kg Nano-Se and 39.75 days (predicted SGR = 1.512%/d).
These predicted optima are consistent with the experimental observations.

3D Surface

WGR (%)

B: Time (Day) ! A: Nano-Se (mg/kg)

20 000

Figure 4. Response-surface plot (3D) and contour plot showing the interactive effects of Nano-Se
concentration and feeding duration on WGR. The color scale represents the predicted WGR values,
with warmer colors indicating higher WGR and cooler colors indicating lower WGR. Contour lines

connect points of equal predicted WGR. Red circles represent the experimental design points.

3.3. Dynamic Changes and Heatmap Clustering of Hepatic Biochemical Indices
3.3.1. Time and Dose Effects on Enzyme Activities

As shown in Figure 6, in the control group (Group A, 0 mg Se/kg diet), liver T-AOC,
SOD, GSH-Px, LDH, AST, and ALT activities generally increased first and then decreased,
or continuously increased, peaking or remaining high at 40-60 d. Compared to the control,
low-dose Nano-Se (Group B, 0.5 mg Se/kg diet) significantly inhibited SOD and GSH-Px
activities. The medium dose (Group C, 1.0 mg Se/kg diet) maintained stable antioxidant
capacity during the mid-culture period, with a smaller decline in transaminases at later
stages. High doses (Groups D, 2.0 mg Se/kg diet; E, 3.0 mg Se/kg diet) strongly activated
GSH-Px and SOD but caused significant reductions in AST and ALT activities after pro-
longed feeding (60 d).
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Figure 5. Response-surface plot (3D) and contour plot showing the interactive effects of Nano-Se
concentration and feeding duration on SGR. The color scale represents the predicted SGR values,
with warmer colors indicating higher SGR and cooler colors indicating lower SGR. Contour lines

connect points of equal predicted SGR. Red circles represent the experimental design points.
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Figure 6. Changes in liver biochemical indices under different Se levels from Nano-Se and feeding
durations. Asterisks indicate levels of significance (ANOVA with post hoc Tukey test, * p < 0.05; **
p <0.01; ** p <0.001, ns stands for not significant).

3.3.2. Heatmap-Clustering Analysis of Hepatic Biochemical Indices

Hierarchical clustering heatmaps were constructed based on log:FC relative to day 0
(Figure 7). Indicator clustering: ALT and AST clustered together (transaminases); T-AOC
and GSH-Px clustered together (antioxidant system); SOD and LDH clustered together
(linking oxidative stress and energy metabolism). Treatment clustering: A20, A40, E20,
E40, D20 formed a cluster with all indicators up-regulated (red), indicating general meta-
bolic activation. C60, D40, C20, D60, C40 formed a cluster with all indicators down-regu-
lated (green), suggesting metabolic inhibition by medium/high Nano-Se in the middle-
late period. B20, B40, B60 formed a cluster with up-regulated transaminases but down-
regulated antioxidant enzymes, indicating that low dose maintains amino acid metabo-
lism but weakens antioxidant defense. A60 and E60 formed a cluster with down-regulated
transaminases (green) while T-AOC, SOD, GSH-Px remained strongly up-regulated (red),
showing an “uncoupling” phenomenon.
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Figure 7. Heatmap clustering of log: fold change (log2FC) of hepatic biochemical indices. Rows:

indicators; columns: time-concentration combinations. Red, up-regulation; green, down-regulation.

3.4. Dynamic Changes and Heatmap Clustering of Hepatic Selenium Metabolism-Related
Gene Expression

3.4.1. Gene-Expression Dynamics

As shown in Figure 8, Selenoprotein genes (selenoprotein O1 (selenool), selenoprotein
T1a (selenot1a)) were continuously highly expressed in the control group at mid-late stages,
while in Nano-Se-supplemented groups they peaked at 40 d and then sharply decreased.
Glutathione metabolism-related genes (microsomal glutathione S-transferase 3b (mgst3b),
microsomal glutathione S-transferase 2 (mgstt2), ChaC glutathione-specific gamma-glu-
tamylcyclo transferase 2 (chac2), hydroxyacyl glutathione hydrolase (hagh), glyoxalase I
(glol), glutathione reductase (gsr), glutathione peroxidase 1 (gpx1)) generally peaked at 40
d in Group C (1.0 mg Se/kg diet), but at 60 d most supplemented groups had lower ex-
pression than the control. Genes such as tRNA selenocysteine 1 associated protein
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(trnaulap, selenop), and selenoprotein P2 (selenop2) were significantly suppressed in sup-

plemented groups at later stages, especially in high-dose groups (D, E) at 60 d.
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Figure 8. Expression dynamics of selected selenium metabolism-related genes in liver under differ-

ent Nano-Se doses and feeding durations. Asterisks indicate levels of significance (ANOVA with

post hoc Tukey test, *** p <0.001, ns stands for not significant.).
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3.4.2. Heatmap-Clustering Analysis of Selenium Metabolism-Related Gene Expression

The heatmap of log:FC for gene expression (Figure 9) separated the 12 functional
genes into three clusters. Cluster I (selenop, selenotla, gpx1, trnaulap): selenoprotein syn-
thesis-related genes, showing a pattern of “early sustained high expression, late gradual
decline”. At 60 d, all supplemented groups exhibited suppression, and the degree of sup-
pression increased with Se concentration. Cluster II (glo1, mgstt2, chac2, mgst3b): glutathi-
one conjugation and degradation-related genes, showing “up-regulation at low doses,
suppression at high doses” and “mid-term up-regulation, suppression at early and late
stages”. Medium/high doses induced up-regulation at 40 d, but at 60 d almost all were
down-regulated. Cluster III (selenop2, gsr, hagh, selenool): continuously increased in the
control at late stages; in supplemented groups, the peak was delayed and later suppressed.
Notably, gsr was mostly negative throughout in Groups D and E, suggesting that high Se
may impair GSH regeneration capacity. The strongest up-regulation peak of all genes oc-
curred in Group C at 40 d.

I group
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Figure 9. Heatmap clustering of log2FC of hepatic selenium metabolism-related genes. Rows: indi-

cators; columns: time-concentration combinations. Red, up-regulation; green, down-regulation.
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3.5. Correlation Analysis Between Hepatic Biochemical Indices and Key Genes

Global Spearman correlation analysis (45 samples) showed highly significant posi-

tive correlations between selenoprotein genes (selenool, selenop, selenotla, gpx1) and gluta-
thione metabolism genes (gsr, hagh, chac2, mgst3b) (o = 0.63-0.86, p < 0.001). Correlations
between selenoprotein genes and antioxidant enzyme activities (GSH-Px, SOD, T-AOC)
were weak or negative (e.g., selenotla vs. SOD: g = -0.342, p < 0.05). Transaminase ALT
was strongly positively correlated with selenop, selenotla, and gpx1 (0 = 0.66-0.74, p <0.001)
(Figure 10).

T.AOC

0.8

0.6

selenoo

trnautapl

selenop

selenop2

selenot1a

Figure 10. Heatmap of correlations between hepatic biochemical indices and expression of selenium
metabolism-related genes. The correlation coefficient between these two factors is represented by
the intensity of the color. The color of the rectangles ranges from blue to red, indicating negative
correlation (close to —1) to positive correlation (close to 1). *: statistically significant correlations (p <
0.05).

3.5.1. Stratification by Concentration

In Group C (1.0 mg Se/kg diet), the gene—enzyme positive correlations were most
significant and widespread (e.g., selenool vs. SOD: g = 0.90, p < 0.001), indicating the
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strongest synergistic regulation at this dose. Weak correlations in Group A, moderate in
B and D, and extensive negative correlations in Group E (3.0 mg Se/kg diet) (e.g., selenotla
vs. GSH-Px: 0 =-0.80, p <0.01) suggest that high dose disrupts positive coupling.

3.5.2. Stratification by Time

Day 40 exhibited the strongest gene—enzyme coupling (e.g., selenotla vs. glo1: 0 =0.86,
p <0.001). At day 20, most correlations were not significant, indicating that the regulatory
network had not yet been established. At day 60, the positive correlation network disin-
tegrated (e.g., selenool vs. T-AOC: ¢ = -0.73, p < 0.01), reflecting feedback inhibition in-
duced by long-term Se exposure.

4. Discussion

The biological effects of nano-selenium (Nano-Se) are influenced by the interaction
between dietary dose and feeding duration, which is difficult to reveal using traditional
single-factor experiments. Moreover, current knowledge on Nano-Se in the large-scale
loach (Paramisgurnus dabryanus) is largely limited to phenotypic parameters such as
growth and antioxidant status, while the molecular mechanisms underlying selenium me-
tabolism remain poorly understood. Therefore, this study employed response-surface
methodology (RSM) with dietary Nano-Se concentration and feeding duration as two fac-
tors, systematically analyzed their interactive effects on growth performance, and com-
bined dynamic changes in hepatic biochemical indices and expression of key selenium
metabolism-related genes to explore the dose-time effects of Nano-Se at both phenotypic
and molecular levels, aiming to provide a scientific basis for precision selenium nutrition
in P. dabryanus.

4.1. Dual-Dimensional (Dose—Time) Effects of Nano-Se on Growth Performance
and Optimization

The biological effect of selenium follows a typical U-shaped curve, where both defi-
ciency and excess inhibit the growth of aquatic animals [4,8]. Single-factor experiments
can only assess the effect of one factor at a time and cannot reveal the interaction between
Se concentration and feeding duration. To address this, we established quadratic regres-
sion models for WGR and SGR using central composite design (CCD) within RSM.
ANOVA showed that the models were highly significant (p < 0.01), with non-significant
lack-of-fit, and adjusted R? values of 0.972 and 0.855, respectively, indicating good fit for
prediction and optimization. From the regression coefficients and response-surface plots
(Figures 4 and 5), the effects of Nano-Se concentration on both WGR and SGR followed a
parabolic trend of first increase then decrease, with the optimal Se level from Nano-Se
around 1.0 mg Se/kg diet. Feeding duration had a continuously positive effect on WGR
(highest at 60 d), whereas its effect on SGR increased rapidly and then plateaued (no sig-
nificant difference after 30 d). The plateau in SGR after 30 days may be related to the nat-
ural growth pattern of juvenile fish, but the underlying mechanisms were not investigated
in this study and require further research. Interaction analysis revealed no significant
product effect (TS term, p > 0.05), indicating that the effects of Se concentration and feeding
duration on growth are relatively independent. Several studies have shown that under
sufficient Se supply, selenoprotein expression and enzyme activity can reach a plateau
within a short time (hours to days) and then remain stable, rather than continuously in-
creasing linearly with feeding duration [19]. Therefore, the effect of Se on growth mainly
depends on whether the optimal dose is achieved, rather than the length of feeding dura-
tion. In the present study, growth responses at all time points from 20 to 60 d consistently
showed 1.0 mg Se/kg diet as the optimal Se level from Nano-Se (Figure 2).
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Based on the RSM results, the optimal Nano-Se addition for juvenile P. dabryanus is
1.0 mg/kg, and the optimal feeding duration is 60 d (for maximum weight gain) or 30—40
d (for maximum specific growth rate). This conclusion provides a basis for the selection
of sampling time points (20, 40, 60 d) for subsequent biochemical and gene expression
analyses. The optimal Nano-Se concentration identified in this study (1.0 mg Se/kg diet)
is generally consistent with findings in other freshwater fish species, such as common carp
(1-2 mg Se/kg diet) [5], yellow catfish (0.5-1.0 mg Se/kg diet) [15], and grass carp (0.5-1.0
mg Se/kg diet) [14]. However, the optimal feeding duration and the dose-time interaction
have rarely been systematically evaluated in previous studies. Our study demonstrates
that the effects of Nano-Se concentration and feeding duration on growth are relatively
independent, with concentration exerting a stronger influence on SGR and duration on
WGR. This finding provides practical guidance for feed formulation: the optimal dietary
Nano-Se level should be prioritized, and the feeding duration can be adjusted according
to the target production stage (e.g., 30-40 days for maximum SGR or 60 days for maximum
weight gain). Moreover, the application of RSM/CCD to optimize both concentration and
duration in P. dabryanus extends this approach to a new aquaculture species and offers a
methodological reference for precision selenium nutrition in other farmed fish. This con-
clusion also provides a basis for the selection of sampling time points (20, 40, 60 d) for
subsequent biochemical and gene-expression analyses.

4.2. Biphasic Regulation of Hepatic Antioxidant System and Metabolic-Enzyme Activities
by Nano-Se

In the control group (Group A, 0.0 mg/kg), hepatic T-AOC, SOD, and GSH-Px activ-
ities increased continuously with culture time, likely reflecting a compensatory mecha-
nism to maintain antioxidant capacity under basal Se supply to meet growth and meta-
bolic demands [20]. However, the low dose of Nano-Se (Group B, 0.5 mg Se/kg diet) in-
hibited SOD and GSH-Px activities. This dose may fall within the suboptimal range of the
Se U-shaped curve, where Se supply is insufficient to fully activate selenoprotein synthe-
sis; however, the exact mechanisms underlying this inhibition were not investigated in
this study and require further research. This phenomenon is consistent with the “low in-
hibition, high promotion” pattern observed in common carp by Ashouri et al. [5], further
confirming the non-monotonic dose dependence of Nano-Se nutritional effects. The me-
dium dose (Group C, 1.0 mg Se/kg diet) maintained stable antioxidant capacity during the
mid-culture period and showed a smaller decline in transaminases at later stages, indicat-
ing a balance between oxidative stress defense and metabolic homeostasis [10].

High doses of Nano-Se (Groups D and E, 2.0 and 3.0 mg/kg) strongly activated GSH-
Px and SOD in the early period, but prolonged feeding (60 d) led to significant decreases
in AST and ALT activities. The heatmap further revealed an “uncoupling” phenomenon
in Group E60, with large up-regulation of antioxidant enzymes but down-regulation of
transaminases, indicating that excessive Se continuously activates selenoprotein synthesis
and antioxidant pathways while potentially inhibiting transamination and interfering
with normal amino acid metabolism [4]. Similarly, high-dose Nano-Se (1-2 mg Se/kg diet)
increased serum transaminase activities in common carp, suggesting liver damage [5]; in
yellow catfish, although high Se alleviated oxidative stress induced by oxidized fish oil,
long-term exposure also disturbed amino acid metabolism [15]. This is consistent with in
vitro studies in rainbow trout hepatocytes, where high exposure to various selenium
forms (e.g., selenite or selenomethionine) was shown to induce oxidative stress and exert
cytotoxicity via reactive oxygen species generation [21,22]. In contrast, in grass carp, die-
tary Nano-Se supplementation reduced transaminase levels and improved liver health,
exerting a hepatoprotective effect [14]. Furthermore, Se deficiency has been shown to re-
duce glutathione peroxidase activity in fish, weakening antioxidant capacity and leading
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to free-radical accumulation. Studies have indicated that Se serves as the active center of
GSH-Px, playing important roles in metabolism and various physiological activities in
aquatic animals, although excess Se can also cause toxicity [13]. As a selenium source ad-
ditive and free radical scavenger, Nano-Se demonstrates unique protective effects against
environmental heat stress in rainbow trout, significantly increasing liver GPx activity and
up-regulating GPx1a gene expression levels [13]. In summary, the antioxidant-metabo-
lism axis “uncoupling” induced by high-dose Nano-Se may mark the transition from ben-
eficial to toxic effects of Se, further confirming the extremely narrow range between die-
tary essentiality and toxicity of Se in aquatic organisms [23].

4.3. Effects of Nano-Se on Key Gene Expression in Selenium Metabolism and
Molecular Mechanisms

This study revealed three distinct response patterns based on expression dynamics
of 12 selenoprotein and glutathione metabolism-related genes in the liver [24]. Cluster I
genes (selenop, selenotla, gpx1, trnaulap) exhibited a dynamic pattern of “early transient
up-regulation in control, mid-term induction peak, and late dose-dependent suppression”
in the liver of P. dabryanus. These genes are directly involved in selenoprotein synthesis
or encode selenoproteins themselves. Among them, trnaulap (SECp43) is an upstream key
assembly factor for the selenoprotein translation machinery, directly regulating the effi-
ciency of co-translational selenocysteine insertion [25,26]; selenop, selenotla, and gpx1 en-
code selenoprotein P, selenoprotein T1a, and glutathione peroxidase 1, respectively, per-
forming antioxidant, selenium transport, and redox regulatory functions [27]. The four
genes shared a highly consistent three-stage dynamic: Early transient up-regulation in
control (A20): Under basal Se levels (without exogenous Nano-Se supplementation), the
fish transiently up-regulated selenop, selenotla, gpx1, and trnaulap to optimize the utiliza-
tion of limited Se resources and maintain basal selenoprotein function and redox balance
[28]. This is consistent with the strategy in mammals of prioritizing essential selenoprotein
expression during Se deficiency [25,27] and reflects adaptive responses in fish under in-
adequate Se supply. Mid-term induction peak (2040 d): In the Nano-Se supplemented
groups, the degree of induction was positively correlated with Se dose within a certain
range, but peak timing and dose dependence varied among genes: selenotla and gpx1 re-
mained highly expressed from 20 to 40 d, while trnaulap and selenop began to decline soon
after the 20 d induction. This reflects a “priority hierarchy” in selenoprotein synthesis: the
genes directly involved in antioxidant defense (gpx1 and selenotla) are translated first,
while the Se transporter selenop is subject to tighter feedback control. Pacitti et al. (2013)
[29] found in rainbow trout hepatocytes that GPx1 isoforms, particularly GPx1a, showed
the highest sensitivity to selenium availability in vitro, suggesting that GPx1 transcript
expression level may serve as a sensitive biomarker for selenium intake. Conversely, stud-
ies in fish have demonstrated that appropriate Nano-Se supplementation can restore the
expression of selenoprotein synthesis-related genes (e.g., GPx) under stress conditions
[13,14], indirectly supporting the hierarchical regulation of selenoprotein expression.
Late-stage dose-dependent suppression (60 d): at 60 d, almost all Cluster I genes in sup-
plemented groups were suppressed, and the degree of suppression was positively corre-
lated with Nano-Se dose (E60 > D60 > C60 > B60). The core mechanism of this global neg-
ative feedback is the down-regulation of trnaulap (SECp43), acting as a “master switch”
for selenoprotein translation, thereby blocking the synthesis of downstream selenopro-
teins (including selenop, selenotla, gpx1). When hepatic Se reserves remain high for a long
period, the organism suppresses trnaulap expression to fundamentally reduce selenopro-
tein synthesis, avoiding excessive Se consumption and potential Se toxicity (e.g., protein
dysfunction through non-specific sulfur substitution, excessive ROS generation) [30]. This
negative feedback mechanism is supported by studies in fish: high-dietary Se levels have
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been shown to down-regulate the expression of trnaulap and related selenoprotein genes
in yellow catfish [15], and supra-nutritional doses of dietary selenium have been reported
to inhibit hepatic selenoprotein gene expression in rainbow trout [13]. These findings are
highly consistent with the present results, confirming that excessive Se supply triggers a
conserved negative regulatory loop that limits selenoprotein synthesis to prevent Se tox-
icity.

Cluster II genes (glo1, mgstt2, chac2, mgst3b) all function in a glutathione (GSH)-de-
pendent manner, constituting a GSH-dependent secondary defense module that compen-
sates for maintaining redox balance when selenoprotein function is limited. Glutathione
is a bioactive peptide widely present in cells, playing important roles in antioxidant de-
fense, immune response, and detoxification. Fish glutathione S-transferases (GSTs) are
important phase II detoxification enzymes that play key roles in catalyzing the conjuga-
tion of toxins with reduced glutathione. The genes in this cluster showed “dose- and time-
dependent bidirectional regulation”: up-regulation at moderate doses or in the mid-phase
(e.g., 40 d), but mostly suppression at high doses or long-term (60 d) exposure [31]. This
dynamic is similar to that of Cluster I genes, but the sensitivity to dose/time varies among
different genes. Early suppression (20 d): In A20, B20, C20, D20, E20, glo1, mgst3b, and
chac2 were almost all negative, while only mgstt2 remained up-regulated in B20 and C20.
This suggests that early in Nano-Se exposure, the organism prioritizes Cluster I seleno-
proteins (selenotla, gpx1, etc.) for antioxidant functions, and may allocate limited GSH re-
sources to selenoprotein synthesis and GPx reactions. Mid-term induction (40 d): all four
genes showed clear up-regulation peaks at A40, B40, C40, D40, and E40. This “mid-term
induction peak” was synchronized with that of Cluster I, but the induction of Cluster II
was more concentrated at 40 d. It suggests that after selenoprotein synthesis is fully initi-
ated, the organism further enhances the GSH-dependent secondary defense module to
synergistically clear secondary oxidative damage and glycation products generated dur-
ing Se metabolism. Indeed, studies have shown that dietary Nano-Se supplementation
significantly increases hepatic glutathione S-transferase (GST) activity in grass carp fed a
high-fat diet [32], and nano-Se has been reported to up-regulate the expression of seleno-
protein-related genes, including GPx1a and Trx, in rainbow trout [13], consistent with the
40 d induction peak of Cluster II in this study.

Cluster III genes (selenop2, gst, hagh, selenool) mainly function in the GSH regenera-
tion cycle (gsr), subsequent metabolism of GSH-conjugated products (hagh), and some
special members of the selenoprotein family (selenop2, selenool). Among them, mgst3b (mi-
crosomal glutathione S-transferase 3b) is predicted to enable glutathione peroxidase ac-
tivity and glutathione transferase activity, primarily localized in the endoplasmic reticu-
lum and nuclear envelope. They showed a highly consistent pattern of “continuous in-
crease in the control, delayed peak (or phase shift) in supplemented groups, and suppres-
sion at high doses/long term”. In the control group: the log2FC of all four genes continu-
ously increased from negative or near-zero to moderately positive values, indicating that
without exogenous Nano-Se, the endogenous Se reserve may be insufficient, and the or-
ganism continuously up-regulates gsr, hagh, and certain selenoproteins (selenop2, selenool)
to maximize the use of limited Se resources and maintain GSH cycling and redox balance
[33]. This is consistent with the compensatory up-regulation of gsr and hagh under Se de-
ficiency in mammals [25,27] and also reflects a high dependence on the GSH regeneration
pathway in fish under low-Se status [34]. In supplemented groups (B, C, D, E): when ex-
ogenous Se is adequate, the peak of this module does not appear at 20 d but is delayed to
40 d (B40, C40) or even 60 d (e.g., hagh trends at B60, C60). This “peak delay” likely reflects
a “priority strategy” after Se supplementation: first, meet the synthetic demands of Clus-
ter I selenoproteins (direct antioxidants and Se transporters), and only later induce auxil-
iary systems such as GSR and HAGH. This is consistent with our observation that Cluster
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I genes were already strongly induced at 20 d, while the significant rise of Cluster III genes
generally occurred at 40 d and beyond. In line with this, studies in other fish species have
shown that dietary selenium levels can significantly regulate the expression of multiple
selenoprotein genes, including GPX1, GPX4, and SELENOP [35]; and Pacitti et al. (2013)
[29] similarly found that GPx1 responded most rapidly to Se in rainbow trout hepatocytes,
whereas other selenoprotein genes showed delayed expression. Together, these findings
support the inferred “priority hierarchy” of selenoprotein expression.

4.4. Dose- and Time-Dependent Correlation Patterns Between Hepatic Biochemical Indices and
Key Genes

Spearman correlation analysis showed that under Nano-Se treatment, selenoprotein
genes (selenop, selenotla, gpx1, selenool) were highly significantly positively correlated with
glutathione metabolism-related genes (gsr, hagh, chac2, mgst3b, mgstt2) (o = 0.63-0.86, p <
0.001), indicating widespread transcriptional co-regulation between selenoprotein synthe-
sis and GSH-dependent secondary detoxification systems [36]. However, correlations be-
tween selenoprotein genes and antioxidant enzyme activities (GSH-Px, SOD, T-AOC)
were weak or negative (e.g., selenotla vs. SOD: g = —0.342, p < 0.05), suggesting an uncou-
pling between transcription and enzyme activity. Stratification by concentration revealed
that Group C (1.0 mg Se/kg diet) exhibited the strongest and most extensive positive gene-
enzyme correlations (e.g., selenool vs. SOD: ¢ = 0.90, p < 0.001), representing the optimal
dose. Correlations were weak in Group A (control), moderate in Groups B and D, and
extensively negative in Group E (3.0 mg Se/kg diet) (e.g., selenotla vs. GSH-Px: o = -0.80,
p < 0.01), indicating that high dose disrupts positive coupling. Stratification by time
showed that day 40 was the period of strongest gene—enzyme coupling (e.g., selenotla vs.
glol: 0 = 0.86, p < 0.001); no significant correlations were observed at day 20, indicating
that the regulatory network had not yet been established; at day 60, the positive correla-
tion network disintegrated (e.g., selenool vs. T-AOC: 0 =-0.73, p <0.01), reflecting feedback
inhibition induced by long-term Se exposure [37]. In summary, the regulatory effect of
Nano-Se is both concentration- and time-dependent: 1.0 mg/kg for 40 d is the optimal
synergistic window, whereas high dose (3.0 mg/kg) or long-term (60 d) exposure leads to
transcription-enzyme activity uncoupling and negative correlations, possibly related to
NADPH consumption, suppression of trnaulap expression, and oxidative damage in-
duced by Se toxicity [15]. It should be noted that the correlation analysis treated the 15
treatment-time combinations as independent observations, whereas repeated measure-
ments from the same concentration group may not be fully independent. Therefore, the
correlation results should be interpreted as exploratory, and the stratified analyses by con-
centration and time provide more robust support for the main conclusions.

5. Conclusions

This study demonstrates that response-surface methodology is an effective tool for
optimizing dietary Nano-Se supplementation in juvenile P. dabryanus. The optimal
growth was achieved at 1.0 mg Se/kg diet Nano-Se, while feeding duration had an inde-
pendent effect: WGR increased continuously with time, whereas SGR plateaued after 30
days. Nano-Se exhibited a non-monotonic, dose-dependent effect on hepatic antioxidant
capacity. The medium dose (1.0 mg Se/kg diet) at 40 days showed the strongest gene-
enzyme coupling, representing the optimal synergy window. In contrast, the low dose
(0.5 mg Se/kg diet) suppressed antioxidant enzymes, and the high dose (3.0 mg Se/kg diet)
caused transcriptional-enzymatic uncoupling, indicating a narrow safe range for Se sup-
plementation. At the molecular level, 12 functional genes were classified into three clus-
ters, revealing a hierarchical priority in selenoprotein translation: antioxidant-defense
genes (gpx1, selenotla) were prioritized under adequate Se supply, while trnaulap (SECp43)
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was globally down-regulated under long-term high-Se exposure, acting as a potential
master switch for selenoprotein synthesis. In conclusion, the optimal Nano-Se supplemen-
tation for juvenile P. dabryanus is 1.0 mg Se/kg diet for 40 days (or 60 days for maximum
weight gain), providing a theoretical basis for precision selenium nutrition in farmed fish.
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