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Capsule  
Heat-inactivated L. acidophilus AC improved intestinal morphology and metabolism in 
juvenile L. crocea, with the 1×1010 CFU/g dose showing stronger overall benefits. 

Abstract  
The overuse of antibiotics in aquaculture presents significant challenges, including the 
emergence of drug-resistant pathogens, environmental contamination, and food safety 
risks. Probiotics have emerged as a promising alternative, with heat-inactivated 
probiotics gaining prominence for their enhanced safety and stability. This study 
investigates the effects of heat-inactivated Lactobacillus acidophilus AC on the growth 
performance and intestinal health of juvenile yellow croaker, Larimichthys crocea. 
Heat-inactivated L. acidophilus AC was prepared at two concentrations—1×1010 CFU/g 
(ABI1 group) and 1×1011 CFU/g (ABI2 group)—and incorporated into the basal diet. These 
were compared to a control group (NC group) in a 56-day feeding trial. The results 
demonstrated that the intestinal morphology was significantly improved (P < 0.001). The 
diversity of the intestinal microbiota community in the ABI2 group showed a decreasing 
trend (P < 0.05). Furthermore, the intestinal metabolism was significantly influenced by 
heat-inactivated L. acidophilus AC. In summary, heat-inactivated L. acidophilus AC has 
been demonstrated to optimize growth by optimizing the structure of the intestinal 
microbiota and promoting the production of beneficial metabolites. This study provides a 
scientific basis for the application of heat-inactivated probiotics in aquaculture. 

INTRODUCTION 

The global aquaculture industry has expanded rapidly to 
meet rising seafood demand, leading to intensified farming 
practices and increased stocking densities.1 However, dis
eases frequently occur in intensive aquaculture systems, 
and although antibiotics provide short-term relief, they ex
acerbate antibiotic resistance and environmental pollution, 
creating an urgent need for sustainable alternatives.2 Con
sequently, identifying sustainable alternatives to antibi
otics has become essential for the long-term viability of 
aquaculture. 
Probiotics have gained prominence as viable substitutes 

for antibiotics and are widely utilized in aquaculture.3 

Among probiotic candidates, lactic acid bacteria, particu
larly L. acidophilus AC, are extensively studied for their ben
eficial effects.4 Live L. acidophilus AC has been shown to 

enhance growth, boost immunity, and increase disease re
sistance in various aquatic species.5 Similarly, heat-inacti
vated L. acidophilus AC exhibits potentiality in promoting 
growth, regulating immune function, and improving gut 
health.6 For example, Zhang et al.7 reported that heat-in
activated lactic acid bacteria significantly enhanced growth 
performance and disease resistance in tilapia (Oreochromis 
niloticus), while Ren et al.8 observed improved intestinal 
health in Pacific white shrimp (Litopenaeus vannamei) 
through modulation of gut microbiota and metabolites. 
The large yellow croaker (Larimichthys crocea) is a ma

rine aquaculture species of significant economic value 
along China’s southeastern coast; however, the develop
ment of aquaculture has long been constrained by issues 
such as slow growth and frequent disease outbreaks. Al
though many studies have demonstrated that heat-inacti
vated L. acidophilus AC promotes growth in aquatic ani
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mals, few studies have investigated whether the addition of 
heat-inactivated L. acidophilus AC to L. crocea feed has dis
tinct probiotic effects. Furthermore, research on the mech
anism of heat-inactivated L. acidophilus AC remains in
sufficient. Against this backdrop, this study evaluated the 
effects of heat-inactivated L. acidophilus AC on the growth 
performance of juvenile L. crocea, and through the integra
tion of metabolomics and microbial community analysis to 
elucidate the mechanisms. The results are expected to pro
vide practical guidance for the application of heat-inacti
vated L. acidophilus AC in L. crocea aquaculture and pro
mote a shift toward sustainable, antibiotic-free aquaculture 
practices. 

MATERIALS AND METHODS 

PREPARATION OF HEAT-INACTIVATED L. ACIDOPHILUS 
AC SUSPENSION AND EXPERIMENTAL DIETS 

L. acidophilus AC, previously isolated from the intestine of 
L. crocea,9 was confirmed to exhibit probiotic properties in 
our laboratory. Hemolysis tests verified its lack of patho
genicity. Glycerol-preserved L. acidophilus AC was revived, 
and single colonies were inoculated into Lactobacillus-se
lective broth. Cultures were incubated at 37°C for 48 hours 
in a constant-temperature shaker. Bacterial concentration 
was measured as optical density (OD) at 600 nm and ad
justed to 1×1010 CFU/g and 1×1011 CFU/g for the experi
mental groups. The suspensions were heat-inactivated in 
a 70°C water bath for 10 minutes. Inactivation was con
firmed using the dilution plate method: aliquots of the 
heat-treated suspension were spread onto MRS agar plates 
(three replicates per group) and incubated anaerobically at 
37°C in an anaerobic jar. Plates were inspected for colony 
growth at 12, 24, and 36 hours to ensure complete inactiva
tion. 
Experimental diets were prepared by uniformly spraying 

the heat-inactivated L. acidophilus AC suspension onto a 
basal diet (Jianma brand L. crocea compound feed: crude 
protein ≥47%, crude fat ≥5%). The control diet (NC group) 
was sprayed with an equivalent volume of phosphate-
buffered saline (PBS). Diets were dried at 37°C in an oven, 
coated with a 10% sodium alginate solution for stability, 
and stored at 4°C. Fresh diets were prepared every three 
days to maintain the quality. 

EXPERIMENTAL ANIMAL HUSBANDRY MANAGEMENT 

The feeding trial was conducted at the Changzhi Island 
marine aquaculture base (Zhoushan Peninsula Aquaculture 
Co., Ltd.). Juvenile fish were acclimated in seawater cages 
for two weeks, fed the basal diet. Nine cages (1m × 1m × 
1m) were each stocked with 30 healthy fish (average ini
tial weight: 102.8 ± 3.2 g). These cages were randomly as
signed to three dietary treatments, resulting in three repli
cate cages per treatment. The treatments were: (1) NC 
group (basal diet + PBS), (2) ABI1 group (basal diet + 1×1010 

CFU/g heat-inactivated L. acidophilus AC), and (3) ABI2 
group (basal diet + 1×1011 CFU/g heat-inactivated L. aci

dophilus AC). Fish were housed in 1×1×1 m cages and fed 
twice daily (05:00 and 17:00) at approximately 4% of body 
weight for 56-d. Water quality was as follows: temperature 
18.1–25.9°C, salinity 26–30‰, nitrite <0.005 mg/L, ammo
nia nitrogen <0.2 mg/L, and dissolved oxygen >6.5 mg/L. 

SAMPLE COLLECTION 

Following the 56-d trial, fish were fasted for 24 h. The num
ber, body length and weight in each group was recorded 
for subsequent growth indexes analysis. Twelve fish were 
randomly selected from each cage, and three of them were 
used for the whole body composition analysis, three fish 
were dissected to obtain muscle, liver and viscera that used 
to calculate the muscle body composition analysis, the he
patosomatic and the viscerosomatic indexes. In addition, 
six fish were dissected, and the intestinal tissues from three 
of them were fixed in 4% paraformaldehyde for histological 
examination. The remaining three intestines were placed in 
sterile cryovials and frozen in liquid nitrogen for intestinal 
microbiome and metabolome analysis. 

GROWTH PARAMETER ANALYSIS 

Growth parameters were calculated using the following 
equations. 
Weight Gain Rate (WGR, %) = 100 × (Wt – W0) / W₀ 
Specific Growth Rate (SGR, %/d) = 100 × (ln Wt - ln W0) / 

t 
Condition Factor (CF, g/cm3) = 100 × Wt / L3 

Hepatosomatic Index (HSI, %) = 100 × Wh / Wt 
Viscerosomatic Index (VSI, %) = 100 × Wv / Wt 

Where: W0 = initial body weight (g), Wt = final body weight 
(g), L = body length (cm), Wh = liver weight (g), Wv = vis
ceral weight (g), and t = experimental duration (days). 

INTESTINAL HISTOLOGICAL ANALYSIS 

Fixed intestinal samples were processed by Hangzhou 
Haoke Biotechnology Co., Ltd. for paraffin embedding and 
hematoxylin-eosin (HE) staining. Sections were scanned 
using a digital whole-slide pathology scanner (KF-FL-020) 
and analyzed with Visiopharm software to quantify, villus 
length and goblet cell numbers. 

INTESTINAL MICROBIOTA ANALYSIS 

Total DNA was extracted from intestinal samples using the 
MP FastDNA Spin Kit (MP Biomedical, USA). The V3–V4 re
gion of the 16S rRNA gene was amplified with primers 338F 
(5’-ACTCCTACGGGGAGGCAGCA-3’) and 806R (5’-GGAC
TACHVGGGTWTCTAAT-3’). PCR products were purified, 
quantified, and sequenced on the Illumina NovaSeq 6000 
platform. Raw reads were filtered, trimmed, and merged to 
generate operational taxonomic units (OTUs) for diversity, 
differential abundance, and correlation analyses. 
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Table 1. Effects of heat-inactivated    L. acidophilus   AC on growth performance of juvenile       L. crocea   

Items 
Groups 

P-value 
NC ABI1 ABI2 

Initial weight (g) 13.00 ± 1.55 11.20 ± 2.12 11.87 ± 1.66 0.613 

Final weight (g) 38.60 ± 11.83 37.07 ± 9.47 39.51 ± 10.22 0.666 

WGR (%) 195.55 ± 78.03 238.02 ± 88.28 243.61 ± 119.71 0.117 

SGR (%/d) 1.86 ± 0.54 2.11 ± 0.49 2.11 ± 0.57 0.122 

CF (g/cm3) 0.97 ± 0.10b 1.08 ± 0.13a 1.01 ± 0.11b 0.002 

HIS (%) 2.21 ± 0.10 2.26 ± 0.881 1.97 ± 0.74 0.507 

VSI (%) 5.85 ± 1.58 5.66 ± 0.95 5.64 ± 1.43 0.851 

The same data labeled with no letter or the same letter indicates that the difference is not significant (P > 0.05), and different letters indicate that the difference is significant (P < 
0.05). 

INTESTINAL NON-TARGETED METABOLOMICS ANALYSIS 

Intestinal samples stored at -80 °C were sent to Beijing 
Biomarker Technologies Co., Ltd. for non-targeted 
metabolomics analysis. The liquid chromatography-mass 
spectrometry (LC-MS) system included the Waters Acquity 
I-Class PLUS ultra-high-performance liquid chromatogra
phy tandem system and the Waters Xevo G2-XS QTof high-
resolution mass spectrometer. Dual-channel data acquisi
tion was performed using MassLynx V4.2. Peak extraction 
and alignment were performed using Progenesis QI soft
ware. Data identification utilized the online METLIN data
base, public databases, and Biomarker’s internally con
structed library via Progenesis QI software. Theoretical 
fragmentation identification was also conducted to ensure 
that the deviation of parent ion mass numbers was less 
than 100 ppm and the deviation of fragment ion mass num
bers was <50 ppm. Data analysis was performed using the 
Biomarker Cloud platform (http://www.biocloud.net). 

STATISTICAL ANALYSIS 

Data were analyzed using one-way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test in SPSS 
27.0. Results are expressed as mean ± standard deviation, 
with statistical significance set at P < 0.05. 

RESULTS 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE GROWTH PERFORMANCE OF JUVENILE L. CROCEA 

As presented in Table 1, the WGR and SGR increased with 
the higher concentrations of heat-inactivated L. acidophilus 
AC, though these differences were not statistically signif
icant compared to the NC group (P > 0.05). Notably, the 
CF in the ABI1 group was significantly higher than that in 
the NC group (P < 0.05). No significant differences were ob
served in the HSI or VSI across all groups (P > 0.05). 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
INTESTINAL TISSUE OF JUVENILE L. CROCEA 

Quantitative analysis (Fig. 1) confirmed that compared to 
the NC group, the villus length was significantly greater in 
the ABI1 group (P < 0.05), while the number of goblet cells 
per villus was significantly higher in the ABI2 group (P < 
0.05). 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE INTESTINAL MICROBIOTA OF JUVENILE L. CROCEA 

Alpha diversity analysis (Table 2) showed no significant dif
ferences in Chao1, ACE, or Shannon indices among the NC, 
ABI1, and ABI2 groups (P > 0.05). However, the Simpson in
dex was significantly lower in the ABI2 group (P < 0.05), in
dicating a decrease in microbial diversity. Principal Compo
nent Analysis (PCA, Fig. 2) revealed differences in microbial 
community structures in the ABI1 and ABI2 groups com
pared to the NC group. 
At the phylum level (Fig. 3), the dominant intestinal mi

crobiota in L. crocea included Proteobacteria, Bacteroidota, 
Actinobacteriota, Acidobacteriota, Chloroflexi, and Firmi
cutes. With increasing concentrations of heat-inactivated 
L. acidophilus AC, Actinobacteriota abundance increased, 
while Firmicutes abundance decreased. The relative abun
dance of Gemmatimonadota was significantly higher in the 
ABI1 group (P < 0.05). At the genus level (Fig. 3), dominant 
genera included unclassified_Bacteria, unclassified_Micrococ
caceae, unclassified_Gemmatimonadaceae, Sphingomonas, 
unclassified_Vicinamibacterales, and unclassified_Microscil
laceae. Higher concentrations of heat-inactivated L. aci
dophilus AC were associated with increased abundance of 
unclassified_Micrococcaceae, Sphingomonas, unclassified_Mi
croscillaceae, unclassified_Vicinamibacteraceae, Devosia, and 
unclassified_Sphingomonadaceae, while unclassified_Vici
namibacterales decreased. 
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Fig. 1 Quantitative analysis of intestinal tissues of juvenile          L. crocea . VH: villus height; GC: goblet cell quantity         
per villi. Values presented are mean ± SD of three individual fish (N = 3). * represent significant difference.                    

Table 2. Alpha diversity indexes of the intestinal flora of juvenile          L. crocea   

Items 
Groups 

P-value 
NC ABI1 ABI2 

Chao1 2909.14 ± 134.57 2723.87 ± 299.39 2454.96 ± 148.79 0.093 

ACE 2908.21 ± 136.00 2721.32 ± 299.41 2453.77 ± 146.86 0.093 

Simpson 0.9985 ± 0.0001a 0.9983 ± 0.0002ab 0.9980 ± 0.0001b 0.017 

Shannon 10.45 ± 0.05 10.31 ± 0.19 10.15 ± 0.08 0.070 

The same data labeled with no letter or the same letter indicates that the difference is not significant (P > 0.05), and different letters indicate that the difference is significant (P < 
0.05). 

Fig. 2. PCA analysis of the intestinal flora of juvenile         L. crocea . Group1: NC Group; Group2: ABI1 Group; Group3:         
ABI2 Group.   
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Fig. 3. Analysis of the composition of the intestinal flora of juvenile           L. crocea . (A) Bacterial composition based on       
phylum level; (B) Bacterial composition based on genus level.          

Fig. 4. Volcano map of differential metabolite      

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE INTESTINAL METABOLITES OF JUVENILE L. CROCEA 

DIFFERENTIAL METABOLITE ANALYSIS 

From the volcano plots, where each data point corre
sponds to a specific metabolite. The horizontal coordinate 

(x-axis) represents the fold change in expression levels of 
metabolites between different groups (log2 Fold Change), 
and the vertical coordinate (y-axis) represents the level 
of statistical significance (-log10 P-value). The size of the 
points is positively correlated with the variable importance 
in projection (VIP) value of the OPLS-DA model, meaning 
that the larger the point, the stronger the discriminating 
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Fig. 5. Difference fold analysis    

ability of the metabolite in the model, and the higher the 
reliability of the screening results. Blue marks indicate 
down-regulated differentially expressed metabolites, red 
marks indicate up-regulated differentially expressed 
metabolites, and gray represents metabolites that were de
tected but no significantly different. To further highlight 
key metabolites, the five metabolites with the highest sig
nificance based on P-values were labeled in the figure. 
Volcano plots (Fig. 4) demonstrated the significant 

metabolic shifts. Compared to the NC group, the ABI1 
group exhibited 17 significantly upregulated and 48 sig
nificantly downregulated metabolites. Key upregulated 
metabolites included Gentamicin A and Seletalisib, while 
Glucosyl (2E,6E,10x)-10,11-dihydroxy-2,6-farnesa
dienoate, Verdamicin, and Nocloprost were notably down
regulated. In the ABI2 group, 3 metabolites were signifi
cantly upregulated and 61 downregulated, with Verdamicin, 
(R)-3,4-Dihy
dro-2-methyl-2-(4,8,12-trimethyl-3,7,11-trideca
trienyl)-2H-1-benzopyran-6-ol, and 5b-Cyprinol sulfate 
among the most downregulated. 

DIFFERENTIAL METABOLITE FOLD CHANGE ANALYSIS 

Fold change analysis (Fig. 5) showed that in the ABI1 
group, PS(18:1(12Z)-O(9S,10R)/20:1(11Z)) exhibited the 
greatest upregulation (37.52-fold), while 5,6-dihy
droxy-8,11,14-eicosatrienoic acid showed the largest down
regulation (5.31-fold). In the ABI2 group, FLESTOLOL was 
the most upregulated (3.44-fold) metabolite, and IV2Fuc-
nLc4Cer was the most downregulated (35.98-fold) metabo
lite. 

KEGG FUNCTIONAL ANNOTATION AND ENRICHMENT 
ANALYSIS 

The KEGG pathway enrichment analysis of differential 
metabolites, as shown in Fig. 6, indicates that the differ

ential metabolites between the ABI1 and NC groups were 
enriched in retinol metabolism, neomycin, kanamycin and 
gentamicin biosynthesis, folate biosynthesis, primary bile 
acid biosynthesis, lysine degradation, steroid biosynthesis, 
and porphyrin metabolism. At the same time, the differ
ential metabolites between the ABI2 and NC groups were 
enriched in drug metabolism-other enzyme systems, 
ubiquinone and other terpenoid-quinone biosynthesis, pri
mary bile acid biosynthesis, steroid biosynthesis, porphyrin 
metabolism, and steroid hormone biosynthesis. It can be 
seen that the differential metabolites of both experimental 
groups compared to the control group were enriched in 
three pathways: primary bile acid biosynthesis, steroid 
biosynthesis, and porphyrin metabolism. 

DISCUSSION 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE GROWTH PERFORMANCE AND INTESTINAL TISSUE 
STRUCTURE OF JUVENILE L. CROCEA 

The morphological structure of the intestines directly in
fluences fish health and growth by affecting digestion and 
absorption, making it a key factor in improving growth per
formance in aquaculture. Intestinal villus length, and num
ber of goblet cells are key structural indicators that influ
ence fish growth and digestive function. Longer intestinal 
villi increase the surface area available for nutrient absorp
tion, thereby significantly improving growth rates and feed 
conversion efficiencies.10,11 Intestinal goblet cells secrete 
mucus to maintain mucosal integrity and protect intesti
nal tissues from environmental and microbial stressors.12,
13 In this study, feeding a diet supplemented with heat-in
activated L. acidophilus AC significantly improved intesti
nal morphology, as evidenced by increased villus length and 
goblet cell count in the ABI1 group. These changes sug
gest enhanced intestinal structural development and bar
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Fig. 6. KEGG enrichment analysis of differential metabolites       

rier function. At the genus level, the abundance of Sphin
gomonas in the experimental groups was slightly higher 
than that in the control group. Previous studies have shown 
that supplementation with Sphingomonas can improve in
testinal morphology (by increasing the VH/CD ratio in the 
ileum) and increase the abundance of beneficial bacteria,14 

such as Lactobacillus, that produce short-chain fatty acids 
(SCFAs). SCFAs promote epithelial cell proliferation and 
maintain barrier integrity.15 Although SCFA levels were not 
directly measured, the improvements in intestinal structure 
and enhanced barrier function observed in this study may 
be associated with this bacterial strain. 
The CF in Group ABI1 increased significantly. This index 

is positively correlated with crude fat content and reflects 
fish growth and health status,16 suggesting that heat-inac
tivated L. acidophilus AC may indirectly improve fattening 
by influencing fat digestion and absorption. In this study, 
although weight gain and specific growth rate showed an 
upward trend with increasing supplementation levels, the 
differences were not significant. Therefore, heat-inacti
vated L. acidophilus AC does not appear to directly enhance 
growth performance but rather mediates these effects indi
rectly by improving CF and tissue structure and enhancing 
intestinal health. 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE INTESTINAL MICROBIOTA OF JUVENILE L. CROCEA 

The results showed that heat-inactivated L. acidophilus AC 
did not significantly affect the Chao1 index, ACE index, and 
Shannon index of the intestinal microbiota of L. crocea, but 
it did significantly affect the Simpson index. The Chao1 
and ACE indices mainly reflect species richness, and there 
were no significant differences in these indicators among 
the groups, indicating that heat-inactivated L. acidophilus 
AC treatment did not change the total number of microbial 
species in the intestine. The Simpson’s index reflects com
munity evenness; a lower value indicates lower diversity.4 

Although this index was significantly lower in the ABI2 
group than in the NC group, the difference was minimal, 

suggesting that high-concentration heat-inactivated L. aci
dophilus AC only slightly affected microbial community 
evenness and did not cause significant changes in commu
nity structure; however, it may still play a positive role in 
maintaining the balance of the gut microbiota. 
The intestinal microbiota of fish plays a critical role in 

digestion, immunity, disease resistance, growth, and devel
opment.17 In this study, Proteobacteria was the dominant 
phylum in both the control and experimental groups, which 
is consistent with previous studies on marine fish.18 Fur
thermore, in the intestines of L. crocea supplemented with 
heat-inactivated L. acidophilus AC, the relative abundance 
of Actinobacteria showed an increasing trend. Since mi
croorganisms belonging to this phylum have been shown 
to enhance disease resistance in fish and maintain micro
bial balance, an increase in their abundance may be bene
ficial to the host.19As mentioned earlier, at the genus level, 
Sphingomonas may enhance intestinal barrier function in 
fish by supporting intestinal epithelial development and 
microbial interactions; therefore, an increase in its relative 
abundance is also beneficial to the host. 

EFFECTS OF HEAT-INACTIVATED L. ACIDOPHILUS AC ON 
THE INTESTINAL METABOLITES OF JUVENILE L. CROCEA 

Metabolomic analysis revealed significant treatment-spe
cific metabolic changes in the ABI1 group, with Seletalisib 
and various phospholipid metabolites (including 
PS(18:1(12Z)−O(9S,10R)/20:1(11Z)), PI(20:0/6 
keto−PGF1alpha), PS(18:1(11Z)/20:0) and LysoPC) showing 
significant upregulation. As components of the cell mem
brane, these phospholipids play a key role in maintaining 
cell integrity and signal transduction.20‑22 Seletalisib has 
been shown to enhance disease resistance in zebrafish.23 

5,6-dihydroxy-8,11,14-eicosatrienoic acid, an eicosanoid, is 
a member of the eicosanoid family and plays a role in in
flammatory and immune responses. Therefore, we conclude 
that the upregulation of seletalisib and various phospho
lipid molecules in the ABI1 group reflects enhanced mem
brane integrity, improved signal transduction, and in
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creased resistance to disease, whereas 
5,6-dihydroxy-8,11,14-eicosatrienoic acid (an eicosanoid) 
indicates lower levels of inflammation. These metabolic 
characteristics are consistent with the improvements in in
testinal function. 
In the ABI2 group, 5b-Cyprinol, 3alpha,7alpha,12alpha-

Trihydroxy-5beta-cholestanoate 1-(11Z-docosenoyl)-glyc
ero-3-phosphate, and Cholylglutamic acid were signifi
cantly downregulated metabolites. As bile salts or bile acid 
derivatives, they are directly involved in metabolic 
processes such as lipid digestion and absorption.24‑27 

5,8,11-Eicosatrienoic acid is a polyunsaturated fatty acid 
analog involved in the regulation of inflammation, influ
encing cell membrane fluidity, and lipid metabolism in 
fish.28 Its significant upregulation may enhance the in
flammatory response. Overall, the results from the ABI2 
group may indicate that lipid metabolism is affected at 
higher supplementation levels, which could negatively af
fect growth performance and health status. 
In KEGG pathways, compared with the NC group, the 

differential metabolites in both the ABI1 and ABI2 groups 
were enriched in three common pathways: primary bile acid 
biosynthesis, steroid biosynthesis, and porphyrin metabo
lism pathways. Primary bile acids are essential for the di
gestion and absorption of lipids,27 steroids, which maintain 
cellular structural stability as membrane components,29 

and porphyrins, which are involved in redox reactions and 
energy metabolism37. These changes in metabolic path
ways suggest that heat-inactivated Lactobacillus acidophilus 
AC primarily exerts its effects by regulating metabolism and 
homeostasis rather than by directly promoting growth per
formance. 

CONCLUSION 

This study demonstrates that adding L. acidophilus AC, 
heat-inactivated at an appropriate concentration, to the 
diet significantly improves the intestinal morphology, in
testinal health, and metabolic profile of juvenile L. crocea. 
Adding 1010 CFU/g of heat-inactivated L. acidophilus AC 
produced the most favorable response, particularly in terms 
of CF, intestinal structure, gut health, and improved me
tabolism.When the dosage was increased to 1011 CFU/g, no 
further beneficial effects were observed, and negative ef
fects, such as reduced metabolic efficiency and enhanced 
inflammatory responses emerged, indicating that the dose-
response relationship for this intervention has plateaued or 
even begun to decline.This finding provides scientific evi
dence for the precise application of heat-inactivated probi
otics in aquaculture. 
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