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Abstract 

Background  Amuc_1100, the most abundant outer membrane protein of Akkermansia muciniphila, alleviates high-
fat diet (HFD)-induced hepatic lipid accumulation and modulates gut microbiota in fish; however, its mechanism 
and mediators remain unknown. Using zebrafish model, this study aims to determine the mechanism by which 
Amuc_1100 reduces HFD-induced hepatic lipid accumulation through modulation of gut microbiota.

Methods  In main study, 1-month-old zebrafish were fed a low-fat diet (LFD), HFD, or HFD supplemented with 0.01% 
Amuc_1100 (AM0.01) for 4 weeks. Body weight gain, hepatic lipid accumulation, microbial translocation, and gut 
microbiota composition were evaluated. In parallel, larvae at 5 d post-fertilization were fed the same diets for 7 d 
and analyzed by Oil Red O staining. In validation experiments, germ-free (GF) zebrafish received microbiota trans-
plants from donor fish fed HFD or AM0.01. Antibiotics (ABS)-treated zebrafish were fed LFD, HFD, or AM0.01 for 4 
weeks. Intestinal protein interacting with Amuc_1100 was identified via pull-down and co-immunoprecipitation, 
and its role was confirmed using protein-protein interaction (PPI) inhibitor BV02 and gene knockdown. Data were 
analyzed by Student’s t-test or one-way ANOVA.

Results  Compared with HFD group, zebrafish in AM0.01 group showed lower body weight gain, reduced hepatic 
lipid accumulation, and decreased microbial translocation (P < 0.05). AM0.01 feeding increased Bacillus abundance 
while reducing Acinetobacter, Plesiomonas and Aeromonas abundances relative to HFD (P < 0.05). GF zebrafish colo-
nized with microbiota from AM0.01-fed donors showed less hepatic lipid accumulation than those receiving micro-
biota from HFD-fed donors (P < 0.05). In contrast, ABS-treated zebrafish showed no significant difference in hepatic 
triacylglycerol content between HFD and AM0.01 groups (P > 0.05). Using pull-down assays with intestinal proteins 
from LFD-fed zebrafish, we identified 14-3-3β/α-A as an interacting protein of Amuc_1100. When 14-3-3β/α-A PPI 
was inhibited by BV02, Amuc_1100 failed to alter the HFD-induced gut microbiota profile in 1-month-old zebrafish 
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(P > 0.05). Moreover, either BV02 treatment or 14-3-3β/α-A knockdown abolished the protective effect of Amuc_1100 
against hepatic lipid accumulation in conventional and GF zebrafish (P < 0.05).

Conclusions  Amuc_1100 reduces hepatic lipid accumulation by modulating gut microbiota through intestinal 14-3-
3β/α-A, highlighting its potential as a therapeutic target.

Keywords  Amuc_1100, Gut microbiota, Hepatic lipid accumulation, Zebrafish, 14-3-3β/α-A

Introduction
In recent decades, aquaculture production has expanded 
rapidly to meet the growing demand for aquatic prod-
ucts, with China contributing approximately 60% of 
global output [1, 2]. To enhance production efficiency 
and reduce feed costs, high-fat diets (HFDs) are com-
monly used in aquaculture. However, this practice often 
results in an overload of free fatty acids (FFAs), which 
promotes hepatic lipid accumulation in fish [3–5]. In 
hybrid grouper, a 15% fat-containing HFD over 8 weeks 
promoted hepatic lipid droplet accumulation [3]. Yellow 
catfish fed a 16% fat-containing HFD for 10 weeks devel-
oped hepatic lipid metabolism dysfunction and oxidative 
stress [4], while a 21% fat-containing HFD administered 
for 60 d profoundly disrupted lipid metabolism and 
triggered oxidative stress and inflammation [5]. These 
studies across multiple fish species demonstrate that 
HFD-induced hepatic steatosis and metabolic distur-
bances are significant challenges facing the aquaculture 
industry.

To address the adverse effects of HFD feeding, studies 
have investigated the potential of probiotics or postbiotics 
to reduce the occurrence of hepatic lipid accumulation in 
economically important fish species [6, 7]. Compound pro-
biotics (Lactobacillus plantarum:Saccharomyces cerevisiae, 
9:1) alleviate hepatic lipid accumulation in Coilia nasus by 
enhancing fatty acid oxidation and suppressing fatty acid 
synthesis [6]. Dietary supplementation with Lactobacillus 
rhamnosus GCC-3 fermentation product reduces hepatic 
steatosis and inflammation in farmed tilapia (Oreochromis 
niloticus) [7]. Paraprobiotic and postbiotic forms of Bacil-
lus altitudinis were shown to reduce liver fat deposition and 
improve liver health in largemouth bass (Micropterus sal-
moides) fed high-starch diets [8]. Moreover, Bacillus subtilis 
HGCC-1 was found to alleviate hepatic steatosis in golden 
pompano (Trachinotus ovatus) through modulation of gut 
microbiota and promotion of hepatic lipid utilization [9]. 
These findings collectively underscore the potential of probi-
otics and postbiotics in managing HFD-induced hepatic lipid 
disorders in farmed fish.

Akkermansia muciniphila (type strain MucT; ATCC 
BAA-835), a Gram-negative bacterium characterized 
by its oxygen-tolerant anaerobic nature, non-motility, 
non-spore-formation and oval shape, was first isolated 

in 2004 and classified within the phylum Verrucomi-
crobia [10, 11]. Owing to its beneficial effects in allevi-
ating metabolic, infectious, and neurological diseases, 
it is regarded as a promising next-generation probiotic 
[12–14]. Nevertheless, live A. muciniphila can act as a 
double-edged sword due to its mucin-degrading activ-
ity, which disrupts mucus homeostasis and exacerbates 
pathologies such as food allergic responses, inflamma-
tory bowel disease, and colorectal cancer by promot-
ing type-2 immune responses and facilitating invasion 
of adherent-invasive microbes [15–17]. Pasteurized 
forms of the bacterium can promote Salmonella infec-
tion by inducing the differentiation of intestinal stem 
cells into microfold cells, which are characterized by a 
thinner mucus layer [18]. To circumvent these concerns, 
research has shifted toward identifying specific func-
tional components derived from this bacterium [19]. 
Amuc_1100, the most abundant outer membrane pro-
tein of A. muciniphila, has emerged as a key bioactive 
moiety [19]. Amuc_1100 retains the beneficial proper-
ties of A. muciniphila while avoiding the risks associated 
with mucin degradation [19, 20]. This distinction sup-
ports the development of Amuc_1100 as a safer alterna-
tive to live A. muciniphila for therapeutic applications.

In mammalian models, Amuc_1100 has demonstrated 
activity in improving hepatic lipid metabolism and 
reducing the occurrence of hepatic inflammation [21, 
22]. Plovier et  al. first reported that Amuc_1100 treat-
ment can partially recapitulate the metabolic benefits of 
live A. muciniphila in obese and diabetic mice, reducing 
fat mass development and improving insulin sensitivity 
[20]. Subsequent studies have confirmed these findings 
that Amuc_1100 prevents HFD-induced nonalcoholic 
fatty liver disease (NAFLD) in mice by decreasing hepatic 
triglyceride accumulation and suppressing pro-inflam-
matory cytokine expression [21]. It also alleviates alco-
holic liver disease through modulating gut microbiota 
and host metabolism, reducing hepatic steatosis and 
inflammation [22]. Mechanistically, Amuc_1100 has been 
shown to interact with toll-like receptor 2 (TLR2), lead-
ing to enhanced intestinal barrier function and reduced 
endotoxemia, which in turn ameliorates liver injury [20, 
23]. Furthermore, it modulates gut microbial composi-
tion [21–23].
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In fish, emerging evidence suggests that Amuc_1100 
exerts similar hepatoprotective effects. Surface dis-
play of Amuc_1100 on probiotic Bacillus strains has 
been shown to improve hepatic steatosis and intesti-
nal health in HFD-fed zebrafish [24]. Recombinant 
Amuc_1100 expressed in Lactococcus lactis regulates 
metabolism and intestinal health in largemouth bass 
fed high-starch diets, reducing liver lipid deposi-
tion and alleviating hepatic inflammation [25]. These 
findings indicate that Amuc_1100 holds promise as 
a feed additive for improving liver health in farmed 
fish. However, the underlying mechanism by which 
Amuc_1100 exerts its protective role in fish remains 
unexplored, and the key mediators, particularly the 
identity of its host receptor and the role of gut micro-
biota, are yet to be identified.

Zebrafish (Danio rerio) are widely used as a teleost 
model in aquaculture and hepatic lipid metabolism 
research due to their evolutionary conservation of 
lipid metabolism and structural liver similarities with 
mammals [26–28]. They develop progressive hepatic 
steatosis, supporting their utility for studying lipid dys-
regulation [29], and the availability of germ-free (GF) 
zebrafish enables direct investigation of host-microbi-
ota interactions [30]. Zebrafish are also emerging as a 
key system for evaluating therapeutic strategies against 
HFD-induced hepatic lipid accumulation [31, 32].

To elucidate the mechanism of Amuc_1100 in fish, 
we used 1-month-old zebrafish and larvae (5  d post-
fertilization [dpf ]) for complementary purposes: adults 
for histological and microbiota analyses, larvae for 
rapid screening, whole-mount Oil Red O (ORO) stain-
ing, and gene knockdown. This study demonstrates 
that Amuc_1100 alleviates HFD-induced hepatic lipid 
accumulation via a gut microbiota-dependent mecha-
nism mediated by intestinal 14-3-3β/α-A. Amuc_1100 
remodels the gut microbiota by increasing beneficial 
Bacillus and decreasing potentially harmful Acine-
tobacter, Plesiomonas, and Aeromonas. This remod-
eling requires 14-3-3β/α-A, a protein we identified 
as a direct interacting partner of Amuc_1100 and 
which functions as an intracellular pattern recogni-
tion receptor (PRR) with antimicrobial activity [33, 
34]. Pharmacological inhibition or gene knockdown of 
14-3-3β/α-A abolished Amuc_1100’s effects on both 
microbiota and hepatic phenotype. Thus, this study 
establishes 14-3-3β/α-A as a key host factor in the 
gut-liver axis and highlights Amuc_1100 as a promis-
ing bioactive molecule. Given the evolutionary conser-
vation of 14-3-3 proteins and lipid metabolism, these 
findings may also inform human metabolic health.

Methods
Purification of Amuc_1100
Amuc_1100 was produced according to previously 
reported methods with modifications [19, 20]. Briefly, 
the DNA encoding the Amuc_1100 (residues I31–D317, 
without the transmembrane domain, UniProt: B2UR41) 
with histidine (His)- or GFP-tag at the C-terminus was 
synthesized in the Sangon Biotech (Beijing, China), 
and cloned into the pET-28a (+) vector (Novagen) with 
NdeI and XhoI restriction sites. Then, the plasmid pET-
28a (+)-Amuc_1100-His/GFP was transformed into 
Escherichia coli (E.  coli) BL21 (DE3) (Transgen, Bejing, 
China). This bacterium was grown in lysogeny broth 
(LB) medium containing 50  μg/mL kanamycin (kana) 
with shaking at 200  r/min at 37  °C, followed by induc-
tion through the addition of 0.1 mmol/L isopropyl β-D-
1-thiogalactopyranoside in the LB medium during the 
mid-exponential phase (optical density [OD] 600: 0.6–
0.8). After a 16-h induction at 16  °C, bacteria were pel-
leted by centrifuging for 10 min at 6,880 × g at 4 °C. Then 
the pellets were resuspended using PBS and crushed by 
sonication at 4  °C. Supernatant was collected after cen-
trifugation at 6,880 × g for 5 min at 4 °C. Amuc_1100 was 
purified using Ni-NTA Beads 6FF (Smart-Lifesciences, 
Changzhou, China). Impurities were removed with 
50  mmol/L imidazole. Amuc_1100 was collected with 
200  mmol/L imidazole. The concentration and purity 
were determined using the bicinchoninic acid method 
and 12% sodium dodecyl sulphate (SDS) polyacrylamide 
gel electrophoresis followed by Coomassie brilliant blue 
staining. The Amuc_1100 was stored at −80 °C until use.

Fish husbandry
One-month-old zebrafish of the Tübingen strain were 
bred and maintained at the zebrafish facility of the 
Institute of Feed Research, Chinese Academy of Agri-
cultural Sciences (Beijing, China). The size of each tank 
was 25.5  cm ×18.5  cm ×18.0  cm. The water in the rear-
ing system was kept running; the rearing temperature 
was 25–28  °C, the dissolved oxygen was > 6.0  mg/L, the 
pH was 7.0–7.2, ammonia-N < 0.5  mg/mL, and nitrite 
was < 0.01  mg/L. Zebrafish were maintained at a 14:10 
light-dark (L-D) cycle.

Conserved zebrafish larvae were generated at the 
zebrafish facility of the Institute of Feed Research, Chi-
nese Academy of Agricultural Sciences (Beijing, China). 
To obtain conserved zebrafish larvae, parent zebrafish 
were maintained in a separate breeding system with a 
14:10 L-D cycle. For egg collection, 3–4 pairs of adult fish 
(3–4-month old), were placed in spawning tanks with a 
1:1 female-to-male ratio. A mesh insert was used to sepa-
rate males and females in each spawning tank during the 
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evening before spawning. By removing the mesh insert 
and turning on the light, spawning was initiated the fol-
lowing morning. Eggs were collected within 1–2 h. Viabil-
ity of collected eggs was assessed visually. Fertilized eggs 
were identified by their transparent, uniform appearance 
and the presence of a clearly visible chorion with a perivi-
telline space. Unfertilized or dead eggs became opaque or 
abnormal shape and were removed using a sterile Pasteur 
pipette. Zebrafish eggs were kept in embryo medium at 
28 ºC. Zebrafish larvae hatched from their chorions at 
3 dpf. At 3 dpf, chorions and two-thirds of the medium 
were gently removed using Pasteur pipettes. Zebrafish 
larvae were allocated to 30-mL culture bottles at a den-
sity of 20 larvae per bottle using a Pasteur pipette, and 
kept in an incubator with a constant temperature of 28 °C 
and 14:10 L-D cycle until Exp. 2.

GF zebrafish were generated at the zebrafish facil-
ity of the Institute of Feed Research, Chinese Academy 
of Agricultural Sciences (Beijing, China), following an 
established protocol [30]. In brief, zebrafish eggs from 
normal parent zebrafish were disinfected with antibiot-
ics (ABS), poly(vinylpyrrolidone)-iodine complex and 
sodium hypochlorite in sequence, and hatched in 30-mL 
culture bottles holding gnotobiotic zebrafish medium 
(GZM). For egg collection, 3–4 pairs of adult fish (3–4-
month old),  were placed in spawning tanks with a 1:1 
female-to-male ratio. At 3 dpf, chorions were removed 
and two-thirds of the GZM were gently refreshed using 
Pasteur pipettes. Then GF zebrafish were kept in an incu-
bator with a constant temperature of 28 °C and 14:10 L-D 
cycle until Exp. 4, Exp. 7 or Exp. 9.

One-month-old fish were acclimated for one week on a 
standard diet (AP100, Zeigler, USA) prior to the start of 
the Exp. 1, Exp. 5 or Exp. 8. Larval and GF zebrafish were 
not fed until 5 dpf, when exogenous feeding began.

Experimental diets and design
This study comprises 9 independent experiments using 
1-month-old zebrafish, larval zebrafish, GF zebrafish, and 
cell lines (zebrafish liver cells [ZFL], zebrafish embryonic 
fibroblast cells [ZF4], and Human Embryonic Kidney 
293T [HEK293T]), each of which is described in detail as 
follows.

Main study
The feed formulation for 1-month-old zebrafish is pre-
sented in Table S1. Casein, soybean oil and lard oil, and 
wheat flour were used as the dietary protein, lipid and 
carbohydrate sources, respectively. The low-fat diet 
(LFD) was supplemented with soybean oil and lard at 
60  g/kg diet. The HFD was supplemented with soybean 
oil and lard at 160  g/kg diet. Amuc_1100 at additive 
amounts of 25, 50, 100 or 200 mg/kg was added to HFD 

formulation in the form of ice-cold powder to prepare 
Amuc_1100-supplemented diet (AM0.0025, 0.005, 0.01 
or 0.02). The supplementation of Amuc_1100 was com-
pensated by decreasing equal levels of casein. Diet prepa-
ration was conducted according to a previous study [35]. 
Each diet was prepared in 50-g batches. All dry ingre-
dients were ground through a 60-mesh screen, mixed 
with oil and water, extruded through a 2.5-mm aperture, 
dried, and stored at −20  °C. Before feeding, the pellets 
were ground through a 30-mesh screen.

In the Exp. 1, a zebrafish model of hepatic lipid accu-
mulation was established through a 4-week HFD feeding. 
To determine the optimal dose for subsequent mechanis-
tic studies, we evaluated the dose-dependent effects of 
Amuc_1100 based on body weight gain, feed conversion 
ratio, and hepatic triacylglycerol (TAG) content in HFD-
fed zebrafish. Healthy and uniformly sized 1-month-old 
zebrafish (1.026 ± 0.002  g/20 fish) were randomly allo-
cated into 6 groups and fed either an LFD, HFD, or HFD 
supplemented with Amuc_1100 at 25, 50, 100, or 200 mg/
kg diet (AM0.0025, AM0.005, AM0.01, and AM0.02, 
respectively) for 4 weeks, twice a day at 9:00 and 16:00. 
Each group was assigned to 4 tanks (n = 4 per group), 
with 20 fish per tank. During the feeding trial, zebrafish 
were fed at a daily feeding rate of 6% of body weight, as 
recommended by a standardizing feeding management 
protocol in laboratory conditions [36]. At the end of the 
4-week feeding trial, survival rate was recorded for each 
tank (100 × final survival individuals/initial individuals). 
Body weight gain and feed conversion ratio were calcu-
lated based on the mean values of each tank, respectively 
(100% × [final body weight −  initial body weight]/initial 
body weight; feed intake/[final body weight − initial body 
weight]) (n = 4 per group).

At 12 h after the last feeding, 33 fish from each group 
were randomly caught, and their livers were collected for 
the analysis of histology (hematoxylin and eosin [H&E], 
ORO staining) (n = 4), gene expression (n = 3), hepatic 
TAG (n = 4) and lipopolysaccharide (LPS)-binding pro-
tein (LBP) (n = 4) levels. Another 16 fish from each group 
were sacrificed for serum alanine transaminase (Alt) and 
endotoxin (n = 4) detection. For gut microbiota analy-
sis, 9 fish per group (2–3 fish from each of the 4 repli-
cate tanks) were randomly sampled at 4–6  h after the 
last feeding. Each fish was processed individually as a 
biological replicate. The remaining fish were used to col-
lect gut content for gut microbiota analysis (n = 9) and 
GF zebrafish transferring. All fish were anesthetized 
with tricaine methanesulfonate (MS222, 20 mg/L) before 
sampling.

In the Exp. 2, micro-particulated diets for zebrafish lar-
vae were formulated as shown in Table S2, and prepared 
as described in a previous study [35]. All dry ingredients 
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were ground through a 100-mesh screen. The diets were 
prepared by mixing the dry ingredients with the oil and 
water manually. Then each diet was extruded in a manual 
extruder with a 2.5-mm aperture. The extruded pellets 
were dried and stored at −20  °C in plastic bags in small 
quantities. Before feeding, the feed pellets were ground 
through a 60-mesh screen. At 5 dpf, larvae have com-
pletely absorbed their yolk sacs and rely entirely on exog-
enous feeding [37]. Thus, zebrafish larvae were divided 
into 3 groups at random at 5 dpf and fed either a LFD, 
HFD or AM0.01 for 7 d, twice a day at 9:00 and 16:00. 
Previous studies have demonstrated that a 7-d HFD inter-
vention is sufficient to induce detectable hepatic lipid 
accumulation in zebrafish larvae, as confirmed by ORO 
staining [35, 38]. This short-term larval model allows for 
rapid assessment of treatment effects while minimizing 
potential confounding factors associated with long-term 
rearing, complementing the 4-week 1-month-old model 
used in Exp. 1. Each group was assigned to 3 bottles at a 
density of 20 fish per bottle (30 mL medium). Each treat-
ment group was allocated 60 zebrafish in total. After the 
7-d feeding, zebrafish larvae were collected for ORO 
whole-mount analysis.

Validation study
In the Exp. 3, we used ZFL cells to assess whether 
Amuc_1100 acts directly on hepatocytes. ZFL cells 
were seeded at a density of 1 × 105 cells/well on a 6-well 
plate. To evaluate the direct effect of Amuc_1100 on 
the lipid accumulation, cells were treated for 24  h with 
control (no oleic acid [OA], no Amuc_1100), OA con-
trol (100  μmol/L OA, no Amuc_1100), and OA-supple-
mented with Amuc_1100 treatment (100  μmol/L OA 
with Amuc_1100 at 1, 10, or 20 μg/mL). Each group was 
performed in 6 independent wells (n = 6 per group). After 
24  h post treatment, cells were harvested to evaluate 
intracellular TAG levels.

In Exp. 4, GF zebrafish at 5 dpf were fed the sterile 
micro-particulated HFD for 7 d. The 7-d feeding period 
was chosen for the following reasons. Firstly, GF zebrafish 
larvae are maintained under gnotobiotic conditions, 
which are technically demanding and have a higher risk of 
contamination during prolonged culture. Secondly, a 7-d 
period is sufficient for microbiota colonization and estab-
lishment, as reported in established gnotobiotic zebrafish 
protocols [30]. Thirdly, our previous experiments showed 
that 7 days of HFD feeding in GF larvae recapitulates the 
hepatic lipid accumulation phenotype observed in con-
ventional larvae, validating this time point for subsequent 
microbiota transplant experiments [35, 38]. During the 
feeding period, GF zebrafish were divided into 3 groups 
and transferred either the gut microbiota from 1-month-
old LFD-, HFD- or AM0.01-fed zebrafish at 5 dpf. Each 

group was assigned to 3 bottles at a density of 20 fish per 
bottle. Each treatment group was allocated 60 zebrafish 
in total. After the 7-d feeding, GF zebrafish were col-
lected for ORO whole-mount analysis.

In Exp. 5, 1-month-old zebrafish were fed ABS-sup-
plemented LFD, HFD, or AM0.01 for 4 weeks to deplete 
the gut microbiota. Polymyxin B and neomycin were 
added to the diets listed in Table S1. The inclusion levels 
of the two ABS in diets were at 0.25% and 0.33%, respec-
tively. Healthy, uniformly sized 1-month-old zebrafish 
(0.9 ± 0.005 g/20 fish) were divided into 3 groups at ran-
dom and fed either the ABS-supplemented LFD, HFD, or 
AM0.01 for 4 weeks, twice a day at 9:00 and 16:00. Each 
group was assigned to 3 tanks at a density of 20 fish per 
tank. Each treatment group was allocated 60 zebrafish 
in total. The maintenance was conducted as mentioned 
above. The primary endpoints of Exp. 5 were histologi-
cal assessment and quantitative measurement of hepatic 
TAG, which were considered sufficient to determine 
whether microbiota depletion abolished Amuc_1100-
mediated protection. Therefore, at 12  h after the last 
feeding, 6 fish from each group were sacrificed to col-
lect livers for analysis of histology (H&E and ORO stain-
ing). Another 9 fish were used for detecting hepatic TAG 
levels.

In Exp. 6, fish gut-derived Bacillus, Acinetobacter, Ple-
siomonas and Aeromonas strains were cultured ex  vivo 
and exposed to Amuc_1100 or a PBS control to assess 
the direct effect of Amuc_1100. Fish gut-derived Bacil-
lus, Acinetobacter, Plesiomonas and Aeromonas strains 
were inoculated to agar or liquid medium with addi-
tion of 0.1  mg/mL Amuc_1100, and cultured ex  vivo. 
After 18 h post incubation at 37 °C, inhibition zones on 
the agar surface were read for the antimicrobial test-
ing of Amuc_1100. Meanwhile, dilution plate counting 
method was used to determine the effects of 0.1 mg/mL 
Amuc_1100 on the growth of these strains in the liquid 
medium. To determine the direct impact of Amuc_1100, 
fish gut-derived Bacillus, Acinetobacter, Plesiomonas and 
Aeromonas strains were cultured ex  vivo and exposed 
to Amuc_1100 or a PBS control. These strains were 
transferred to GF zebrafish that fed on a sterile micro-
particulated HFD or AM0.01. After the 7-d feeding, GF 
zebrafish were collected for bacterial DNA extraction and 
absolute quantification PCR (qPCR) by using primers set 
for specific bacterial groups targeting the 16S rDNA gene 
(Table  S3). Next, we collected and filtered gut content 
supernatant from both the HFD and AM0.01 groups and 
added it to the culture medium. This medium was then 
used for the ex vivo culture of fish gut-derived strains of 
Bacillus, Acinetobacter, Plesiomonas and Aeromonas. Gut 
contents were collected and resuspended in PBS at a con-
centration of 25 mg/mL, followed by sterile filtration. The 
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resulted supernatants were added to the liquid medium. 
After 18 h post incubation at 37 °C, dilution plate count-
ing method was used to determine the effects of superna-
tants on the growth of these strains in the liquid medium.

In Exp. 7, pull-down assays using recombinant 
Amuc_1100 as bait were performed to identify its inter-
acting host proteins. Ten healthy 1-month-old zebrafish 
fed the LFD were sacrificed to collect intestines for iden-
tifying interacting proteins using pull-down and liquid 
chromatography-mass spectrometry (LC-MS) methods. 
Recombinant His-tagged Amuc_1100 was immobilized 
to the Pierce Spin Colum and incubated with intestinal 
lysates. Bound proteins were eluted with imidazole and 
identified by LC-MS/MS. This unbiased approach was 
chosen to capture constitutive binding partners under 
basal physiological conditions. Candidate interacting 
proteins were validated by co-immunoprecipitation (co-
IP) in HEK293T cells. To assess cellular uptake, zebrafish 
ZF4 cells were incubated with Amuc_1100-GFP and 
observed by fluorescence microscopy. To predict poten-
tial interaction domains, Amuc_1100 was subjected to 
simulated intestinal digestion, and stable fragments were 
analyzed by LC-MS/MS. The 3D structure of Amuc_1100 
was predicted using DMFold, and interaction sites were 
visualized with Mol* 3D Viewer (Protein Data Bank). 
Potential candidate binding motifs were identified based 
on solvent accessibility and surface complementarity.

In Exp. 8, we treated 1-month-old zebrafish with BV02 
to determine whether 14-3-3β/α-A mediates the effect of 
Amuc_1100 on gut microbiota. BV02 is a well-character-
ized inhibitor of 14-3-3 protein-protein interaction (PPI) 
that has been validated by nuclear magnetic resonance 
(NMR) spectroscopy [39] and functional studies [40, 41]. 
It was added to the diets that listed in Table S1. BV02 acts 
by competitively binding to the client-binding pocket, 
thereby disrupting the interaction between 14-3-3 and 
its client proteins [41]. The inclusion level of BV02 in 
diets was at 0.017%. This experiment followed the same 
design as Exp. 1. Healthy and uniformly sized 1-month-
old zebrafish (1.56 ± 0.001 g/20 fish) were divided into 6 
groups at random and fed either the LFD-BV02, HFD-
BV02, or AM0.01-BV02 diet for 4 weeks, twice a day at 
9:00 and 16:00. Each group was assigned to 3 tanks at a 
density of 20 fish per tank. Each treatment group was 
allocated 60 zebrafish in total. The maintenance was con-
ducted as mentioned above. At 12 h after the last feed-
ing, 6 fish from each group were sacrificed for analysis of 
histology (H&E and ORO staining). Another 9 fish were 
used for detecting hepatic TAG levels. Additional 9 fish 
were used for detecting hepatic LBP levels. At 4–6 h after 
the last feeding, the remaining fish were used to collect 
gut content for gut microbiota analysis and GF zebrafish 
transferring.

In Exp. 9, zebrafish larvae at 5 dpf were divided into 3 
groups, and fed either a micro-particulated LFD, HFD, or 
AM0.01 for 7 d, twice a day at 9: 00 and 16: 00. During 
feeding period, 14-3-3β/α-A vivo-morpholino oligonu-
cleotides (vivo-MO) was added to the medium to reduce 
the expression of 14-3-3β/α-A. After the 7-d feeding, 
zebrafish larvae were collected for ORO whole-mount 
analysis.

Histology
Livers were rinsed with PBS buffer and fixed in 4% para-
formaldehyde. For H&E staining, livers were collected 
from 4 fish per group. Each liver was embedded and 
sectioned at 5–8  μm thickness for H&E staining and 
8–10 μm for ORO staining. After dewaxing using xylene 
twice for 20 min and rehydration, hematoxylin and eosin 
were used to stain nucleus and cytoplasm respectively. 
Following dehydration by 75%, 85%, 95% and 100% eth-
anol in sequence and being transparent by xylene twice 
for 2  min. For ORO staining, livers were embedded in 
optimal cutting temperature compound and cut into 
8–10  μm sections. Liver sections were washed three 
times for 15 min, followed by rinses in 60% isopropanol 
for 5 min. Then liver sections were stained by 0.5% ORO 
solution in 100% isopropanol for 15 min and washed with 
distilled water, followed by counterstaining with hema-
toxylin. Images of H&E and ORO staining were cap-
tured on a Digital slice scanning system (KF-PRO-120, 
Ningbo, China). At least 2 non-consecutive sections per 
liver were prepared, and three random high-power fields 
(400 × magnification) per section were examined under 
a light microscope. All sections were evaluated indepen-
dently and blindly.

For ORO whole-mount analysis, sample sizes were 
determined based on power analysis using pilot data. 
Whole larvae were fixed with 4% paraformaldehyde, 
washed with PBS buffer, infiltrated with a graded series 
of propylene glycol baths, and stained with 0.5% ORO in 
100% propylene glycol overnight. The stained larvae were 
washed with decreasing concentrations of propylene gly-
col, followed by several rinses with PBS, and stored in 
20% propylene glycol bath. Images of ORO whole-mount 
analysis of larvae were obtained using a microscope 
(Zeiss SteREO Discovery.V8, Germany). For the quantifi-
cation of ORO whole-mount analysis of zebrafish larvae, 
images were converted to the 8-bit gray scale for measur-
ing mean gray value using ImageJ software. The intensity 
of images was quantified using ImageJ and used to quan-
titatively evaluate steatosis.

Detection of serum Alt
Serum of zebrafish was collected as previously described 
[42]. Briefly, blood samples were collected in tubes from 
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the zebrafish following cutting off the tail. Serum was 
then separated by centrifugation at 1,467 × g for 10 min. 
The activity of Alt was detected using a commercial kit 
(Nanjing Jiancheng Bioengineering Institute, Jiangsu 
Province, China). Serum and gradient diluted standards 
(sodium pyruvate) reacted with the substrate composed 
of alanine and α-ketoglutaric acid at 37 °C for 30 min, fol-
lowed by incubation with 2,4-dinitrophenylhydrazine for 
20 min. Phenylhydrazine products were examined under 
in alkaline condition at 510  nm. Alt activity was calcu-
lated according to the standard curve and expressed as 
enzyme activity units per liter (U/L).

Cell culture
The ZFL (ATCC​® CRL-2643™), ZF4 (ATCC​® CRL-
2050™) and HEK293T (ATCC​® CRL-3216™) cell lines 
were purchased from American Type Culture Collec-
tion (Manassas, VA, USA), and cultured according to an 
established protocol [43, 44]. All media were obtained 
from Corning Inc. Penicillin-Streptomycin solution and 
bovine insulin were purchased from Sigma (St. Louis, 
MO, USA). Murine epidermal growth factor was pur-
chased from Peprotech (Rocky Hill, NJ, USA). Rainbow 
trout (Oncorhynchus mykiss) serum was purchased from 
Caisson Labs (USA). ZFL and ZF4 cells were maintained 
at 28 °C in a humidified 5% CO2 and 95% air atmosphere. 
HEK293T cells were maintained at 37 °C in a humidified 
5% CO2 and 95% air atmosphere.

Detection of TAG​
To detect the intracellular TAG, cells were lysed using 
1% SDS buffer, followed by ultrasonic crush at 4 ℃. The 
n-hexane:isopropanol (3:2) solution was added to cell 
lysates. After vigorous vortex for 1 min, cell lysates were 
centrifuged at 175 × g for 15 min to separate the phases. 
The lipid-containing up-phase was carefully aspirated. 
To detect the hepatic TAG, livers were homogenized 
in PBS at 4 °C. Then homogenates were vortexed with 
the chloroform:methanol (2:1) solution for 1  min. After 
standing for 10  min, the lipid-containing bottom-phase 
was extracted using a metal needle. The lipid-containing 
phases were then evaporated in a 70 °C metal bath with 
nitrogen stream. The dried lipids were emulsified in chlo-
roform containing 1% Triton ×100. Then emulsified lipids 
were dried at 70 °C with nitrogen stream again and recon-
stituted in distilled water. The TAG levels were deter-
mined by a quantitative enzymatic method as described 
in a previous study [45]. The protein concentration of 
cells was determined by using a Bradford reagent (Sigma, 
St. Louis, MO, USA). Intracellular TAG levels were nor-
malized to the protein amounts of each sample (µg/mg 
protein). Hepatic TAG levels were normalized to the liver 
weight (µg/mg tissue).

Detection of serum endotoxin by LAL test
Serum endotoxin levels were determined using the Tox-
inSensor™ Chromogenic LAL Endotoxin Assay Kit 
(Genscript, Jiangsu Province, China) according to the 
manufacturer’s instructions. In brief, serum samples were 
dispensed into endotoxin-free vials, and then incubated 
with LAL and chromogenic substrate consecutively. 
After incubation, stop buffer was added to each reaction 
vial. The absorbance of each sample was measured using 
the SynergyMX Multi-Functional MPP Detector (Biotek, 
USA) at 545  nm. The serum level of endotoxin in adult 
zebrafish was expressed as endotoxin units per milliliter 
(EU/mL).

Detection of LBP
The levels of LBP in the livers were determined using 
an ELISA kit (MLBio, Shanghai, China). Livers were 
weighted and homogenated in pre-cooled PBS, followed 
by centrifuging at 13,201 × g for 5 min at 4 °C to get the 
supernatant. Adding 100 μL diluted supernatants into 
the antibody-coated plate. After incubation for 90 min at 
37 °C, discarding the liquid from each well, and adding 
100 μL of Biotinylated Detection Ab working solution to 
each well immediately. After an incubation at 37  °C for 
1  h, discarding the solution and adding 350 μL of wash 
buffer to rinse each well for 1 min. Then, horseradish per-
oxidase (HRP)-conjugated working solution was added to 
each well and incubated for 30 min at 37 °C. Discarding 
the solution, and adding 90 μL of substrate reagent and 
50 μL of stop solution to each well in sequence. The OD 
of each well was determined at the wavelength of 450 nm. 
The level of LBP was expressed as the molar weight of 
LBP per gram protein (μmol/g protein).

Gene knockdown
For zebrafish larvae, gene knockdown was conducted by 
using vivo-MO synthesized by Gene Tools (Philomath, 
OR, USA). The sequences of MO used in this study are 
as follows: 14-3-3β/α-A vivo-MO, 5′-AAC​ATC​GAG​TAT​
CTC​ACC​AGC​ACG​-3′; and standard control-MO (std-
MO), 5′-CCT​CTT​ACC​TCA​GTT​ACA​ATT​TAT​A-3′. At 
5 dpf, zebrafish larvae were immersed with 50  nmol/L 
std-MO or 14-3-3β/α-A vivo-MO for 7 d. The efficiency 
of both the vivo-MO was determined by qPCR.

Bacterial 16S ribosomal RNA (rRNA) sequencing
The E.Z.N.A. stool DNA kit (Omega Biotek, Norcross, 
GA, USA) was used to extract bacterial DNA. The 16S 
ribosomal DNA (rDNA) V3–V4 regions were amplified 
using 341 F (CCT​ACG​GGNGGC​WGC​AG) and 806R 
(GGA​CTA​CHVGGG​TAT​CTAAT) as primers. The PCR 
products were purified and then sequenced by an Illu-
mina MiSeq platform (Guangzhou Gene Denovo Co., 
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Ltd., Guangzhou, China). Raw sequencing data were 
processed using QIIME2 (version 2024.10). The raw 
sequences were screened by removing the sequences 
containing over 10% unknown nucleotides (N) and < 80% 
of bases with Q value > 2 [46]. Paired-end clean reads 
were merged as raw tags using FLSAH (v 1.2.11) with a 
minimum overlap of 10 bp and mismatch error rates of 
2%. Clean tags were searched against the reference data-
base (http://​drive5.​com/​uchime/​uchime_​downl​oad.​html) 
to perform Reference-based chimera checking using 
UCHIME algorithm (http://​www.​drive5.​com/​usear​ch/​
manual/​uchime_​algo.​html). The effective tags were clus-
tered into operational taxonomic units (OTU) at 97% 
similarity using the UPARSE pipeline. Following OTU 
determination, the gut microbiota indices were assessed 
using the Omicsmart platform (Gene Denovo Biotech-
nology Co., Ltd., Guangzhou, China; https://​www.​omics​
mart.​com).

Ex vivo culturing of bacteria
Fish gut-derived Bacillus, Acinetobacter, Plesiomonas, 
Aeromonas strains were cultured in Amuc_1100 or gut 
content supernatants-supplemented medium, and incu-
bated at the optimal temperature for 18  h, respectively. 
Dilution plate counting method was used to determine 
the effects of Amuc_1100 or gut content supernatants on 
the growth of these strains.

Antimicrobial testing
Fish gut-derived Acinetobacter, Plesiomonas and Aero-
monas strains were inoculated evenly over the agar sur-
face. Then disks loaded with PBS or Amuc_1100 (0.1 mg/
mL) were applied firmly on the agar surface. After 18 h 
post incubation at 37 °C, inhibition zones were read for 
antimicrobial assessment of Amuc_1100.

GF zebrafish feeding and gut microbiota transfer
Zebrafish larvae complete absorption of yolk by 5 dpf and 
can be subjected to feeding and gut microbiota transfer 
trials [37]. Sterilized micro-particulated diets were gen-
erated by irradiation with 20  kGy gamma ray (Beijing 
Hongyisifang Radiation Technology Co., Ltd., Beijing, 
China). At 5 dpf, GF zebrafish began consuming the steri-
lized HFD until 12 dpf. During feeding period, gut micro-
biota was transferred into these GF zebrafish according 
to a reported protocol [30]. The bacterial concentration 
for transplantation was determined based on published 
literature [47] and empirical data. The microbiota load in 
the intestine of conventional zebrafish is approximately 
108 colony forming units (CFU)/mg gut content [47]. In 
our preliminary experiments, each 1-month-old zebrafish 
yielded 2–5 mg of gut content (wet weight), correspond-
ing to an estimated bacterial load of 2–5 × 108 CFU/fish. 

Gut contents from ten donor fish were pooled and resus-
pended in 4  mL of sterile GZM, yielding an estimated 
concentration of approximately 5–12.5 × 108  CFU/mL. 
The bacteria were added to the sterilized medium con-
taining 5 dpf GF zebrafish at a 1:100 (v/v) ratio, result-
ing in a final concentration of 5–12.5 × 106  CFU/mL in 
the larval medium. To validate this estimate, 100 μL of 
medium was collected immediately after inoculation, 
serially diluted, and spread onto LB agar plates. Colonies 
were counted after 24  h incubation at 28  °C, confirm-
ing that the actual concentration fell within the range of 
1–5 × 106 CFU/mL. At 12 dpf, zebrafish larvae were col-
lected for ORO staining.

Bacterial DNA extraction and absolute quantification
The number of a specific bacterial groups was quantified 
using absolute qPCR as described in a previous study [38, 
48]. Primer sets for specific bacterial groups targeted the 
16S rDNA gene are listed in Table S3. For the zebrafish 
larvae, results were expressed as Log10 copy numbers of 
bacterial 16S rDNA per fish.

Affinity pull‑down and LC‑MS analysis
Pull-down was performed following the instructions of 
a His-tagged protein interaction pull-down kit (Pierce, 
Rockford, USA). Firstly, recombinant His-tagged 
Amuc_1100 served as the bait protein and was immo-
bilized to the Pierce Spin Column. Whole protein from 
zebrafish intestines served as the prey proteins. Adding 
prepared prey proteins into the spin column containing 
the immobilized His-tagged Amuc_1100, which was then 
incubated at 4 °C for 12 h with gentle rocking motion on 
a rotating platform. Bait-prey complexes were obtained 
after the elution by a gradient of 200 to 500 mmol/L imi-
dazole. The resulting bait-prey complexes were digested 
using MS-grade trypsin (Pierce) at 37 °C overnight. Tryp-
tic peptides were further purified by ZipTip (Millipore, 
ZTC18S096) and subjected to LC-MS/MS analysis on 
a Q Exactive mass spectrometer (ThermoFisher Scien-
tific). Tandem MS data was extracted by the Proteome 
Discoverer software (Thermo Fisher Scientific, version 
1.4.0.288) with the MASCOT searching engine version 
2.3.02. The database used is the zebrafish UniProtKB/
Swiss-Prot database (Release 2017-11-30, with 44,128 
sequences).

Immunoprecipitation and Western blotting
The genes encoding Amuc_1100 and full-length zebrafish 
14-3-3β/α-A were cloned into flag-, or HA-tagged 
pcDNA3.1 vector. HEK293T cells were transfected with 
pcDNA3.1-Amuc_1100-flag and pcDNA3.1-14-3-3β/α-
A-HA plasmids using Lipofectamine™ 3000 Transfection 
Reagent (Thermo Fisher Scientific, Life Technologies). 
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At 24  h post transfection, HEK293T cells were lysed in 
ice-cold buffer composed of 50  mmol/L Tris-HCl (pH 
7.4), 150 mmol/L NaCl, 0.1% Nonidet (NP-40), and pro-
tease inhibitors. Lysates were incubated with anti-flag 
M2 beads for 12 h at 4 ℃ and then washed three times 
with ice-cold buffer. Protein complexes were separated by 
SDS-PAGE. A polyvinylidene difluoride (PVDF) mem-
brane was used for Western blotting. After blocking non-
specific binding with 5% skimmed milk in tris buffered 
saline with Tween 20, the PVDF membrane was incu-
bated with primary antibodies against flag M2-tag (CST, 
14793S, 1:1,000) and HA-tag (CST, 3724S, 1:1,000). The 
blots were developed using HRP-conjugated secondary 
goat anti-rabbit (CWBIO, 0103S, 1:1,000) and detected 
by the electrochemiluminescence-plus system.

Total RNA extraction, reverse transcription, and qPCR
Total RNA extraction and reverse transcription were 
conducted as described previously [49]. In brief, total 
RNA was isolated using Trizol reagent (Cwbio, Beijing, 
China) and then reversed transcribed to cDNA by Fast-
King gDNA Dispelling RT SuperMix (Tiangen, Beijing, 
China). The qPCR was performed using SYBR®  Green 
Supermix according to the manufacturer’s instructions 
(Tiangen, Beijing, China). Thermal cycling conditions 
were as follows: 95  °C for 10 min, followed by 45 cycles 
of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s. Melt-
ing curve analysis was performed at the end of each run 
(95  °C for 15 s, 60  °C for 60  s, then ramped to 95  °C at 
0.11  °C/s) to verify primer specificity. Lipid anabolism-
related genes encoding peroxisome proliferator-activated 
receptor gamma (pparγ), sterol regulatory element bind-
ing transcription factor 1 (srebf1), CCAAT/enhancer-
binding protein alpha (c/ebpα), fatty acid synthase (fas), 
acetyl-CoA carboxylase 1 (acc1), and diacylglycerol 
acyltransferase 2 (dgat2), lipid catabolism-related genes 
encoding adipose triglyceride lipase (atgl) and carnitine 
palmitoyltransferase 1Aa (cpt1aa), and 14-3-3β/α-A were 
analyzed. Reference gene encoding ribosomal protein 
S11 (rps11) was used as the internal control. All primer 
pairs used in this study produced a single, sharp peak 
in the melting curve, confirming the absence of non-
specific amplification or primer-dimer formation. The 
qPCR primers used, including their sequences and ampli-
con sizes, are listed in Table S3. The results were stored, 
managed, and analyzed using LightCycler 480 software 
(Roche, Basel, Switzerland). Relative gene expression was 
calculated using the 2-ΔΔCt method, with rps11 as the ref-
erence gene.

Data analysis
The statistical analyses were conducted using GraphPad 
Prism 8 software (GraphPad Software Inc., San Diego, 

CA, USA). Results are expressed as the mean ± standard 
errors of the mean (SEM). Comparisons between two 
groups were analyzed using the Student’s t-test, and com-
parisons between multiple groups were analyzed using 
one-way ANOVA followed by a Duncan’s test. The statis-
tical significance was set at P < 0.05.

Results
Amuc_1100 alleviates hepatic lipid accumulation induced 
by HFD in zebrafish
The HFD-fed zebrafish showed a survival rate compara-
ble to those fed the LFD (100% in all groups), but with 
significantly increased body weight gain (83.59% vs. 
67.29%; P < 0.05) and a tendency of reduced feed conver-
sion ratio (1.24 vs. 1.55; P = 0.052) (Fig. S1A–C) at the 
end of a 4-week feeding trial. Hepatic TAG content was 
significantly elevated in the HFD group (30.17  μg/mg 
tissue) compared to the LFD group (21.19 μg/mg tissue; 
P < 0.05) (Fig. S1D; Fig.  1A). Among the 4 doses tested 
(25, 50, 100, and 200  mg/kg diet), all Amuc_1100-sup-
plemented groups showed a trend toward reduced body 
weight gain, increased FCR and lowered hepatic TAG 
levels (Fig. S1A–D). The 100  mg/kg dose exhibited the 
most pronounced reduction in hepatic TAG accumula-
tion, bringing it to a level statistically indistinguishable 
from the LFD group (17.91  μg/mg tissue; P < 0.05) (Fig. 
S1D; Fig.  1A), while also significantly attenuating HFD-
induced weight gain (Fig. S1B). The higher dose (200 mg/
kg) did not confer additional benefits, suggesting a pla-
teau in efficacy. Consistently, H&E and ORO staining 
revealed prominent vacuole-like degeneration in the 
HFD group (Fig.  1B). Therefore, the dose of 100  mg/kg 
was selected for all subsequent experiments investigating 
the mechanisms underlying Amuc_1100-mediated alle-
viation of hepatic lipid accumulation.

Furthermore, serum Alt activity was significantly lower 
in the AM0.01 group than in the HFD group (P < 0.05; 
Fig.  1C). The mRNA levels of lipid anabolism-related 
genes, srebf1 and acc1, were significantly upregulated in 
the HFD group compared with the LFD group (P < 0.05; 
Fig.  1D). In contrast, these 2 genes, along with c/ebpα 
and fas, were downregulated in the AM0.01 group rela-
tive to the HFD group (P < 0.05; Fig. 1D). Meanwhile, the 
expression of pparγ and dgat2 showed a non-significant 
decreasing trend (P > 0.05; Fig.  1D). Additionally, the 
mRNA levels of lipid catabolism-related genes, atgl and 
cpt1aa, were significantly higher in the AM0.01 group 
than in the HFD group (P < 0.05; Fig. 1E).

After 7  days of HFD feeding, zebrafish larvae showed 
evident red staining in the liver by ORO staining (Fig. 1F). 
Quantification using ImageJ revealed a significantly 
higher mean gray value in the liver area of the HFD group 
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compared to the LFD group (P < 0.05; Fig. 1G), indicating 
that short-term HFD feeding (7 d) elevated intrahepatic 
lipid levels in zebrafish larvae. However, administration of 
Amuc_1100 at an additive amount of 0.01% significantly 
reduced HFD-induced intrahepatic staining and the mean 
gray value in zebrafish larvae (P < 0.05; Fig. 1F and G). Col-
lectively, these findings indicate that Amuc_1100 protects 
zebrafish from diet-induced hepatic lipid accumulation 
and associated liver damage. Consistent with in vivo find-
ings, OA exposure significantly elevated TAG content 
in ZFL cells (P < 0.05; Fig. S1E), addressing whether 
Amuc_1100 acts directly on hepatocytes. However, sup-
plementation with Amuc_1100 did not reduce the TAG 
content in vitro (Fig. S1E), suggesting that its lipid-lower-
ing effect may not act directly on the liver.

 Amuc_1100 alleviates hepatic lipid accumulation 
via the gut microbiota in zebrafish
Compared to the HFD group, the levels of serum endo-
toxin and hepatic LBP were significantly reduced by 
Amuc_1100 administration (P < 0.05; Fig.  2A and B), 

suggesting the occurrence of microbial translocation 
into the liver in conventional zebrafish. In GF zebrafish, 
the administration of the AM0.01 did not reduce intra-
hepatic staining or the mean gray value compared with 
the HFD (Fig. S2A and B). GF zebrafish transplanted 
with microbiota from AM0.01-fed donors displayed 
markedly lighter intrahepatic staining relative to those 
receiving HFD-derived microbiota, consistent with atten-
uated hepatic lipid deposition (Fig. 2C). The quantitative 
assessment of whole-mount ORO staining performed 
with ImageJ software corroborated these morphological 
observations, revealing a statistically significant decrease 
in the mean gray value for the AM0.01 microbiota group 
(P < 0.05; Fig. 2D). After gut microbiota depletion by ABS, 
the protective effect of Amuc_1100 against hepatic lipid 
deposition was abrogated, as evidenced by comparable 
histological appearance between the ABS-HFD and ABS-
AM0.01 groups (P > 0.05) (Fig. 2E). Consistently, hepatic 
TAG levels showed no significant difference between the 
2 groups (P > 0.05) (Fig.  2F). This demonstrates that the 
gut microbiota is essential for Amuc_1100’s efficacy.

Fig. 1  Amuc_1100 alleviates the hepatic lipid accumulation induced by the HFD. A−G One-month-old zebrafish fed on the LFD, HFD and AM0.01 
for 4 weeks. A Hepatic TAG contents (n = 4). B Representative images of H&E- and ORO-stained liver sections. The scale bar = 50 μm. C Serum ALT 
activity (n = 4). D and E The relative mRNA expression of (D) lipid anabolism-related genes (pparγ, srebf1, c/ebpα, fas, acc1 and dgat2) and (E) lipid 
catabolism-related genes (atgl and cpt1aa) in the liver (n = 3). F and G Zebrafish at 5 dpf fed on the LFD, HFD and AM0.01 for 7 d. F Representative 
images of whole-mount ORO staining. The scale bar = 200 μm. G Quantitative assessment of whole-mount ORO staining (n = 5 or 6). Data are 
expressed as mean ± SEM. Means without a common letter are significantly different (P < 0.05). Duncan’s test
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Amuc_1100 alters gut microbiota composition in zebrafish
In 1-month-old zebrafish, the HFD significantly altered 
gut microbiome composition compared to the LFD 
(Fig. 3A–D). However, no significant difference in alpha 
diversity indices was observed between the HFD and 
AM0.01 groups (Fig.  3A). Principal component analysis 
(PCA) based on Bray-Curtis distances revealed that PC1 
and PC2 explained 54.97% and 18.35% of the total vari-
ance, respectively (Fig.  3B). Permutational multivariate 
analysis of variance (PERMANOVA) confirmed that both 
HFD and AM0.01 groups had significantly different gut 
microbiota compositions compared to the LFD group 
(P < 0.05 for both comparisons) (Fig. S3A and B). The dif-
ference between HFD and AM0.01 groups did not reach 
statistical significance, although a trend toward separa-
tion was observed (P = 0.061) (Fig. S3C). This pattern is 
consistent with the PCA visualization, where HFD and 
AM0.01 groups partially overlap but both are displaced 
from LFD along PC1. The gut microbiota composition of 
HFD-fed zebrafish was characterized as 48.5% Proteobac-
teria, 20.3% Fusobacteriota and 10.4% Actinomycetota at 
the phylum level. The abundances of Firmicutes and Pro-
teobacteria did not differ among the 3 groups (Fig.  3C; 
Table 1). However, the AM0.01 group showed significant 

changes in bacterial abundances compared to the HFD 
group at genus level. The abundance of Bacillus increased 
from 0.6% to 2.0%, whereas the abundances of Acineto-
bacter, Plesiomonas, and Aeromonas decreased from 
9.58% to 3.34%, 5.66% to 1.35%, and 0.540% to 0.0853%, 
respectively (P < 0.05) (Fig. 3D; Table 2). Besides, the rela-
tive abundance of Bacteroidota was 4.5-fold higher in the 
AM0.01 group than in the HFD group, increasing from 
0.793% to 4.41% (P < 0.05) (Fig. 3C; Table 1). Within the 
phylum Bacteroidota, the abundance of the genus Bacte-
roides was 8.0-fold greater in the AM0.01 group (0.827%) 
than in the HFD group (0.0933%) (P < 0.05) (Fig.  3D; 
Table 2).

The ability of Amuc_1100 to alter the zebrafish gut 
microbiota depends on host factors
In GF zebrafish colonized with gut-derived Bacillus, 
Amuc_1100 feeding resulted in a markedly higher abun-
dance of this strain than HFD feeding (P < 0.05; Fig. 4A). 
In GF zebrafish colonized with gut-derived Acinetobac-
ter, Plesiomonas, or Aeromonas following a 7-d feeding 
period, the abundance of each bacterium was lower in 
the AM0.01 group relative to the HFD group (P < 0.05; 
Fig. 4B–D). In the presence of Amuc_1100, the number of 

Fig. 2  Amuc_1100-induced gut microbiota reduces HFD-induced hepatic lipid accumulation. A and B One-month-old zebrafish fed on the LFD, 
HFD and AM0.01 for 4 weeks. A Serum endotoxin levels (n = 4). B Hepatic LBP levels. (n = 4). C and D GF zebrafish at 5 dpf fed the HFD for 7 d, 
and were inoculated with gut microbiota from one-month-old zebrafish fed the LFD, HFD or AM0.01. C Representative images of whole-mount 
ORO staining. The scale bar = 200 μm. D Quantitative assessment of whole-mount ORO staining (n ≥ 13). E and F One-month-old zebrafish fed 
on the ABS-supplemented LFD, HFD or AM0.01 for 4 weeks. E Representative images of H&E- and ORO-stained liver sections. The scale bar = 50 μm. 
F Hepatic TAG contents (n = 3). Data are expressed as mean ± SEM. Means without a common letter are significantly different (P < 0.05). Duncan’s test
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the fish gut-derived Bacillus strain that cultured ex vivo 
was significantly higher (1.11 × 108  CFU/mL) compared 
to the control (6.37 × 107  CFU/mL) (P < 0.05; Fig. S4A). 
These results suggest that Amuc_1100 directly pro-
motes the growth of Bacillus. However, Amuc_1100 
supplementation did not alter the number of Acinetobac-
ter, Plesiomonas and Aeromonas strains ex  vivo, which 
remained at 5.50 × 109, 2.31 × 109, and 1.21 × 1010  CFU/
mL, similar to the PBS control (5.07 × 109, 2.14 × 109, 
and 1.05 × 1010  CFU/mL) (P > 0.05; Fig. S4B–D). Mean-
while, no inhibition zone was observed around the PBS 
or Amuc_1100-loaded filter papers on plates inocu-
lated with fish gut-derived Acinetobacter, Plesiomonas 
and Aeromonas strains (Fig. S4E–G). These results sug-
gest that the reduction in the abundance of gut-derived 
Acinetobacter, Plesiomonas and Aeromonas strains by 
Amuc_1100 is likely mediated by the host.

Fig. 3  Amuc_1100 changes gut microbiota composition. A−D One-month-old zebrafish fed the LFD, HFD and AM0.01 for 4 weeks. A 
Indexes of alpha diversity (n = 9). B PCA analysis of gut microbiota at the OTU level (n = 9). C Relative abundance of gut microbial composition 
at the phylum level (n = 9). D Relative abundance of gut microbial composition at the genus level (n = 9). Data are expressed as mean ± SEM. Means 
without a common letter are significantly different (P < 0.05). Duncan’s test

Table 1  The relative abundance of main phyla in the intestinal 
microbiota of zebrafish fed the LFD, HFD or AM0.01

Values are expressed as the mean ± SEM (n = 9). Means marked with different 
letters differ significantly (P < 0.05), whereas those sharing a common letter do 
not. Duncan’s test

Phylum LFD HFD AM0.01

Proteobacteria 45.0 ± 5.30 48.5 ± 5.11 51.1 ± 4.48

Fusobacteriota 11.7 ± 5.36 20.3 ± 6.77 10.6 ± 7.59

Actinomycetota 8.57 ± 1.32 10.4 ± 2.18 11.9 ± 2.60

Planctomycetota 14.8 ± 3.99 9.08 ± 2.42 8.39 ± 1.53

Firmicutes 7.14 ± 2.68 3.85 ± 1.38 6.76 ± 1.82

Chlamydiota 6.32 ± 2.22 3.27 ± 0.75 4.28 ± 1.22

Patescibacteria 1.12 ± 0.34 1.61 ± 0.49 1.51 ± 0.33

Bacteroidota 3.94 ± 1.82a 0.793 ± 0.23b 4.41 ± 1.55a

Dependentiae 0.226 ± 0.05 0.423 ± 0.12 0.489 ± 0.09

Myxococcota 0.634 ± 0.28a 0.0678 ± 0.02b 0.0655 ± 0.01b
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The number of the Bacillus strain in the medium sup-
plemented with filtered gut content supernatant from the 
HFD group was 1.26 × 109 CFU/mL, which increased sig-
nificantly to 1.76 × 109  CFU/mL when the medium was 
supplemented with supernatant from the Amuc_1100 
group (P < 0.05; Fig.  4E). Compared with supernatant 
from the HFD group, supplementation with supernatant 
from the AM0.01 group led to significant reductions in 
the abundances of Acinetobacter and Aeromonas (P < 0.05; 
Fig. 4F and H), and a non-significant downward trend in 
Plesiomonas (P = 0.076; Fig. 4G). These results suggest that 
the modulation of gut-derived Acinetobacter, Plesiomonas, 
and Aeromonas strains by Amuc_1100 may rely on certain 
antibacterial substances produced in the host intestine. No 
significant differences were observed between the AM0.01 
and HFD groups in the expression of genes encoding anti-
bacterial proteins targeting Gram-negative bacteria and 
antimicrobial peptides, including phospholipase A2 group 
III (pla2g3), group XIIA (pla2g12a), complement com-
ponent 5 (c5), BPI fold containing family C (bpifc), S100 
calcium binding protein A10b (s100a10b), hepcidin, and 
defensin beta-like 2 (defbl2) (Fig. S4H).

Intestinal 14‑3‑3β/α‑A is involved in the modulation of gut 
microbiota composition by Amuc_1100 in zebrafish
Pull-down assays using recombinant Amuc_1100 as bait 
identified 13 candidate interacting proteins by LC-MS/
MS (Table  3). Among these, protein 14-3-3β/α-A was 
further validated by co-IP and Western blotting as an 
interacting partner for Amuc_1100 (Fig.  5A). Using 
an in  vitro digestion model, Amuc_1100 was primar-
ily digested into three fragments, including I31–K119, 
I43–Y137 and S138–D317 (Table  S4). As predicted 
using DMFold and the Mol* 3D Viewer of the Protein 
Data Bank, the S138–D317 fragment contributed to the 
interaction with protein 14-3-3β/α-A. This involved two 
peptides (R.NERMM.P and A.QPATGAASL.T) located 
within the S138–D317 fragment of Amuc_1100 (Fig. 5B; 
Table S5).

In the absence of BV02, PCA of gut microbiota revealed 
partial separation among the LFD, HFD, and AM0.01 
groups, with HFD and AM0.01 showing a trend toward 
separation along PC1 (P = 0.061; Fig.  3B). When 14-3-
3β/α-A PPI was inhibited, the gut microbiota profile of 
the AM0.01-BV02 group was virtually indistinguishable 
from that of the HFD-BV02 group, based on alpha diver-
sity indices and PCA (Fig. 5C and D). Upon BV02 treat-
ment, the PCA plot among the LFD-BV02, HFD-BV02, 
and AM0.01-BV02 groups also showed partial separa-
tion, with HFD-BV02 and AM0.01-BV02 showing more 
overlap than that between no HFD and AM0.01 groups 
(P = 0.185) (Fig. 5D; Fig. S5).

In the presence of BV02, zebrafish fed the AM0.01 
had a higher abundance of Proteobacteria while a lower 
abundance of Fusobacteriota, compared with the HFD-
fed group (P < 0.05) (Fig.  5E; Table  4). Meanwhile, the 
abundance of Bacteroidota did not differ significantly 
between the HFD-BV02 and AM0.01-BV02 groups 
(Fig. 5E; Table 4). However, the differences in genus-level 
abundances observed between HFD and AM0.01 groups 
in the absence of BV02 (Table 2) were largely abolished 
in BV02-treated fish (Table  5). At the genus level, there 
was no significant difference in the abundances of Aci-
netobacter and Plesiomonas between the AM0.01-BV02 
and HFD-BV02 groups (P > 0.05) (Fig.  5F; Table  5). The 
AM0.01-BV02 group showed a 13-fold increase in 
the abundance of Aeromonas compared to the HFD-
BV02 group (P < 0.05) (Fig. 5F; Table 5). Meanwhile, the 
AM0.01-BV02 group showed no significant difference 
in the relative abundance of the genera Bacillus and 
Bacteroides compared to the HFD-BV02 group (Fig. 5F; 
Table 5). These results suggest that 14-3-3β/α-A plays a 
key role in mediating the effects of Amuc_1100 on gut 
microbiota composition.

Table 2  The relative abundance of main genus in the intestinal 
microbiota of zebrafish fed the LFD, HFD or AM0.01

Values are expressed as the mean ± SEM (n = 9). Means marked with different 
letters differ significantly (P < 0.05), whereas those sharing a common letter do 
not. Duncan’s test

Genus LFD HFD AM0.01

Cetobacterium 11.7 ± 5.72 20.3 ± 6.77 10.6 ± 7.59

Incertae_Sedis 13.0 ± 2.81 8.33 ± 1.62 9.87 ± 1.22

Roseateles 6.63 ± 2.38 2.69 ± 0.40 6.38 ± 1.24

Acinetobacter 0.98 ± 0.18b 9.58 ± 2.86a 3.34 ± 1.14b

Pirellula 6.72 ± 2.29 3.14 ± 0.72 2.83 ± 0.52

Plesiomonas 1.73 ± 0.66 5.66 ± 2.81 1.35 ± 0.49

Culicoidibacter 4.79 ± 2.76 2.60 ± 1.47 0.525 ± 0.18

Bosea 4.10 ± 2.51 0.722 ± 0.14 1.03 ± 0.32

Legionella 3.40 ± 1.30 1.13 ± 0.24 1.82 ± 0.65

Fimbriiglobus 0.923 ± 0.28 0.955 ± 0.32 1.00 ± 0.20

SH-PL14 1.05 ± 0.29 0.770 ± 0.20 1.04 ± 0.20

Bacillus 0.318 ± 0.08b 0.573 ± 0.23b 1.99 ± 0.47a

TM7a 0.324 ± 0.11 0.399 ± 0.12 0.503 ± 0.13

Gordonia 0.326 ± 0.11 0.0937 ± 0.02 0.438 ± 0.17

Candidatus_Protochla-
mydia

0.395 ± 0.17 0.106 ± 0.03 0.774 ± 0.63

Bacteroides 1.03 ± 0.48a 0.0933 ± 0.04b 0.827 ± 0.30a

Aeromonas 0.135 ± 0.06ab 0.540 ± 0.24a 0.0853 ± 0.03b

Nocardia 0.214 ± 0.09 0.0936 ± 0.05 0.0867 ± 0.03

Ligilactobacillus 0.578 ± 0.24 0.102 ± 0.03 0.878 ± 0.39

Methylobacterium 0.495 ± 0.18 0.556 ± 0.17 0.121 ± 0.02

Halomonas 0.469 ± 0.16 0.200 ± 0.03 0.362 ± 0.06
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Intestinal 14‑3‑3β/α‑A mediates the alleviation of hepatic 
lipid accumulation by Amuc_1100
Compared with the HFD-BV02 group, the AM0.01-
BV02 group exhibited a higher hepatic LBP level 
(P < 0.05; Fig.  6A). Meanwhile, the area of large intra-
cellular lipid droplets and the hepatic TAG level in the 
AM0.01-BV02 group were comparable to those in the 

HFD-BV02 group (P > 0.05; Fig.  6B and C). In 5-dpf 
zebrafish larvae with 14-3-3β/α-A knockdown, the red 
staining intensity and mean gray value in the liver area 
did not differ between the AM0.01 and HFD groups 
(P > 0.05; Fig.  6D and E). The efficiency of 14-3-3β/α-A 
vivo-MO is presented in Fig. S6A. These results sug-
gest that protein 14-3-3β/α-A may partly mediate the 

Fig. 4  Amuc_1100 and gut content supernatant from Amuc_1100-fed zebrafish alter growth of fish gut-derived strains ex vivo. A−D The number 
of fish gut-derived (A) Bacillus, (B) Acinetobacter, (C) Plesiomonas and (D) Aeromonas strains after transferring to 5 dpf AM0.01-fed GF zebrafish for 7 d 
(n = 3 or 6). E−H The concentration of fish gut-derived (E) Bacillus, (F) Acinetobacter, (G) Plesiomonas and (H) Aeromonas strains after culturing in gut 
content supernatant-supplemented medium for 18 h (n = 9). Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01. Student’s t-test

Table 3  Potential interaction proteins of Amuc_1100 that obtained by pull-down assay

Accession number Protein description Sublocalization

E9QJ96 14-3-3 protein β/α-A (Fragment) OS = Danio rerio Cytoplasm/Nuclear

B2GRH9 Superoxide dismutase [Cu-Zn] OS = Danio rerio Cytoplasm

Q804G7 Annexin OS = Danio rerio Intracellular surface of membrane

Q7SZD3 78 kDa glucose-regulated protein OS = Danio rerio Endoplasmic reticulum/Nuclear

A0A2R8QH08 Fructose-bisphosphate aldolase OS = Danio rerio Cytoplasm

Q3B7R7 2-phospho-D-glycerate hydro-lyase (Fragment) OS = Danio rerio Cytoplasm

Q6ZM60 Calcium-transporting ATPase OS = Danio rerio Membrane/Endoplasmic reticulum

Q6P967 Guanine nucleotide-binding protein (G protein), alpha-activating 
activity polypeptide O, b OS = Danio rerio

Intracellular surface of membrane

Q7ZVX2 Sodium/potassium-transporting ATPase subunit beta OS = Danio rerio Membrane

Q6DGX1 Succinate-CoA ligase [ADP/GDP-forming] subunit alpha, mitochon-
drial OS = Danio rerio

Mitochondria

Z4YIG5 Small monomeric GTPase OS = Danio rerio Intracellular surface of membrane

E7F1V3 TBC1 domain-containing kinase OS = Danio rerio Cytoplasm/Nuclear

Q6XG62 Protein S100 OS = Danio rerio Cytoplasm/Nuclear
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alleviation of hepatic lipid accumulation by Amuc_1100. 
Compared to HFD-fed GF zebrafish transplanted with 
HFD-BV02 microbiota, those receiving AM0.01-BV02 
microbiota showed no significant difference in intra-
hepatic red staining or mean gray values (Fig. S6B and 
C). These results demonstrate that 14-3-3β/α-A plays an 
essential role in enabling the gut microbiota to reduce 
hepatic lipid accumulation.

To further investigate the role of protein 14-3-3β/
α-A in the alleviation of hepatic lipid accumulation by 
Amuc_1100, GF zebrafish receiving HFD gut micro-
biota were fed either the HFD or the AM0.01. Com-
pared to those fed the HFD, zebrafish larvae colonized 
with HFD gut microbiota and fed the AM0.01 showed 
reduced intrahepatic red staining and lower mean gray 
values (P < 0.05; Fig.  6F and G). However, knockdown 

Fig. 5  Protein 14-3-3β/α-A is involved in Amuc_1100-induced changes of gut microbiota composition. A Amuc_1100-flag and 14-3-3β/α-A-HA 
were co-expressed in HEK293T cells, and co-immunoprecipitated using anti-flag beads. Western blotting showing Amuc_1100-14-3-3β/α-A 
association. B Predicted interaction between the Amuc_1100 and 14-3-3β/α-A. C−F One-month-old zebrafish fed the BV02-supplemented LFD, 
HFD and AM0.01 for 4 weeks. C Indexes of alpha diversity (n = 9). D PCA analysis of gut microbiota at the OTU level (n = 9). E Relative abundance 
of gut microbial composition at the phylum level (n = 9). F Relative abundance of gut microbial composition at the genus level (n = 9). Data are 
expressed as mean ± SEM. Means without a common letter are significantly different (P < 0.05). Duncan’s test

Table 4  The relative abundance of main phyla in the intestinal 
microbiota of zebrafish fed the LFD-BV02, HFD-BV02 or AM0.01-BV02

Values are expressed as the mean ± SEM (n = 9). Means marked with different 
letters differ significantly (P < 0.05), whereas those sharing a common letter do 
not. Duncan’s test

Phylum LFD-BV02 HFD-BV02 AM0.01-BV02

Proteobacteria 54.8 ± 3.13ab 51.4 ± 4.44b 63.9 ± 2.24a

Fusobacteriota 4.62 ± 1.49b 22.8 ± 7.56a 7.40 ± 2.89b

Actinomycetota 12.8 ± 1.46 13.4 ± 3.98 15.2 ± 2.41

Planctomycetota 10.8 ± 2.56a 4.22 ± 0.55b 4.97 ± 0.71b

Firmicutes 1.83 ± 0.51 4.09 ± 1.17 3.80 ± 1.66

Chlamydiota 7.81 ± 2.02a 1.84 ± 0.20b 2.29 ± 0.40b

Patescibacteria 5.33 ± 1.64a 0.850 ± 0.19b 1.30 ± 0.33b

Bacteroidota 1.02 ± 0.37 0.694 ± 0.28 0.424 ± 0.11

Dependentiae 0.390 ± 0.04 0.342 ± 0.07 0.271 ± 0.04

Myxococcota 0.186 ± 0.06a 0.0241 ± 0.01b 0.0793 ± 0.02ab
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of 14-3-3β/α-A exacerbated hepatic lipid deposition, as 
indicated by increased staining intensity and mean gray 
value in the liver of HFD microbiota-colonized larvae fed 
the AM0.01 (Fig. 6F and G).

Discussion
The use of HFDs is common in aquaculture to enhance 
production efficiency and reduce feed costs. However, 
this practice often leads to an overload of FFAs, which 
contributes to hepatic lipid accumulation and meta-
bolic disorders in fish [3–5]. This study demonstrates 
that intestinal 14-3-3β/α-A interacts with Amuc_1100, 
resulting in a beneficial remodeling of the gut microbi-
ota that ameliorates hepatic lipid accumulation. Further-
more, we identify 14-3-3β/α-A as an intracellular PRR for 
Amuc_1100, underscoring its essential role in mediat-
ing the gut microbiota-dependent alleviation of hepatic 
steatosis. These findings establish a foundation for devel-
oping Amuc_1100-based strategies to counteract HFD-
induced hepatic lipid accumulation in aquaculture.

In this study, the HFD containing 16% fat effec-
tively induced hepatic lipid accumulation, which is 

consistent with other established zebrafish models [50, 
51]. Amuc_1100 supplementation significantly alleviated 
HFD-induced hepatic lipid accumulation in zebrafish, 
as evidenced by reduced hepatic TAG content, attenu-
ated histological steatosis, and lower serum Alt levels. 
These phenotypic improvements were accompanied 
by distinct changes in the expression of genes regulat-
ing hepatic lipid metabolism. Hepatic lipid accumula-
tion results from an imbalance between lipid synthesis 
(de novo lipogenesis, DNL) and lipid catabolism (fatty 
acid oxidation) [52]. Amuc_1100 administration down-
regulated key lipogenic genes, including srebf1, acc1, 
fas, and c/ebpα. Mammalian SREBP1 is a master tran-
scription factor that activates the expression of lipogenic 
enzymes such as ACC1 and FAS, driving DNL [53]. C/
EBPα, which is positively correlated with hepatic stea-
tosis severity, can further potentiate lipogenic gene 
expression through cooperation with SREBP1 [54]. The 
coordinated downregulation of these genes suggests that 
Amuc_1100 suppresses endogenous fatty acid synthesis, 
contributing to reduced lipid accumulation. Conversely, 
Amuc_1100 feeding upregulated genes involved in lipid 
catabolism, including atgl and cpt1aa. ATGL catalyzes 
the rate-limiting step of TAG lipolysis, releasing fatty 
acids for subsequent β-oxidation [55, 56]. CPT1 is the 
key enzyme controlling mitochondrial fatty acid import 
and oxidation [57]. The upregulation of these genes indi-
cates that Amuc_1100 promotes fatty acid utilization, 
further counteracting HFD-induced lipid overload. Nota-
bly, the effects of Amuc_1100 on hepatic lipid metabo-
lism appear to be indirect, as Amuc_1100 failed to reduce 
TAG accumulation in ZFL cells exposed to OA and had 
no effect in GF zebrafish. These findings indicate that 
Amuc_1100 does not act directly on hepatocytes, but 
rather requires the presence of gut microbiota to exert 
its hepatoprotective effects. This interpretation is con-
sistent with our subsequent experiments demonstrating 
that the gut microbiota is both necessary and sufficient 
for Amuc_1100-mediated alleviation of hepatic steatosis.

This study observed reductions in serum endotoxin 
and hepatic LBP, two bactericidal permeability-increasing 
indicators [58]. It suggests an improvement in gut-liver 
axis homeostasis by Amuc_1100 in zebrafish. As a key 
component of the gut-liver axis, the gut microbiota is 
implicated in the pathogenesis of hepatic steatosis [59]. 
And a healthy gut microbiota plays a vital role in main-
taining liver homeostasis [60]. In this study, the gen-
era Acinetobacter, Plesiomonas and Aeromonas were 
enriched in conventional HFD-fed zebrafish. The genus 
Acinetobacter is positively associated with HFD-induced 
hepatic steatosis in rats [61–63]. A reduction in Acine-
tobacter abundance underlies the alleviation of hepatic 
steatosis by prebiotics like inulin and isomalt in rats 

Table 5  The relative abundance of main genus in the intestinal 
microbiota of zebrafish fed the LFD-BV02, HFD-BV02 or 
AM0.01-BV02

Values are expressed as the mean ± SEM (n = 9). Means marked with different 
letters differ significantly (P < 0.05), whereas those sharing a common letter do 
not. Duncan’s test

Genus LFD-BV02 HFD-BV02 AM0.01-BV02

Cetobacterium 4.61 ± 1.49b 22.8 ± 7.56a 7.40 ± 2.89b

Incertae_Sedis 8.67 ± 0.88a 4.01 ± 0.46b 4.22 ± 0.47b

Roseateles 3.81 ± 0.83 3.64 ± 0.88 3.86 ± 0.87

Acinetobacter 0.822 ± 0.25b 2.67 ± 0.65ab 4.60 ± 1.98a

Pirellula 4.90 ± 1.26a 2.04 ± 0.32b 1.73 ± 0.32b

Plesiomonas 0.843 ± 0.31b 4.86 ± 1.41ab 5.69 ± 1.97a

Culicoidibacter 0.513 ± 0.24 2.89 ± 1.19 2.48 ± 1.75

Bosea 5.69a ± 2.04 0.912b ± 0.13 0.929b ± 0.18

Legionella 3.38a ± 0.43 0.968b ± 0.24 0.686b ± 0.19

Fimbriiglobus 1.48a ± 0.42 0.317b ± 0.04 0.459b ± 0.11

SH-PL14 0.673 ± 0.10 0.513 ± 0.10 0.487 ± 0.10

Bacillus 0.488 ± 0.28 0.325 ± 0.14 0.777 ± 0.25

TM7a 2.09 ± 0.66a 0.350 ± 0.09b 0.655 ± 0.17b

Gordonia 0.481 ± 0.09ab 0.305 ± 0.13b 1.69 ± 0.71a

Candidatus_Protochla-
mydia

1.18 ± 0.49a 0.123 ± 0.02b 0.107 ± 0.04b

Bacteroides 0.216 ± 0.09 0.129 ± 0.05 0.0678 ± 0.01

Aeromonas 0.0893 ± 0.05b 0.135 ± 0.06b 1.26 ± 0.62a

Nocardia 1.36 ± 0.58a 0.171 ± 0.06b 0.254 ± 0.11b

Ligilactobacillus 0.209 ± 0.08 0.206 ± 0.08 0.0644 ± 0.02

Methylobacterium 0.313 ± 0.09 0.111 ± 0.02 0.195 ± 0.08

Halomonas 0.235 ± 0.06 0.194 ± 0.04 0.166 ± 0.03
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[61, 62]. Furthermore, gut microbiota dysbiosis marked 
by an enrichment of the genus Acinetobacter contributes 
to diet-induced hepatic steatosis in GF mice [64]. Genera 
Plesiomonas and Aeromonas are positively correlated with 
lipid synthesis in the zebrafish liver [65, 66]. According to 
these reports, HFD feeding resulted in a gut microbiota 
profile promoting hepatic lipid accumulation in zebrafish.

A critical question is whether the Amuc_1100-induced 
shift in gut microbiota is a causal driver of reduced 
hepatic lipid accumulation or merely a correlative epi-
phenomenon. Our study provides strong evidence for 
causality through several lines of inquiry. The pivotal 
finding comes from our GF zebrafish transplant experi-
ment. GF zebrafish colonized with microbiota derived 
from AM0.01-fed donors recapitulated the protective 
hepatic phenotype, exhibiting significantly less lipid 
accumulation than those colonized with HFD-derived 
microbiota. These results unequivocally demonstrate 
that the altered microbial community itself is sufficient to 
transmit the beneficial effect, independent of direct host 
exposure to Amuc_1100.

Furthermore, the specific taxonomic changes we 
observed are consistent with established causal roles of 
these bacteria in liver health. The enrichment of Bacillus 
and Bacteroides in AM0.01 group aligns with numerous 
studies where supplementation with these genera directly 
ameliorates diet-induced hepatic steatosis through the 
production of bioactive metabolites like short-chain fatty 
acids and L-arginine in both mice and zebrafish [67–73]. 
Conversely, the depletion of Acinetobacter, Plesiomonas, 
and Aeromonas is equally significant. These Gram-
negative genera are potent producers of LPS, and their 
increased abundance has been causally linked to hepatic 
inflammation and steatosis by promoting endotoxin 
translocation and triggering inflammatory cascades that 
exacerbate lipid dysregulation [61–64, 74, 75]. There-
fore, the observed shift is not a random fluctuation but a 
directed restructuring of the microbiota towards a well-
documented hepatoprotective profile.

In this study, PERMANOVA revealed that while both 
HFD and AM0.01 groups differed significantly from 
the LFD group (P < 0.05), the difference between HFD 

Fig. 6  Intestinal 14-3-3β/α-A is indispensable to the alleviation of Amuc_1100 to hepatic lipid accumulation. A−C One-month-old zebrafish fed 
on BV02-supplemented LFD, HFD and AM0.01 for 4 weeks. A Hepatic LBP levels (n = 3). B Representative images of H&E- and ORO-stained liver 
sections. The scale bar = 50 μm. C Hepatic TAG contents (n = 3). D and E Zebrafish at 5 dpf were transfected with vivo-MO targeting the 14-3-3β/α-A 
and fed on the LFD, HFD or AM0.01 for 7 d. D Representative images of whole-mount ORO staining. The scale bar = 200 μm. E Quantitative 
assessment of whole-mount ORO staining (n = 11 or 16). F−G GF zebrafish at 5 dpf were transferred with the HFD-gut microbiota and fed the HFD 
or AM0.01. Then AM0.01-fed fish were transfected with std-MO (NC) or 14-3-3β/α-A-targeted vivo-MO. F Representative images of whole-mount 
ORO staining. The scale bar = 200 μm. G Quantitative assessment of whole-mount ORO staining (n = 8 or 9). Data are expressed as mean ± SEM. 
Means without a common letter are significantly different (P < 0.05). Duncan’s test
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and AM0.01 groups did not reach statistical signifi-
cance (P = 0.061). This pattern explains the considerable 
overlap observed in the PCA plot and reflects the high 
within-group variation inherent to gut microbiota stud-
ies [76–79]. Potential sources of this high within-group 
variation include individual biological variation (sto-
chastic colonization, genetic heterogeneity), technical 
factors (sequencing depth, DNA extraction efficiency), 
and the inherent instability of HFD-induced dysbiosis 
[80]. Importantly, the lack of statistical significance at 
the community level does not negate the biological rel-
evance of the Amuc_1100-induced changes as revealed 
by statistically significant changes of these specific taxa 
with established roles in lipid metabolism (Bacillus, Bac-
teroides, Acinetobacter, Plesiomonas, and Aeromonas), 
and significantly reduced hepatic lipid accumulation in 
GF zebrafish colonized with AM0.01-derived microbiota. 
These evidence demonstrates that the community-level 
differences, although subtle in overall structure, are suf-
ficient to transmit a phenotypic effect.

In this study, the inhibition of fish gut-derived Aci-
netobacter, Plesiomonas and Aeromonas strains by 
Amuc_1100 occurred in vivo but not ex vivo, indicating 
that its regulatory effect is mediated by the host, at least 
for these three strains. However, a role for antimicro-
bial peptides, which play a part in host selective immu-
nity and barrier defense, was ruled out in this study due 
to the lack of a significant difference in their intestinal 
expression levels between the HFD and AM0.01 groups. 
This finding is consistent with a previous study where 
Amuc_1100 also failed to reverse the HFD-induced sup-
pression of antimicrobial peptides, including lysozyme 1, 
α-defensin, regenerating family member 3 gamma, and 
phospholipase A2 group-II, in mice [20].

Amuc_1100 has been identified as a ligand of human 
TLR2 [19, 20]. However, no interaction between the 
zebrafish Tlr2 and Amuc_1100 was observed in this study. 
This lack of interaction is likely attributable to the ligand 
specificity of fish Tlr2 [81]. We identified the cytosolic 
protein 14-3-3β/α-A as the interacting partner in this 
study. This protein is an isoform of the 14-3-3 family, a 
series of highly conserved proteins found in all eukaryotic 
organisms [82, 83]. Localized to multiple subcellular sites 
including the plasma membrane, endoplasmic reticulum, 
Golgi apparatus, nucleus, microtubules, mitochondria, 
and cytoskeletal fibers, 14-3-3 proteins extensively regu-
late pathways for signal transduction, checkpoint control, 
apoptosis, and nutrient-sensing [82, 84]. It has been dem-
onstrated that 14-3-3β/α-A acts as an intracellular PRR in 
zebrafish, which can identify various microbial molecules 
including peptidoglycan, lipoteichoic acid, and LPS [33]. 
This protein also exhibits antimicrobial effector functions 
by depolarizing the membranes of both Gram-negative 

and Gram-positive bacteria [33]. These reports collec-
tively indicate that 14-3-3β/α-A is involved in coordinat-
ing host-microbe interactions [33, 34].

To validate the functional role of 14-3-3β/α-A, we 
employed both pharmacological inhibition with BV02 
and gene-specific knockdown with vivo-MO. BV02 is a 
reference inhibitor of 14-3-3 PPI, with direct binding to 
14-3-3 proteins confirmed by NMR spectroscopy [39] 
and functional validation through disruption of 14-3-3/
client interactions [40]. Molecular docking studies indi-
cate that BV02 binds to multiple 14-3-3 family members 
[85], consistent with its role as a pan-14-3-3 inhibitor. 
Importantly, the concordance between BV02 treatment 
and 14-3-3β/α-A-specific knockdown provides orthogo-
nal validation that the observed phenotypes are specifi-
cally attributable to inhibition of this isoform.

Our study establishes the indispensable role of 14-3-3β/
α-A as an intracellular receptor for Amuc_1100 in medi-
ating microbiota modulation. In this study, Amuc_1100 
did not reduce the abundance of Acinetobacter, Plesio-
monas and Aeromonas upon inhibition of 14-3-3β/α-A 
PPI, indicating that its modulation of the gut microbiota 
is partly dependent on its interaction with 14-3-3β/α-A. 
However, the precise downstream mechanisms by which 
this interaction reshapes microbial communities warrant 
further investigation.

14-3-3 proteins are known to regulate the activity of 
plasma membrane H+-ATPases in plants, thereby con-
trolling extracellular pH [86]. Given the evolutionary 
conservation of 14-3-3 proteins, we hypothesize that in 
zebrafish, this interaction might similarly stimulate pro-
ton pumping into the intestinal lumen. Previous stud-
ies have shown that Acinetobacter baumannii exhibits 
reduced growth and biofilm formation at pH 4.5, while 
Bacillus spores maintain viability even under acidic con-
ditions [87, 88]. Aeromonas species also display sensi-
tivity to acidic pH, with cell death occurring when pH 
drops below 6.5 [89, 90]. This differential sensitivity to 
pH is consistent with our hypothesis that Amuc_1100-
induced 14-3-3β/α-A activation may acidify the intesti-
nal lumen, thereby selectively suppressing Acinetobacter 
and Aeromonas while favoring Bacillus colonization. The 
resulting local acidification could create an unfavorable 
environment for pH-sensitive, potentially genera like 
Acinetobacter and Aeromonas, while having a neutral 
effect on Bacillus. This hypothesis is consistent with our 
observation that Amuc_1100 administration did not alter 
the expression of classic host antimicrobial peptides, 
suggesting a mechanism independent of the canonical 
immune response. Alternatively, the direct antimicrobial 
effector function recently attributed to zebrafish  14-3-
3β/α-A [85] could be potentiated upon Amuc_1100 bind-
ing. Future studies should focus on directly measuring 
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intestinal pH and characterizing the specific antimicro-
bial activity of the 14-3-3β/α-A-Amuc_1100 complex to 
validate these proposed mechanisms.

The growth of the fish gut-derived Bacillus strain was 
found to be stimulated by either Amuc_1100 or its cor-
responding gut content supernatant in an ex  vivo system. 
Given that 14-3-3β/α-A is reported to exert antimicrobial 
activity against Bacillus [33], the observed enrichment of 
the genus Bacillus in the gut of Amuc_1100-fed zebrafish 
is likely independent of 14-3-3β/α-A. Bacillus may utilize 
Amuc_1100 as a nitrogen source. Additionally, mamma-
lian hosts can metabolize Amuc_1100 into nutritive sub-
stances such as arginine, which can nourish beneficial gut 
microbes, or into neurotransmitters that indirectly influ-
ence bacterial colonization [72, 91, 92]. The digestive prod-
ucts of Amuc_1100 in the intestinal lumen may include 
bioactive compounds that stimulate the growth of the genus 
Bacillus, analogous to its documented effect on L-arginine-
producing Bifidobacterium species [72]. Additionally, com-
petition among Bacillus, Acinetobacter and Aeromonas has 
been documented [93, 94]. This competitive dynamic sug-
gests that the enrichment of Bacillus may be partly due to 
the expansion of its ecological niche following the diminish-
ment of Acinetobacter, Plesiomonas and Aeromonas.

Fish 14-3-3β/α-A is primarily localized to the cyto-
plasm [33, 34], raising the question of how Amuc_1100 

gains access to its intracellular interactor. Beyond their 
presence in the cytoplasm, organelles, and nucleus, 
14-3-3 proteins facilitate receptor trafficking and recep-
tor-mediated endocytosis by binding to membrane pro-
teins as essential accessory factors [95]. The cell leverages 
the pH-dependent dissociation between receptors and 
ligands. This rapid dissociation in the acidic environment 
of early endosomes enables receptors to recycle to the 
plasma membrane and promotes the release of ligands 
into the cytosol [96]. G protein coupled receptor-medi-
ated endocytosis is a transport pathway of macromolecu-
lar substances in the intestine [97]. Our in  vitro uptake 
experiment showed that Amuc_1100-GFP can enter ZF4 
cells and accumulate in the perinuclear region (Fig. S7), 
demonstrating that Amuc_1100 can cross the plasma 
membrane, at least in cultured cells. Simulated intesti-
nal digestion generated three fragments of Amuc_1100, 
one of which (S138–D317) contains the predicted 14-3-3 
interaction motifs (R.NERMM.P and A.QPATGAASL.T). 
Evidence indicates that 14-3-3β/α-A facilitates the endo-
cytic process, enabling viral entry into FHM cells [34]. 
Based on these observations and published evidence 
that 14-3-3 proteins can facilitate endocytosis [34, 94], 
we propose that receptor-mediated endocytosis may be 
involved in Amuc_1100 internalization (Fig.  7). How-
ever, the exact internalization pathway and whether the 

Fig. 7  A proposed model illustrating the mechanism by which Amuc_1100 enters the cytoplasm via GPCR-mediated endocytosis, interacts 
with 14-3-3β/α-A, and subsequently modulates gut microbiota, based on our results and literature evidence. Released Amuc_1100 gets approach 
and interacts to 14-3-3β/α-A. Then, Amuc_1100-binded 14-3-3β/α-A may further activate the membrane located H+-ATPase and coordinate 
H+ pumping into the intestinal lumen, leading to the low pH in the lumen. Low pH in the intestinal lumen may produce anti-bacterial effect 
to Acinetobacter, Aeromonas and Plesiomonas. Meanwhile, Bacillus may be promoted by directly utilizing Amuc_1100 or its digestive products 
as a nitrogen source. Green line: the inference made based on the literature evidence; violet line: findings in this study. G, G proteins; GPCR, G 
protein coupled receptor; β, β-arrestins. This figure is produced by Figdraw
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full-length protein or its fragments mediate the biological 
effects require further investigation.

Given the evolutionary conservation of both 14-3-3 
proteins and lipid metabolism pathways between 
zebrafish and mammals, these findings may also have 
implications for understanding host-microbiota interac-
tions in the context of human NAFLD and other meta-
bolic disorders. The identification of 14-3-3β/α-A as a 
host factor mediating microbiota remodeling by a bacte-
rial protein highlights a potential target for therapeutic 
strategies aimed at restoring gut-liver axis homeostasis.

Although we identified 14-3-3β/α-A as an essential host 
factor for Amuc_1100-induced gut microbiota remod-
eling, the precise downstream molecular events follow-
ing this interaction remain to be elucidated. Besides, this 
study did not evaluate immune responses or potential 
allergic reactions associated with Amuc_1100 adminis-
tration. While Amuc_1100 is derived from A. muciniph-
ila, a bacterium with context-dependent effects on type 2 
immunity [15, 16], our study focused on the mechanism 
of action rather than safety assessment. Future studies 
should directly assess whether Amuc_1100 influences 
type 2 immune responses or allergic outcomes, particu-
larly in the context of long-term administration. Future 
studies should address these limitations to further vali-
date and extend our findings.

Conclusions
This study revealed that Amuc_1100 alleviates hepatic 
lipid accumulation by modulating the gut micro-
biota, a process mediated by intestinal 14-3-3β/α-A. 
Amuc_1100 restricts the growth of microbes such as 
Acinetobacter, Plesiomonas and Aeromonas, while pro-
moting the growth of Bacillus in the gut in a 14-3-3β/α-
A-dependent manner. A balanced gut microbiota plays 
a role in alleviating HFD-induced hepatic lipid accu-
mulation in zebrafish. This study elucidates the role 
of gut microbiota in the Amuc_1100-mediated alle-
viation of hepatic lipid accumulation and confirms that 
Amuc_1100 is a potential active component for novel 
therapeutic strategies derived from A. muciniphila. The 
role of 14-3-3β/α-A in reshaping gut microbiota com-
position highlights its potential as a therapeutic target 
for strategies aimed at maintaining microbiota homeo-
stasis and reducing hepatic lipid accumulation.
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