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ABSTRACT
Frequent outbreaks of eel “mucus sloughing and hemorrhagic septicemia disease” caused by 
Anguillid herpesvirus 1 (AngHV) are a major epidemic in both wild and farmed eels. This virus has 
garnered global attention due to heavy losses on eel farms and the lack of protective vaccines or 
effective drugs, highlighting the urgent need for potent antiviral agents. In this study, we revealed 
a hepcidin homolog LJ-hep2 from Japanese seabass (Lateolabrax japonicus) can bind to AngHV 
and impede viral entry into cells. LJ-hep2 could directly destroy the viral envelope and showed 
a higher anti-AngHV activity than AA-hep (a hepcidin homolog cloned from Anguilla anguilla). It 
was found that the destruction of viral structure by LJ-hep2 was related to the binding of the 
peptide to AngHV envelope protein ORF51, and the two amino acid residues at the N-terminus of 
the peptide (lysine and phenylalanine) might play a key role. Comparative antiviral experiments 
with mutated LJ-hep2 (LJ-hep2A4A5) and multi-species hepcidin further confirmed this finding and 
demonstrated that these two amino acids were indispensable in the inhibition of AngHV infection 
by LJ-hep2. In an established eel immersion infection model, LJ-hep2 treatment reduced viral 
accumulation in tissues, inhibited horizontal transmission, alleviated skin lesions, and improved 
eel survival. Taken together, this study suggests that LJ-hep2 could inhibit AngHV infection in vitro 
and in vivo, and identify ORF51 as a potential target for the development of anti-AngHV drugs.
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Introduction

Eels (Anguilla spp.) are widely farmed globally, with 47 
countries engaged in eel production, yielding around 
275,000 metric tons valued at approximately 2.5 × 109 

USD [1]. However, viral infections have severely ham
pered the development of eel farming [2] and are con
sidered to be the main cause of the worldwide decline 
in eel populations [3]. Anguillid herpesvirus 1 (AngHV, 
genus Cyprinivirus) is an enveloped double-stranded 
DNA virus that poses a serious threat to eels [4,5]. 
The virus is highly contagious and spreads horizontally, 
mainly through waterborne transmission. It is trans
mitted not only within farm ponds but also through 
water sources, transport vehicles, people, and other 
means, thus facilitating the spread of the virus to 
other eel farms [6–8]. In China, outbreaks of mucus 
sloughing and hemorrhagic septicemia disease occur 
annually in farmed eels, with mortality rates as high 
as 30%, resulting in substantial economic losses [9,10]. 
Currently, methods of controlling this disease mainly 
include lowering the breeding water temperature, 

minimizing or halting feeding, and administering 
some surfactants [11]. However, the effectiveness of 
these measures remains inadequate [12], emphasizing 
the urgent need to develop antiviral agents that can 
serve as prophylactic or therapeutic agents against 
AngHV.

Antimicrobial peptides (AMPs) have received exten
sive attention from the scientific community due to 
their great potential in antiviral activity [13]. As an 
important component of innate immunity, AMPs play 
a critical role in clearing pathogens and modulating 
host immune responses [14–16]. Marine sources 
account for half of the total global biodiversity and 
are the largest source of supply of natural peptides. 
To adapt to the harsh marine environment, these pep
tides undergo structural modifications that result in the 
acquisition of features that can maintain biological 
properties against pathogens [17]. Therefore, marine- 
derived peptides have been regarded as potential can
didates for anti-infective drugs [18,19]. Moreover, in 
terms of drug-like properties, peptides possess similar 
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characteristics to antibodies and small molecules and 
act as a bridge between antibody drugs and small 
molecules. They can be converted into peptidomimetics 
with small-molecule properties while retaining some of 
the amino acids and binding specificity, maintaining 
protein- or biotechnology-based drug characteristics 
[20]. Given their superior efficacy, high selectivity, 
and low drug resistance potential, the pharmaceutical 
industry is increasingly focusing on the development of 
peptide drugs [17,21,22].

Our previous studies identified three marine-derived 
AMPs: LJ-hepcidin266–86 (LJ-hep2), which is the 
mature peptide of hepcidin2 from Japanese seabass 
(Lateolabrax japonicus) [23], Scyampcin44–63 from the 
mud crab (Scylla paramamosain) [24], and 
Moronecidin23–44 from the rockfish (Sebastiscus mar
moratus) [25]. Although these peptides exhibited excel
lent antibacterial and antifungal activity, limited 
information was available regarding their antiviral 
effects. Notably, hepcidin, an important classical AMP 
peptide, is widely present in teleosts [26,27]. Recently, 
several fish hepcidins have been reported to possess 
antiviral activity, such as protection of spotted grouper 
(Epinephelus coioides) larvae from Nervous necrosis 
virus (NNV) infection [28] and improved the survival 
of Chinook salmon embryo (CHSE)-214 cells infected 
with Infectious Pancreatic Necrosis Virus (IPNV) [29]. 
However, it is still unknown whether hepcidin can 
inhibit AngHV infection.

In this study, we cloned and identified a hepcidin gene 
(AA-hepcidin) from the European eel (Anguilla anguilla). 
Its derived peptide, AA-hepcidin69–89 (AA-hep), together 
with the three aforementioned AMPs (LJ-hep2, 
Scyampcin44–63, and Moronecidin23–44) was subsequently 
subjected to an anti-AngHV screening assay. In vitro 
assays were employed to evaluate the potential anti- 
AngHV activity and toxicity of the four AMPs. Further 
investigations included assessing their effects on viral 
entry using fluorescence microscopy and flow cytometry, 
evaluating their effects on virion integrity through trans
mission electron microscopy (TEM) and DNase digestion 
assay, and exploring differences in their binding to viral 
envelope proteins through in-silico approaches and pull- 
down analysis. The truncation of AMP allowed explora
tion of the antiviral activity of different regions of AMP, 
thereby identifying the key regions of AMP with anti- 
AngHV activity. The key sites for the antiviral activity of 
AMP were explored through an amino acid mutation 
experiment. Based on the in vitro antiviral results, we 
selected the most effective AMP for in vivo validation of 
antiviral activity through viral-immersed infection and 
horizontal transmission models. Parameters, such as 
infection rate, survival rate, and histopathological changes 

in skin tissue, were evaluated. Overall, our study aims to 
elucidate the effects and mechanisms of AMPs against 
AngHV infection and to provide evidence for their devel
opment as effective anti-AngHV agents.

Materials and methods

Cell lines

Eel ovary (EO) cells were maintained at the Institute of 
Biotechnology, Fujian Academy of Agricultural 
Sciences (FAAS), Fuzhou, China. EO cells were cul
tured in Leibovitz’s L-15 medium (HyClone, USA) 
supplemented with 10% fetal bovine serum (FBS, 
Gibco, USA) at 25°C. HEK 293T cell line was pur
chased from the National Collection of Authenticated 
Cell Cultures (Shanghai, China) and cultured in 
DMEM (HyClone) supplemented with 10% FBS 
(Gibco) at 37°C, 5% CO2 incubator.

Viruses

AngHV (strain NA16108) was isolated and maintained at 
the Institute of Biotechnology, Fujian Academy of 
Agricultural Sciences, Fuzhou, China. AngHV was propa
gated in EO cells, and then the culture medium was col
lected until cytopathic effects (CPE) were observed. After 
the removal of cell debris by centrifugation, the viral titer 
(half of the tissue culture infectious dose, TCID50) was 
determined by the Reed-Muench method [30].

Peptide chemical synthesis

Peptides, including LJ-hep2 (accession number AY604195) 
and its derivant peptides (LJ-hep266–74, LJ-hep272–81, and 
LJ-hep2A4A5), AA-hep (accession number 
XM_035410112.1), Scyampcin44–63 (accession number 
MW388710), Moronecidin23–44 (accession number 
MK387855), OM-hep41–49 (accession number AF281354), 
AS-hep374–82 (accession number AY669378), LC-hep64–72 
(accession number EU443735.1), PM-hep367–75 (accession 
number AY574220), LJ-hep2-biotin and AA-hep-biotin, 
were chemically synthesized by Nanjing GenScript 
Biotech Co., Ltd. (China), purified by RP-HPLC, and con
firmed by MALDI-TOF MS. The purity of the synthetic 
peptide was higher than 95%. The peptide powder was 
dissolved in ultrapure water to make the stock solution, 
which was stored at −20°C.

Cell viability assay

EO cells were seeded into 96-well plates and cultured 
overnight. Cells were treated with different 
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concentrations of LJ-hep2, AA-hep, Scyampcin44–63, 
Moronecidin23–44, LJ-hep266–74, LJ-hep272–81, LJ- 
hep2A4A5, OM-hep41–49, AS-hep374–82, LC-hep64–72, and 
PM-hep367–75 (1, 6.25, 12.5, 25, and 50 μM) at 27°C, 
respectively. After 48 h, the cytotoxicity of the peptides 
was determined using the CellTiter 96® AQueous Non- 
Radioactive Cell Proliferation Assay (Promega, USA) 
according to the manufacturer’s instructions.

AMP screening assay

EO cells were treated with both AngHV (0.1 MOI) and 
peptides (LJ-hep2, AA-hep, Scyampcin44–63, and 
Moronecidin23–44) at the indicated concentrations (1, 
6.25, 12.5, 25, and 50 μM) for 1 h simultaneously. 
Following established protocols for herpesvirus replica
tion assays [31], supernatant samples were collected at 
48 h post-infection (hpi), corresponding to the comple
tion of one full viral replication cycle, to ensure mea
surement of primary virus production prior to 
substantial secondary infection. After collection, viral 
DNA copy numbers were quantified by quantitative 
real-time PCR (qPCR), and the half inhibitory concen
tration (IC50) of AMPs was subsequently calculated.

Determination of the viral load by qPCR

In 12-well plates, EO cells were treated with both 
AngHV (0.1 MOI) and LJ-hep2/AA-hep (12.5 μM). 
After 1 h of incubation, washed three times with PBS, 
and fresh culture medium was added to the cells. At 
48 hpi, AngHV genome copies were detected by qPCR. 
In the viral growth curve assay, EO cells underwent the 
same treatment as described above. Subsequently, cells 
were collected at 6, 12, 24, and 48 hpi, and intracellular 
viral copies were detected using qPCR.

Genomic DNA was extracted using the TIANamp 
Marine Animals DNA Kit (TIANGEN, China) follow
ing the manufacturer’s instructions. Viral load was 
quantified by qPCR [32]. The recombinant plasmid 
was serially diluted, and then the AngHV copy number 
standard curve was prepared using the QuantStudio 3 
Real-Time PCR System (Applied Biosystems, USA). TB 
Green® Premix Ex Taq™ II (TaKaRa) was used to per
form the qPCR. The qPCR was performed under the 
following cycling conditions: 95°C for 30 s, followed by 
40 cycles of 95°C for 5 s and 60°C for 34 s. Used 
Primers were listed in the S1 Table.

Western blotting

EO cells were treated with both AngHV (0.1 MOI) and 
LJ-hep2/AA-hep (12.5 μM) and performed the same 

operation as above. At 48 hpi, the abundance of capsid 
protein, AngHV-ORF36, intracellular was detected by 
western blotting.

Samples were loaded to SurePAGETM precast gel 
and transferred to the polyvinylidene difluoride 
(PVDF) membrane. The membranes were blocked by 
5% skimmed milk for 2 h and incubated with primary 
antibodies overnight. The primary antibodies were 
anti-AngHV-ORF36 (Rabbit polyclonal antibody, 
1:1000) [33] and anti-α-tubulin (Rabbit polyclonal anti
body, 1:5000; Proteintech Group, USA). Next, IRDye® 
680RD Goat anti-Rabbit IgG (1:5000; Li-Cor, USA) was 
used as a secondary antibody to detect the binding at 
room temperature for 1 h. Imaging was performed 
using the Odyssey Infrared Imaging System (Li-Cor), 
and the data were analyzed by ImageJ software.

Cytopathic effects (CPE) assay

CPE assay was used to detect the ability of peptides to 
inhibit AngHV infection of EO cells. Briefly, cells were 
infected with AngHV (0.1 MOI) in the presence or 
absence of LJ-hep2/AA-hep (12.5 μM). Incubation was 
continued at 27°C until obvious cytopathic effects were 
observed in the control group (PBS), and the virus 
titers were determined by use of TCID50 assay.

Time-of-addition assay

The Antiviral effect of the LJ-hep2 was determined by 
using three processing methods. (i) Virus pre-treatment 
: AngHV (0.1 MOI) was preincubated with LJ-hep2 
(6.25 and 12.5 μM) or PBS at 27°C for 1 h. The mixture 
was then added to EO cells for 1 h. Afterward, the cells 
were washed three times with PBS, and the fresh com
plete culture medium was added to the cells; (ii) Cell 
pre-treatment: EO cells were incubated with LJ-hep2 
(6.25 and 12.5 μM) or PBS for 1 h (27°C). Subsequently, 
cells were washed thrice with PBS and infected with 
AngHV (0.1 MOI) for 1 h. Then, the cells were washed 
three times with PBS, and the fresh culture medium 
was added; (iii) Post-treatment: EO cells were infected 
by AngHV (0.1 MOI) for 1 h at 27°C. Then, the cells 
were washed thrice with PBS, treated with LJ-hep2 
(6.25 and 12.5 μM) or PBS for 1 h, washed with PBS, 
and fresh culture medium was added. After 48 hpi, EO 
cells and culture supernatants from each group were 
collected separately. Genomic DNA was extracted from 
the harvested cells, and AngHV copy numbers were 
quantified by qPCR. The collected supernatants were 
inoculated onto freshly prepared EO cells to observe 
CPE, and virus titers (TCID50) were calculated using 
the Reed-Muench method.
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Viral binding assay and internalization assay

EO cells were infected with AngHV (0.1 MOI) and 
treated with 12.5 μM LJ-hep2 for 1 h at 4°C. Cells 
were then washed with pre-cooled PBS. After washing 
to remove the unbound viruses, cells were lysed, and 
viral DNA copies were determined by qPCR.

EO cells were infected with AngHV (0.1 MOI) for 1 h 
at 4°C to allow the virus to attach to the cell surface. 
Then, 12.5 μM LJ-hep2 was added to the cells after 
washing with pre-cooled PBS, and the cells were incu
bated at 27°C. After 1 h of treatment, LJ-hep2 was 
removed, and the cells were sequentially washed with 
PBS containing 0.05% trypsin and with PBS alone. qPCR 
was used to detect the amount of virus internalization.

Fluorescence analysis and flow cytometry

AngHV (0.1 MOI) was subjected to treatment with PBS 
or 12.5 μM LJ-hep2/AA-hep for 1 h at 27°C. 
Subsequently, the mixture was added to EO cells and 
maintained at 27°C. At 1 hpi, the inoculum was 
removed, and the cells underwent three washes. 
Following this, the cells were fixed with 4% parafor
maldehyde, permeabilized with 0.1% Triton X-100, and 
stained with anti-AngHV-ORF36 (Rabbit polyclonal 
antibody, 1:500) [33] and Alexa Fluor 488-Labeled 
Goat Anti-Rabbit IgG (Beyotime, China) at a dilution 
of 1:500. Nuclei were stained in blue with DAPI 
(Sigma-Aldrich, USA), and filamentous actin was 
stained in red with Alexa Fluor 555 labeled phalloidin 
(Invitrogen, USA). Fluorescence microscopy using 
a BZ-X800LE (Keyence, Japan) was employed for cell 
detection, and ImageJ software was utilized for data 
analysis. Flow cytometry was performed using an 
AccuriTM C6 (BD Biosciences, USA), and the data 
were analyzed by FlowJo software (Tree Star, USA).

Assessment of gene expression by qPCR

Total RNA was extracted from EO cells using TRIzol 
reagent (Invitrogen) according to the manufacturer’s 
instructions. RNA (500 ng) was reverse-transcribed 
using the PrimeScriptTM RT Reagent Kit with gDNA 
Eraser (TaKaRa, Japan) according to the manufac
turer’s instructions. Genomic DNA and cDNA samples 
were stored at −80°C until use.

The expression patterns of different genes (including 
IFNα, TNFα, MxC, and IL-8; accession numbers 
XM035397141.1, MT861110.1, KC430926.1, and 
MT861113.1) were examined by qPCR, and RPL7 
(accession number MK929311) was used as the house
keeping gene [34]. The PCR cycling conditions were 

consistent with those described above. The dissociation 
curves for each gene were plotted to demonstrate the 
specificity of the primers. The relative expression levels 
were calculated using the 2−ΔΔCt method based on the 
threshold cycle (Ct) values [35]. Primers of genes were 
designed using Primer 5.0 software and were listed in 
the S1 Table.

Inactivation of cell-free virions

The ability of LJ-hep2/AA-hep to inactivate cell-free 
virions was measured. Briefly, LJ-hep2/AA-hep was 
mixed with an equal volume of AngHV (0.1 MOI) 
[36]. After incubation for 1 h at 27°C, a final concentra
tion of 3% PEG-6000 (Leagene, China) was added to the 
mixture and incubated for another 1 h at 4°C. After 
centrifugation at 13,000 rpm, 4°C for 30 min, the super
natant was discarded, and the pellet was washed twice 
with 3% PEG-6000 (Leagene) containing 10 mg/mL 
BSA. Finally, the pellet was re-suspended in the medium 
and added to the EO cells. After incubation at 27°C for 
48 h, the viral load in the cells was measured by qPCR.

Transmission electron microscopy (TEM) assay

To determine the effect of LJ-hep2 and AA-hep on viral 
particles, virions were isolated and purified [37]. 
AngHV (106 copies) was treated with PBS, LJ-hep2 
(0.05 mg/mL), and AA-hep (0.05 mg/mL) for 1 h. 
Subsequently, the sample was pipetted onto pure for
mvar support films for 5 min. Afterward, the films were 
edge-blotted with filter paper to remove the excess 
sample, then transferred to 1% phosphotungstic acid 
and incubated for 1 min. After removal of the solution, 
the films were air-dried at room temperature and then 
imaged using Hitachi HT7700 TEM (Hitachi, Japan).

MNase digestion assay

Purified AngHV virions (107 copies) were incubated 
with PBS, LJ-hep2, AA-hep, LJ-hep266–74, LJ- 
hep272–81, LJ-hep2A4A5, OM-hep41–49, AS-hep374–82, 
LC-hep64–72, and PM-hep367–75 (12.5 μM) at 27°C for 
1 h. Then, the mixture was digested with micrococcal 
nuclease (New England BioLabs, USA) at 37°C for 1 h 
[38]. Afterward, the undigested viral genomic DNA was 
extracted and quantified by qPCR.

Peptide-virus binding assay

LJ-hep2/AA-hep (0.2, 1, and 5 μg per well) were coated 
onto 96-well ELISA plates and incubated at room tem
perature for 1 h. The plates were then blocked with 2% 
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BSA at 4°C overnight. Purified AngHV virions (106 

copies per well) were added to the ELISA plates and 
incubated at room temperature for 1 h. After washing, 
the bound viruses were lysed with the GA buffer of 
TIANamp Genomic DNA Kit (TIANGEN) for viral 
DNA extraction, and then measured by qPCR.

AngHV (104, 105, and 106 copies per well) were 
coated onto 96-well ELISA plates and incubated at 
4°C for 8 h. Then, 2% BSA was used to block plates at 
4°C overnight. LJ-hep2/AA-hep (5 μg per well) were 
added for binding to the coated viruses at room tem
perature for 1 h. After washing, the bound peptide was 
detected by Rabbit anti-biotin (Proteintech Group) 
with secondary Goat-anti-Rabbit HRP (Abcam) by 
reading OD450.

Peptide-protein docking

The 3D structure modes of AngHV-ORF51, LJ-hep2/AA- 
hep, and the structure of protein-peptide complexes were 
obtained by using the HPEPDOCK program [39]. 
PyMOL software was used to visualize and analyze these 
structure models [40]. The best complex with the highest 
score was chosen for the following docking analysis.

Pull-down analysis

To achieve transient expression of ORF51, the 
pcDNA3.1-ORF51-HA plasmid was constructed. HEK 
293T cells were seeded overnight and transfected with 
pcDNA3.1-ORF51-HA by using Lipofectamine™ 3000 
Transfection Reagent (Invitrogen). At 24 h post- 
transfection, the cells were harvested and lysed in 
RIPA lysis buffer (Beyotime). The clarified superna
tants were incubated with 12.5 µM biotin-labeled LJ- 
hep2 and AA-hep for 4 h at 4°C, and then incubated 
with 20 µL BeyoMag™ Streptavidin Magnetic Beads 
(Beyotime) overnight at 4°C. After three times washing 
with PBS, beads were boiled in 1×loading buffer for 
10 min to elute protein complexes.

Subsequently, the samples were subjected to the 
immunoblotting assay. Anti-HA (Mouse monoclonal 
antibody, 1:1000; Servicebio, China) and IRDye® 800RD 
goat-anti Mouse IgG (1:5000; Li-Cor) were used as pri
mary and secondary antibodies, respectively. Imaging was 
performed using the Odyssey Infrared Imaging System 
(Li-Cor), and the data were analyzed by ImageJ software.

Stability assay of LJ-hep2

Aquaculture water (AW) was obtained from the water 
flow system. LJ-hep2 (12.5 μM) was dissolved in ster
ilized AW samples at 27°C for multiple time points 

(6 h, 12 h, and 24 h), up to 24 h (12/12 h dark/light). LJ- 
hep2 dissolved in ultrapure water was used as a control. 
Then, EO cells were treated with LJ-hep2 (samples 
from multiple time points) and AngHV (0.1 MOI) 
simultaneously. At 48 hpi, cells were collected, and 
total DNA was extracted for viral copy number detec
tion by qPCR.

Animal experiments

American eels (A. rostrata) were obtained from the 
Institute of Biotechnology, Fujian Academy of 
Agricultural Sciences (FAAS), Fuzhou, China. 
Captured glass eels (A. rostrata) were cultured in 
a flow system containing aerated water and fed twice 
daily at 2% of their total biomass. After three months, 
eels were selected based on body weight (3.5 g ±0.3 g), 
and 5% were used for pre-testing to confirm the 
absence of AngHV infection [9]. Then, A. rostrata 
were randomly grouped (10 eels per group) for the 
acute toxicity assay by exposing them to a range of LJ- 
hep2 (0.25, 0.5, and 1 mg/L). Mortality was recorded 
daily for 5 days.

Median/absolute infectious dose (ID50/100): Eels 
(A. rostrata; n = 15) were infected with AngHV (10°- 
105 TCID50/mL) by immersion bath [41]. After 6 h, the 
container water was renewed totally, and infected fish 
were reared for an additional 3 days. Subsequently, all 
eels were anesthetized with tricaine methanesulfonate 
(MS-222; Sigma-Aldrich), and then visceral tissues 
(including liver, spleen, and kidney) were collected 
from each fish and tested for viral content by qPCR. 
A linear regression curve was drawn according to the 
infection rate and infection dose, and ID50/100 was 
calculated.

Eels (A. rostrata) were randomly divided into two 
groups (21 eels per group). The eels were infected with 
ID50 of AngHV (101.5 TCID50/mL) in the presence or 
absence of LJ-hep2 (1 mg/L). After a 6-hour exposure 
period, the culture water of each group was completely 
renewed. At 72 hpi, visceral tissues of eels (including 
liver, spleen, and kidney) were sampled to detect viral 
copies and infection rates.

Horizontal transmission assay

American eels were randomly divided into three 
groups. One group was left untreated as a mock 
group (10 eels). On the other hand, 10 donor eels 
were exposed to ID100 of AngHV (104 TCID50/mL) 
for 24 h. Then, 5 donor fish were randomly mixed 
into the peptide treatment group (25 recipient eels)/ 
AngHV group (25 recipient eels) in the presence or 
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absence of LJ-hep2 (0.5 mg/L). The aquatic water (with 
or without 0.5 mg/L LJ-hep2) of each group was com
pletely renewed daily for an additional 2 days. After 3  
days of mixed breeding, the number of recipient fish (n  
= 10) infected with AngHV was determined by qPCR. 
The mortality was recorded daily for 21 days (n = 20). 
At 21 dpi, skin tissue slices of eels were taken from each 
group and then stained with hematoxylin and eosin 
(H&E) according to the previous study [42,43].

Statistical analysis

Statistically analyzed data were presented as the mean  
± standard deviation (SD). Biological replicates are 
indicated in figure legends. The blotting band and 
fluorescence signal intensities were determined using 
the ImageJ software (NIH, USA). For intergroup com
parisons, statistical significances were analyzed with an 
unpaired two-tailed Student’s t-test, two-way analysis 
of variance (ANOVA), and Log-rank (Mantel-Cox) 
Test (for survival data only) using Prism 8 software 
(GraphPad, USA). p < 0.05 was considered to indicate 
statistical significance.

Results

Anti-AngHV activity of marine antimicrobial 
peptides

Previous studies have reported that marine-derived 
peptides can influence the infection of several viruses 
[44]. To explore the anti-AngHV infection activity of 
marine AMPs, we first obtained a hepcidin gene of the 
European eel A. anguilla (AA-hepcidin). The open 
reading frame (ORF) sequence of this gene was verified 
by PCR to be 270 bp in length, encoding 89 amino 
acids (S1 Fig). Notably, the amino acid sequence of 
69th to 89th of AA-hepcidin showed a high sequence 
identity with the amino acid sequence of 66th to 86th of 
LJ-hepcidin2 (LJ-hep2, derived from Japanese seabass 
L. japonicus). We further chemically synthesized AA- 
hepcidin69–89 (AA-hep) for subsequent antiviral screen
ing together with three AMPs previously reported by 
our laboratory (LJ-hep2, Scyampcin44–63, and 
Moronecidin23–44).

Antiviral peptide screening was performed in EO 
cells, which are highly susceptible to AngHV infection. 
EO cells were exposed to the four selected AMPs, and 
the cytotoxicity of AMPs was assessed. Meanwhile, EO 
cells were infected with AngHV in the presence of 
different AMPs, and viral DNA in the cell supernatant 
was quantified by qPCR at 48 hpi. The results demon
strated that LJ-hep2 and AA-hep significantly inhibited 

AngHV reproduction in EO cells, whereas 
Scyampcin44–63 and Moronecidin23–44 had weak anti
viral activity (Figure 1(A–D), Table 1). Both LJ-hep2 
and AA-hep showed no obvious cytotoxicity, and their 
50% cytotoxicity concentration (CC50) could not be 
calculated (Table 1). The 50% inhibitory concentration 
(IC50) for AngHV was determined to be 5.8 μΜ and 
10.3 μΜ for LJ-hep2 and AA-hep, respectively 
(Table 1). The calculated selectivity index (SI, CC50 
/IC50) for LJ-hep2 and AA-hep was greater than 8.6 
and 4.9, respectively, indicating that they had substan
tial anti-AngHV potential (Table 1). These results 
prompted us to further investigate the anti-AngHV 
effects of LJ-hep2 and AA-hep.

Comparative analysis of antiviral activity in vitro 
between LJ-hep2 and AA-hep

According to the above results, we found that the anti
viral activity of AA-hep was relatively weak. Therefore, 
a concentration of 12.5 μM was selected for follow-up 
studies to ensure viral inhibition rates of both peptides 
exceeded 50%. EO cells were infected with AngHV in 
the presence of peptides for 1 h, washed three times, 
and then cultured with fresh medium (Figure 1(E)). At 
48 hpi, compared to the control (PBS), both LJ-hep2 
and AA-hep significantly reduced the abundance of the 
viral capsid protein ORF36 and suppressed the replica
tion of the viral genome (Figure 1(F,G)). The results of 
the viral growth curve assay showed that LJ-hep2 and 
AA-hep remarkably inhibited viral reproduction in 
a time-dependent manner (Figure 1(H)). Next, we 
examined the effects of LJ-hep2 and AA-hep on viral 
titers and virus-induced cytopathic effects (CPE). As 
shown in Figure 1(I), AngHV titers were significantly 
decreased regardless of the presence of either peptide. 
Additionally, LJ-hep2 and AA-hep effectively alleviated 
AngHV-induced CPE (Figure 1(J)). These findings col
lectively demonstrated the inhibitory effects of LJ-hep2 
and AA-hep on intracellular viral genome replication 
and extracellular viral titers. Notably, LJ-hep2 exhibited 
a stronger anti-AngHV effect than AA-hep. Therefore, 
we proceeded to further characterize the anti-AngHV 
properties of LJ-hep2.

LJ-hep2 inhibits AngHV infection by affecting viral 
binding

To explore how LJ-hep2 affects viral infection, we first 
examined the effects of LJ-hep2 on innate immune 
responses. Viral infections can stimulate intrinsic cel
lular immune defense responses, including activation of 
cytokine pathways, leading to the secretion of cytokines 
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Figure 1. Anti-AngHV activity of the marine antimicrobial peptides (A-D) MTS analysis assessed EO cell viability following peptide 
treatments, while qPCR quantified viral copy numbers in cells treated with peptides and AngHV. The inhibition rate is shown as solid 
points; Cell viability is shown as empty points. Peptides tested were LJ-hep2 (A), AA-hep (B), Scyampcin44–63 (C), and 
Moronecidin23–44 (D). (E) Schematic of virus infection assay workflow. (F) EO cells were simultaneously treated with LJ-hep2/AA- 
hep (12.5μM) and AngHV (0.1 MOI). At 48 hpi, viral capsid protein (ORF36) in the infected cells was quantified by western blotting, 
using α-tubulin as a loading control. (G) EO cells were simultaneously treated with LJ-hep2/AA-hep (12.5μM) and AngHV (0.1 MOI) 
for 1h. At 48 hpi, the viral DNA level in the cell lysate was measured by qPCR. (H) The growth curve of AngHV in the PBS and LJ-hep2 
/AA-hep (12.5μM). Viral DNA level was measured by qPCR at multiple time points post-infection (6, 12, 24, and 48 hpi). (I) EO cells 
were simultaneously treated with LJ-hep2/AA-hep (12.5μM) and AngHV (0.1 MOI). Viral titer was determined by TCID50 assays. 
TCID50, 50% tissue culture infective dose. (J) EO cells infected with AngHV (0.1 MOI) in the presence or absence of LJ-hep2/AA-hep 
(12.5μM), and CPE of EO cells were observed by microscopy at 5 dpi (scale bar=100μm).
The data were representative of three independent replicates and expressed as mean ± SD (n = 3). Differences in different groups were 
indicated with the letter “a,” “b” or “c”.
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such as type I interferon (IFN-I), tumor necrosis factor 
(TNF-α), and interleukins, as well as the production of 
antiviral proteins like myxovirus resistance protein 
C (MxC) [45]. Therefore, to determine whether the 
antiviral effects of LJ-hep2 were attributed to its induc
tion of the IFN-I and/or cytokine antiviral pathways, 
we assessed the effects of LJ-hep2 treatment on the 
expression levels of several cytokine-related genes. The 
results showed that LJ-hep2 treatment did not affect the 
expression of IFN-α, TNF-α, interleukin-8 (IL-8), and 
an antiviral protein MxC in the presence or absence of 
AngHV infection (S2A Fig). In contrast, AngHV infec
tion markedly upregulated the expression of IFN-α, 
MxC, TNF-α, and IL-8, and this virus-induced upregu
lation was significantly suppressed when LJ-hep2 was 
administered concurrently with viruses (S2B Fig). It 
indicated that LJ-hep2 might not inhibit AngHV infec
tion by inducing antiviral cytokine production.

The viral life cycle typically involves three major 
stages: (1) early stage (binding/internalization), (2) 
intermediate stage (translation/replication), and (3) 
late stage (assembly/release). To determine which 
stage of AngHV infection was affected by LJ-hep2, 
a time-of-addition assay was conducted in EO cells. 
The schematic diagrams of each treatment were 
detailed in Figures 2(A,D,G). We found that LJ- 
hep2 significantly reduced intracellular viral DNA 
accumulation and extracellular progeny virus pro
duction in a dose-dependent manner in the virus 
pre-treatment group (Figure 2(B,C)), whereas LJ- 
hep2 had no effect on AngHV infection in the cell 
pre-treatment group (Figure 2(E,F)) and post- 
treatment group (Figure 2(H,I)). These findings sug
gested that LJ-hep2 might affect the early stage of 
AngHV infection. We next assessed the ability of the 
LJ-hep2 interfering virus to bind or internalize host 
cells (Figure 2(J)). As shown in Figures 2(K,L), LJ- 
hep2 significantly affected viral binding and did not 
affect viral internalization. These data suggested that 
LJ-hep2 might prevent viral entry into cells by affect
ing viral binding.

LJ-hep2 inhibits AngHV infection by directly 
interacting with virions

Viral binding is the first step of viral entry into cells, 
and interference with this process may directly 
reduce viral entry. Following an established approach 
for viral entry assessment [46], fluorescence micro
scopy for qualitative observation and flow cytometry 
for quantitative analysis were employed. The viral 
dose was kept consistent with the antiviral activity 
experiments to ensure direct comparability of peptide 
effects under identical conditions. The inhibitory 
effect of LJ-hep2 on viral entry was assessed in EO 
cells, with AA-hep included for comparison. The 
schematic diagram is shown in Figure 3(A). 
Fluorescence microscopy observations revealed that 
LJ-hep2 significantly hindered viral entry, with stron
ger inhibition compared to AA-hep (Figure 3(B,C)). 
Quantitative analysis of viral entry using flow cyto
metry showed that LJ-hep2 inhibited AngHV entry 
into host cells more strongly than AA-hep 
(Figure 3D), confirming the superior antiviral effi
cacy of LJ-hep2 in reducing viral infection.

To further rule out the effect of the peptides, an 
incubation of cell-free virions assay was performed. It 
was found that the cell-free virions pretreated with LJ- 
hep2 or AA-hep lose their infectivity (Figure 3(E)). 
TEM analysis was conducted to delve into the effects 
of the two peptides on virions, and the results showed 
that LJ-hep2 induced substantial alterations in AngHV 
ultrastructure, resulting in loss of viral integrity, 
whereas the effect of AA-hep was less pronounced 
(Figure 3(F)). The disruption of the virion allowed 
externally added micrococcal nuclease to degrade the 
viral genome. Pre-incubation of AngHV with LJ-hep2 
significantly reduced the percentage of genome copy 
equivalents (GCE) compared to the PBS- and AA-hep- 
treated groups (Figure 3(G)). These results suggested 
that the destruction of virions due to peptide-virus 
interactions might be the main reason for the inhibition 
of AngHV infection.

Table 1. Some properties of the selected marine peptides.
Peptides Species Sequences N NC H pI MW CC50 IC50 SI

LJ-hep2 Lateolabrax maculatus IKCKFCCGCCTPGVCGVCCRF 21 +3 86.3% 8.53 2231 >50 5.8 >8.6
AA-hep Anguilla anguilla SLCRYCCNCCKNKGCGYCCRF 21 +4 59.5% 8.73 2428 >50 10.3 >4.9
Scyampcin44–63 Scylla paramamosain GKKKKRNMMKTKEPGIIFFF 20 +6 21.1% 10.68 2429 >50 >50 ND
Moronecidin23–44 Sebastiscus marmoratus FFRHIVGAISRIFGQKQRDMAD 22 +2 36.0% 10.74 2593 >50 >50 ND

N, the number of amino acids. NC, the net charge of AMPs at neutral pH. H, the hydrophobicity of AMPs. pI, the isoelectric point of AMPs. MW, the molecular 
weight (Da) of AMPs. CC50, the 50% cytotoxic concentration of peptides to EO cells. IC50, the 50% inhibitory concentration of peptides against AngHV. SI, 
the value of CC50/IC50. “ND” represents measurements that were not determined. 
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Figure 2. LJ-hep2 inhibits AngHV infection by influencing viral binding (A) Schematic of virus pretreatment assay workflow. (B and C) 
The intracellular AngHV DNA level (48 hpi) and the viral titer in the virus pre-treatment way. (D) Schematic of cell pre-treatment 
assay workflow. (E and F) The intracellular AngHV DNA level (48 hpi) and the viral titer in the cell pre-treatment way. (G) Schematic 
of post-treatment assay workflow. (H and I) The intracellular AngHV DNA level (48 hpi) and the viral titer in the post-treatment way. 
(J) Schematic workflow of the binding and internalization assays. (K) AngHV (0.1 MOI) and LJ-hep2 (12.5μM) were added to the cells 
for 1h at 4°C. At 48 hpi, the viral DNA level of the binding assay was measured by qPCR. (L) AngHV (0.1 MOI) was added to the cells 
for 1h at 4°C, then the virus-bound cells were incubated with LJ-hep2 (12.5μM) for 1h at 27°C. At 48 hpi, the viral DNA level of the 
internalization assay was measured by qPCR.
The data were representative of three independent experiments and expressed as mean ± SD (n = 3). ns: not significant, **: p < 0.01.
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LJ-hep2 inactivates AngHV by binding to the viral 
envelope protein ORF51

Given the observed possible direct interaction between 
the peptides and the virions, we conducted 
a comprehensive evaluation of the binding of LJ-hep2 
/AA-hep to AngHV. The results showed that both 
peptides captured AngHV virions in a dose-dependent 

manner (Figure 4(A)) and that LJ-hep2-biotin/AA-hep- 
biotin bound to AngHV virions in a quantity- 
dependent manner (Figure 4(B)). Importantly, LJ- 
hep2 had a closer integration with AngHV than AA- 
hep (Figure 4(A,B)). This difference in binding ability 
might account for the superior antiviral activity of LJ- 
hep2 compared with that of AA-hep, prompting 

Figure 3. LJ-hep2 inhibits AngHV infection by directly interaction with virions.
(A) Schematic of entry assay workflow. (B) AngHV (0.1 MOI) was pre-incubated with LJ-hep2/AA-hep (12.5 μM) for 1 h, then the mixture 
infected EO cells at 27°C. At 1 hpi, the cells were detected under a fluorescence microscope (scale bar = 50 μm). (C) The indicated 
fluorescence signals were quantified using ImageJ software. (D) AngHV (0.1 MOI) was pre-incubated with LJ-hep2/AA-hep (12.5 μM) for 1 h, 
then the mixture infected EO cells at 27°C. At 1 hpi, flow cytometry was used to measure the amount of virus entering the cells. (E) LJ-hep2 
/AA-hep (12.5 μM) was mixed with AngHV (0.1 MOI) and incubated for 1 h. Then PEG-6000 was added to the mixture and the resuspended 
virus particles infected EO cells. The intracellular AngHV copies were quantified by qPCR. (F) TEM analysis of AngHV (106 copies) exposed to 
LJ-hep2 and AA-hep (0.05 mg/mL, scale bar = 300 nm). The red arrows indicate broken virions. (G) MNase digestion experiment was used to 
detect the genomic DNA unreleased by AngHV (107 copies) treated with LJ-hep2 and AA-hep (12.5 μM). The data were representative of 
three independent experiments and expressed as mean ± SD (n = 3). Differences in different groups were indicated with the letter “a,” “b” or 
“c”.
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Figure 4. LJ-hep2 inactivate AngHV by binding to the viral envelope protein ORF51.
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a comparative analysis of the antiviral mechanisms of 
the two peptides.

Direct interaction of antiviral factors with viral pro
teins has long been considered a prevalent antiviral 
mechanism, especially for enveloped viruses [47]. An 
earlier study on the identification and localization of 
the structural proteins of AngHV identified 11 envel
ope proteins, specifically ORF8, ORF49, ORF51, 
ORF66, ORF67, ORF71, ORF78, ORF95, ORF108, 
ORF115, and ORF125 [37]. Using an in-silico method, 
we investigated the interactions of LJ-hep2 and AA-hep 
with these envelope proteins and summarized their 
respective binding strengths in Figure 4(C). LJ-hep2 
exhibited the strongest binding ability to the viral 
envelope protein ORF51, with a maximum 
HPEPDOCK score of −218.042, suggesting that 
ORF51 May be the main target of LJ-hep2 binding to 
AngHV (Figure 4(C)). Interestingly, compared with 
AA-hep, LJ-hep2 exhibited stronger binding ability to 
ORF51, while weaker binding to all other membrane 
proteins (Figure 4(C)). The results of the pull-down 
assay further confirmed the strong interaction between 
LJ-hep2 and ORF51, underscoring its stronger binding 
efficiency than AA-hep (Figure 4(D)).

To graphically depict the binding of the peptides to 
viral envelope protein ORF51, 3D structures of ORF51, 
LJ-hep2, and AA-hep were generated, as shown in 
S3A – S3C Fig. Analysis of peptide-protein interactions 
in the docked complex revealed that LJ-hep2 strongly 
binds to ORF51 by interacting with five amino acids 
(ASP-208, TYR-203, GLY-102, TYR-101, and ALA-239; 
Figure 4(E,G)). In contrast, AA-hep showed weaker 
binding efficiency, interacting with only 1 amino acid 
(SER-188; Figure 4F and 4G). This strong binding 
efficiency to ORF51 May be the key factor behind LJ- 
hep2’s potent antiviral activity.

Detection of key sites where LJ-hep2 exerts 
antiviral activity

By comparing these two peptide sequences (Figure 5 
(A)), we found that their amino acid sequences shared 
a 52.4% identity, with the seven amino acids at the 

C-terminus being highly conserved. However, their 
N-terminus amino acid compositions differed consid
erably, except for the five cysteines, which were con
served. We hypothesized that this non-conserved 
N-terminal region might be responsible for the differ
ences in their antiviral activities. To test this hypothesis, 
we truncated LJ-hep2 into two peptides: one containing 
9 amino acids at the N-terminus (LJ-hep266–74) and the 
other containing 10 amino acids at the C-terminus (LJ- 
hep272–81). Cytotoxicity tests were performed to deter
mine the concentration of these two truncated peptides 
used to exclude the effect of the peptides on the cells 
themselves (Figure 5(B)). Furthermore, we observed 
that LJ-hep266–74 exhibited similar antiviral activity to 
intact LJ-hep2, including significant inhibition of viral 
replication, progeny virion production, and disruption 
of the viral structure leading to leakage of the viral 
genome (Figure 5(C–E)). These results suggest that 
the strong anti-AngHV activity of LJ-hep2 is mainly 
attributed to the N-terminal segment (LJ-hep266–74).

Hepcidin is a conserved AMP identified in various 
fish species. To understand why the N-terminal seg
ment of LJ-hep2 (LJ-hep266–74) exhibits strong antiviral 
activity, we compared the amino acid sequences of 
hepcidin from different fish species. The analysis 
revealed that the sequence of LJ-hep266–74 differs from 
that of other fish hepcidins at the Lys-4 and Phe-5 
positions (Figure 5(F)). Furthermore, ORF51 trans
membrane prediction analysis indicated that these two 
amino acids of LJ-hep266–74 bind to the transmembrane 
region of ORF51 (S4 Fig and Figure 4(G)), potentially 
resulting in conformational changes that would allow 
LJ-hep2 to effectively disrupt the viral envelope struc
ture. To assess the contribution of Lys-4 and Phe-5 to 
anti-AngHV activity, we performed an alanine (Ala) 
substitution experiment, mutated Lys-4 and Phe-5 to 
Ala, and synthesized the mutant peptide LJ-hep2A4A5 
(Figure 5(F)). After cytotoxicity testing, we selected 
a concentration with no apparent cytotoxicity to com
pare their anti-AngHV activity (Figure 5(F)). The 
results showed that AS-hep374–82 and LC-hep64–72, 
which share greater sequence similarity to LJ- 
hep266–74, also exhibited certain antiviral activity, 

(A) LJ-hep2/AA-hep (0.2, 1, and 5 μg) and PBS were coated on an ELISA plate. The AngHV virions were added to the ELISA plate for binding. 
Viral DNA copies were measured by qPCR to show the bound virus. (B) AngHV (104, 105, and 106 copies) and PBS were coated on an ELISA 
plate. LJ-hep2/AA-hep were added to the ELISA plate for binding. LJ-hep2/AA-hep was detected by rabbit anti-biotin to show the bound LJ- 
hep2/AA-hep. (C) Docking score of LJ-hep2 and AA-hep with envelope proteins of AngHV. (D) Immunoblotting analysis of AngHV-ORF51 
interaction with LJ-hep2 (12.5 μM) and AA-hep (12.5 μM). (E and F) Lowest-energy structure of the complex. The white surface represents 
ORF51, the blue ribbon represents LJ-hep2, and the green ribbon represents AA-hep. Relative positions of amino acids involved in 
interactions between ORF51 and LJ-hep2/AA-hep. Yellow dashed lines indicate hydrogen bonds. Sticks indicate directly interacting 
amino acids. (G) Hydrophobicity of LJ-hep2/AA-hep and potential binding sites between LJ-hep2/AA-hep and ORF51. The data were 
representative of three independent experiments and expressed as mean ± SD (n = 3). Differences in different groups were indicated with 
the letter “a,” “b” or “c.” **: p < 0.01.
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Figure 5. Antiviral activity of the truncated fragment derived from LJ-hep2 in vitro.
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while OM-hep41–49 and PM-hep367–75 had no obvious 
inhibitory effect on AngHV (Figure 5(H–J)). These 
findings confirm that the N-terminal regions of LJ- 
hep2, particularly Lys-4 and Phe-5, are key amino 
acids contributing to its effective antiviral activity.

LJ-hep2 inhibits AngHV infection in vivo

Due to the potent anti-AngHV activity of LJ-hep2 
in vitro, we further evaluated its anti-AngHV activity 
in vivo. First, the stability of LJ-hep2 in the aquatic 
environment was tested. As shown in Figure 6(A), LJ- 
hep2 could maintain 55.5% of its antiviral activity in 
aquatic water for 24 h, suggesting it was relatively stable 
in eel culture water. Moreover, when LJ-hep2 was pre
sent at concentrations ≤1 mg/L, it did not cause eel 
death within 5 days (Figure 6(B)). To determine the 
viral titers used in vivo, we measured the infection 
rate of eels at different viral titers. The results showed 
that the semi-logarithm regression line “y = 23.33x +  
14.67, R2 = 0.97” between the infection rate and 
AngHV dose was strongly correlated (Figure 6(C)). 
The 50% infection dose (ID50) of AngHV was calcu
lated to be 101.5 TCID50/mL. To evaluate the protective 
effect of LJ-hep2 against AngHV infection in eels, we 
designed the experiment shown in Figure 6D. The eels 
(n = 21) were infected with AngHV at ID50 in the pre
sence or absence of LJ-hep2. At 72 hpi, the viral loads 
in the visceral tissues of the LJ-hep2-treated group were 
significantly lower than those of the PBS group 
(Figure 6(E)), and the infection rate of eels in the 
control group was 57.1%, whereas the infection rate of 
eels treated with LJ-hep2 was 33.3% (Figure 6(F)).

To evaluate the potential application value of LJ- 
hep2, we designed a horizontal transmission model of 
eels infected by AngHV (Figure 6(G)). In this model, 
AngHV-infected donor fish and healthy recipient fish 
were mixed breeding in a ratio of 1:5 and treated with/ 
without LJ-hep2 daily for the first 3 days after mixing. 
After an additional 3 days of treatment, 10 recipient 
fish were randomly selected for viral detection, and 
the remaining recipient and donor fish (n = 20) were 

kept for another 15 days for survival statistics. 
Compared to the eels in the control (PBS) group with 
up to 70% infection, recipient fish in the LJ-hep2- 
treated group were infected with only 10% of the 
virus after 3 days of treatment (Figure 6(H)). At 21 
dpi, the overall survival rate of fish in the LJ-hep2- 
treated group reached 90%, which was significantly 
higher than that in the PBS group (25%) (Figure 6(I)). 
In addition, histopathological analysis of the skin tissue 
confirmed that the epidermal cells of the AngHV- 
infected eel were partially or completely detached in 
the PBS group, while no obvious pathological changes 
were observed in the LJ-hep2-treated group (Figure 6 
(J)). These results suggested that LJ-hep2 reduced the 
horizontal transmission ability of AngHV and could be 
used as a therapeutic agent to protect eels from the 
threat of AngHV infection in aquaculture.

Discussion

Hemorrhagic disease caused by AngHV is a serious 
threat to farmed eels [3,48]. Vaccination would be 
very feasible to reduce the viral infection in eel, but 
the specific vaccine against AngHV has not yet been 
developed until now. The alternative choice is to find 
antiviral drugs like herbal remedies, and some antiviral 
drugs or herbal remedies have been applied in eel 
ponds during disease outbreaks; however, the antiviral 
efficacy exerted by these antiviral products is not satis
factory [49].

Antiviral agents can be divided into two groups 
based on their inhibitory mechanisms: (1) inhibitors 
that directly target the virus and (2) inhibitors that 
target host cell factors [50]. Virus-targeted antiviral 
agents concentrate on inhibiting key transcription and 
replication enzymes [51,52] or directly inactivating 
viral structural proteins [53]. However, host-targeted 
antivirals mainly focus on certain critical cytokines, 
such as interferons [54,55] and Cyclophilin inhibitors 
[56]. Unfortunately, the emergence of viral drug resis
tance [57,58], coupled with co-infections and the re- 
emergence of viruses [59,60], has necessitated the 

(A) Schematic of the truncated fragment derived from LJ-hep2. (B) EO cells treated with LJ-hep266–74, and LJ-hep272–81 alone underwent 
MTS analysis to assess cell viability at 48 h. (C and D) AngHV (0.1 MOI) was preincubated with LJ-hep2/LJ-hep266–74/LJ-hep272–81 (12.5 μM) 
or PBS at 27°C for 1 h and the mixture was then added to EO cells. The intracellular AngHV DNA level (48 hpi) and the viral titer were 
measured. (E) MNase digestion experiment was used to detect the genomic DNA unreleased by AngHV (107 copies) treated with LJ-hep2/LJ- 
hep266–74/LJ-hep272–81 (12.5 μM). (F) Alignment of partial regions of hepcidin from different species and the mutant. (G) EO cells treated 
with LJ-hep2A4A5, OM-hep41–49, AS-hep374–82, LC-hep64–72 and PM-hep367–75 alone underwent MTS analysis at 48 h. (H and I) AngHV (0.1 
MOI) was preincubated with LJ-hep266–74/LJ-hep2A4A5/OM-hep41–49/AS-hep374–82/LC-hep64–72/PM-hep367–75 (12.5 μM) or PBS for 1 h and 
the mixture was then added to EO cells. The viral copies (48 hpi) and the viral titer were measured. (J) MNase digestion experiment was 
used to detect the genomic DNA unreleased by AngHV (107 copies) treated with LJ-hep266–74/LJ-hep2A4A5/OM-hep41–49/AS-hep374–82/LC- 
hep64–72/PM-hep367–75 (12.5 μM). The data were representative of three independent experiments and expressed as mean ± SD (n = 3). ns: 
not significant, *: p < 0.05, **: p < 0.01.
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Figure 6. LJ-hep2 inhibits AngHV infection in vivo.
(A) The related stability of LJ-hep2 in aquatic water at 27°C. LJ-hep2 (12.5 μM) was added to aquatic water and placed at 27°C for multiple 
time points (6 h, 12 h, and 24 h). Subsequently, AngHV (0.1 MOI) was mixed with each sample (including 12.5 μM) and added to EO cells. At 
48 hpi, the viral copies were determined by a qPCR assay. Each value is represented as the mean ± SD normalized to values for no 
treatment. (B) Survival rates of Anguilla rostrata soaked with LJ-hep2 (0.25, 0.5, and 1 mg/L) for five days (n = 10). (C) Correlation of infection 
rate of eels and infected AngHV doses (100–5 TCID50/mL; n = 15). The broken line indicates a regression line. (D) The schematic 
representation of antiviral experiment of LJ-hep2 in eels. (E and F) The eels were infected with AngHV (101.5 TCID50/mL) in the presence 
or absence of LJ-hep2 (1 mg/L). The AngHV copies in visceral tissues and numbers of infected eels were detected via qPCR at 72 hpi (n = 21). 
(G) Schematic of the experimental design. Inhibition of the LJ-hep2 (0.5 mg/L) on horizontal transmission of AngHV. (H) Numbers of 
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search for new molecules with antiviral properties. 
Consequently, the use of AMPs has emerged as an 
intriguing alternative approach. Our research group 
has focused on the screening and identification of 
novel AMPs from marine animals [61–64]. In 
a previous study, the peptide Sparamosin26–54, isolated 
from Scylla paramamosain, not only had antibacterial 
and antifungal effects but also exhibited antiviral effects 
against white spot syndrome virus (WSSV) [65]. 
Currently, only a limited number of AMPs have anti
viral properties [66,67], so there is an urgent need to 
explore the potential for more commercially available 
antiviral agents. In this study, a hepcidin homolog LJ- 
hep2 identified from L. japonicus in our earlier study 
[68] was shown to have potent antiviral activity against 
AngHV. This finding would give a hint that for every 
known AMP, in addition to being an immune compo
nent, it may function far beyond what has been dis
covered so far.

Hepcidin is initially discovered in mammals [69–71], 
and reported later in fish [72]. Unlike mammals, which 
typically have only one hepcidin gene (with the mouse 
being an exception [73]), many fish species possess 
multiple hepcidin variants [74,75]. Fish hepcidins are 
synthesized in various tissues, including the liver, 
spleen, and kidney [76,77]. As an AMP, the antibacter
ial activity of hepcidin is well-documented 
[28,64,78,79], but information on its effects on the 
pathogenesis of viral infections is relatively limited. 
Previous studies report that hepcidins may inhibit 
viral infections in fish by modulating immune 
responses through Mx proteins, IFN-like, and TNF 
[28,29]. However, our study did not obtain similar 
results. LJ-hep2 did not induce cellular responses, and 
LJ-hep2-treated viruses triggered significantly lower 
immune responses than untreated viruses. This sug
gested that the antiviral activity of LJ-hep2 is more 
likely to act directly on the virus. This conclusion was 
supported by the time-of-addition assay, in which LJ- 
hep2 significantly inhibited viral replication and 
reduced viral entry in the viral pre-treatment manner 
only. Furthermore, LJ-hep2 showed the ability to inac
tivate the virions. Therefore, we speculated that differ
ent hepcidins may have distinct antiviral mechanisms 
against different viruses.

Direct interaction of antiviral factors with viral pro
teins has been considered the general antiviral mechan
ism for enveloped viruses. In our study, the results of 

molecular docking and pull-down assay showed that 
LJ-hep2 exhibited the strongest binding affinity to 
ORF51 compared to other envelope proteins of 
AngHV. Meanwhile, compared with AA-hep, 
a peptide that possesses a lower binding ability to 
ORF51, LJ-hep2 binds AngHV more effectively and 
exhibits stronger antiviral activity against AngHV. 
These findings indicated that ORF51 May be a key 
target of LJ-hep2 against AngHV. ORF51 is one of the 
most abundant proteins in AngHV envelope and plays 
an important role in the process of viral infection [37]. 
Its interaction with LJ-hep2 May bring permanent and 
sustained viral damage. The electron microscope obser
vations and DNase digestion assays further confirmed 
our speculations. Compared with AA-hep, LJ-hep2 
could disrupt the integrity of the AngHV virions 
more potently, resulting in the release of viral genomic 
DNA from the interior of virions. These results sug
gested that ORF51 might be a pivotal target for future 
screening of anti-AngHV drugs. Similar functions of 
AMPs have been reported. For example, the AMP 
brevinin-2GHk (BR2GK) was found to cause leakage 
of the viral genome, leading to the direct inactivation of 
Zika virus (ZIKV) [80]. Yodha, an amphibian host 
defense peptide, has been reported to have strong vir
icidal activity against ZIKV and all four dengue virus 
serotypes [81]. The precise mechanisms by which these 
natural AMPs antiviral functions remain largely unde
termined require further investigation. In addition, Yu 
et al. also found that the stem region of the ZIKV 
envelope protein (Z2) could interact with the ZIKV 
E protein and induce the release of the viral genome 
[53]. This class of designed peptides, engineered to 
target critical regions of viral proteins, exhibits rela
tively specific effects. However, many settings need to 
be considered, such as the topology, amino acid com
position, and charge [82], and the effectiveness of arti
ficial AMP design strategies needs to be further 
investigated [83].

Through the use of truncated peptides for antiviral stu
dies, we found that the N-terminus of LJ-hep2 was a key 
region for its antiviral activity in which LJ-hep266–74 exhib
ited similar antiviral efficacy as the full-length LJ-hep2. 
Software predictions suggested that the binding sites of LJ- 
hep2 to the ORF51 protein are predominantly located 
within the N-terminal region of LJ-hep2. Notably, the 
fourth and fifth amino acids in LJ-hep2 markedly diverge 
from those of hepcidin in various other species. Our 

recipient fish infected with AngHV were determined by qPCR at 72 hpi (n = 10). (I) Survivorship curves of the donor and recipient eels 
(n = 20). (J) Representative micrographs of the histological alterations in the skin of eels. The regular structure of skin from the mock group 
showed a stratified granular epithelium (1), a compact dermis (2), and a part of and hypodermis (3). The black arrow indicated the 
exfoliation of epidermal cells. ns: not significant, *: p < 0.05, **: p < 0.01.
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antiviral experiments indicated that hepcidins from those 
other species exhibited minimal or no anti-AngHV activity. 
Further investigations revealed that the mutant peptide LJ- 
hep2A4A5, which lost the crucial amino acids, was deprived 
of its anti-AngHV activity, highlighting the importance of 
the fourth and fifth residues in LJ-hep2. Upon analyzing the 
binding sites, we found that LJ-hep2 interacts with the 
intermediate transmembrane region of ORF51, whereas 
AA-hep binds primarily to the intracellular region of 
ORF51. Both LJ-hep2 and AA-hep are cationic and hydro
phobic, but LJ-hep2 exhibits relatively higher hydrophobi
city. Hydrophobicity is essential for the insertion and 
penetration of bilayers because hydrophobic amino acids 
can interact with the membrane core [84–86]. Additionally, 
hydrophobic peptides can interact with the transmembrane 
segments of viral proteins, leading to critical 

conformational changes that result in the destabilization 
of the viral structure [87]. This suggests that the antiviral 
mechanism of LJ-hep2 May involve its insertion into the 
viral membrane through its high hydrophobicity, allowing 
it to bind to specific amino acid sites in the transmembrane 
region of ORF51 (Figure 7 left). In contrast, AA-hep may 
only be able to partially disrupt the viral membrane and 
penetrate the virion interior, resulting in a lower antiviral 
activity compared to LJ-hep2 (Figure 7 right). Overall, 
understanding the mechanism of LJ-hep2 provides 
a strong foundation for its potential development as an 
antiviral agent for the treatment of AngHV infection.

The medicinal metabolism of antiviral drugs in fish 
is progressively accelerated, as they must be re-injected 
periodically to eliminate the viral threat, which limits 
their use in aquaculture [88]. Therefore, it is preferable 

Figure 7. Schematic representation of the action of LJ-hep2 and AA-hep on the AngHV envelope.
The Effects of LJ-hep2 and AA-hep on the integrity of AngHV envelope. LJ-hep2 and AA-hep leverage their hydrophobic properties to 
disturb the viral membrane, inducing structural instability in the virus and ultimately leading to its inactivation. Notably, LJ-hep2 exhibits 
higher hydrophobicity, potentially enabling it to squeeze out lipids near the transmembrane region of ORF51 and bind to the corresponding 
amino acid sites. This heightened interaction between LJ-hep2 and ORF51 results in more profound destruction of the viral structure.
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to evaluate the efficacy of the peptides on diseased eels 
using medicated baths [49]. In this study, we found that 
the presence of LJ-hep2 (at a dose of 1 mg/L) signifi
cantly reduced viral infection in eels exposed to 
AngHV. According to the epidemiological investiga
tion, hemorrhagic disease occurs only once in the 
breeding cycle, and rehabilitated eels are no longer 
susceptible to AngHV [89]. To assess the anti-AngHV 
effectiveness of the peptide in eels, a horizontally trans
mitted infection assay was performed. Notably, LJ-hep2 
could reduce viral infection and eliminate skin lesions 
in eels by inhibiting viral horizontal transmission, 
which is expected to be developed as a novel anti- 
AngHV agent.

As widely recognized, hepcidin acts as a major iron- 
regulating hormone, playing a crucial role in iron reg
ulation and systemic iron homeostasis [90–92]. 
Hepcidin regulates iron uptake and efflux by directly 
binding to the iron exporter ferroportin, leading to the 
degradation of this transporter [90]. Iron is a nutrient 
required by pathogens, and the deprivation of iron 
serves as an innate immune mechanism against patho
gen invasion [93]. Previous studies in mammals have 
shown that hepcidin protects against Hepatitis B Virus 
(HBV), Hepatitis C Virus (HCV), and Human 
Immunodeficiency Virus (HIV) infection by sequester
ing iron from pathogens [90–92,94–96]. Whether iron 
is required for AngHV infection and whether hepcidin 
inhibits AngHV infection through iron regulation 
remains to be further investigated.

In conclusion, we evaluated the potential activity of 
four marine-derived AMPs against AngHV, and 
a hepcidin homolog LJ-hep2 from Japanese seabass 
L. japonicus [23] was identified as a promising antiviral 
agent that showed inhibition on AngHV infection in eel 
farming. In vitro, LJ-hep2 exhibited the ability to bind 
to virions, thereby hindering the entry of AngHV into 
cells and diminishing viral replication. In vivo, LJ-hep2 
reduced viral accumulation in tissues and inhibited 
horizontal transmission of AngHV, including lowering 
infection rates, alleviating skin lesions, and improving 
survival in recipient fish. Additionally, LJ-hep2 was 
found to interact with AngHV envelope protein 
ORF51 and directly disrupted the viral structure. 
Based on our findings, we proposed the differences in 
the anti-AngHV mechanisms of LJ-hep2 and AA-hep. 
LJ-hep2 May enhance its antiviral activity by leveraging 
its hydrophobicity to disrupt viral lipid molecules and 
bind to the amino acids in the transmembrane region 
of ORF51, thereby altering membrane conformation. 
Unlike LJ-hep2, AA-hep may primarily affect viral 
membrane stability through its physical properties, 
such as hydrophobicity. Moreover, the antiviral 

properties of LJ-hep2, coupled with its safety profile 
and ease of degradation, advocate the use of LJ-hep2 
as a promising therapeutic candidate for the treatment 
of eel AngHV disease. Particularly, the relatively easy 
availability of LJ-hep2 suggests that it has the potential 
to be an option for the treatment of AngHV infections 
in the absence of an approved vaccine.
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