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Abstract. Abd Hakim MMBH, Anshary H, Djawad MI, Perdiansyah MR. 2025. Pathogenicity of Aeromonas hydrophila on the liver
function of African catfish (Clarias gariepinus). Biodiversitas 26: 5430-5437. Aeromonas hydrophila is a major bacterial pathogen in
African catfish (Clarias gariepinus) aquaculture, responsible for systemic infection, tissue damage, and high mortality. This study
investigated the pathogenic effects of graded acute infections on liver function and histopathology of African catfish under controlled
laboratory conditions. Seventy-two fish were allocated to three bacterial treatment groups with increasing concentrations and a control
group, each with three replicates. After seven days, blood samples were analyzed for ten biochemical indicators of hepatic function,
including plasma proteins, transaminases, bilirubin, bile acids, cholesterol, and liver enzymes, while histopathological examinations were
conducted on liver tissues. The infection induced significant alterations in albumin, globulin, total protein, aspartate aminotransferase,
alanine aminotransferase, and total bilirubin, reflecting impaired plasma protein synthesis, amino acid metabolism, glucose regulation, and
bilirubin conjugation. In contrast, gamma-glutamyl transferase, alkaline phosphatase, total bile acids, and cholesterol remained stable,
suggesting that the infection predominantly caused hepatocellular rather than cholestatic injury. Histopathological changes were consistent
with the biochemical results, showing progressive vacuolar degeneration, inflammatory infiltration, hemorrhage, and hepatocellular necrosis
in a dose-dependent manner. Together, these findings provide integrated evidence of liver dysfunction and pathology in C. gariepinus
following acute A. hydrophila infection. The identified biomarkers and histological alterations may serve as reliable indicators of disease
progression and offer valuable insights for the development of therapeutic interventions, health prognosis, and sustainable management

strategies in catfish aquaculture.
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INTRODUCTION

Catfish is a widely consumed and cultivated source of
animal protein in Asia (Needham and Funge-Smith 2014).
Especially in Indonesia, the most commonly cultivated
species is the African catfish (Clarias gariepinus (Burchell,
1822)), which has played a key role in providing dietary
protein through freshwater aquaculture for many years
(Hastuti and Subandiyono 2018). However, catfish farming
faces a major challenge from outbreaks of Motile Aeromonas
Septicemia (MAS), a rapidly progressing disease that can
cause high mortality rates within a short period of time
(Zhang et al. 2020). Aeromonas hydrophila is the primary
pathogen responsible for MAS in catfish aquaculture
(Baumgartner et al. 2017) and has caused significant
economic losses across Asia and other major aquaculture
regions worldwide (Lucas et al. 2019; Abdelrahman et al.
2023; Xu et al. 2023).

Aeromonas hydrophila is part of the normal bacterial
flora in both marine and freshwater environments (Tu et al.
2020). However, it is also a well-known opportunistic
pathogen capable of invading host tissues and proliferating
rapidly (Maloy and Hughes 2013). This Gram-negative
bacterium thrives at temperatures between 22-32°C and
produces various virulence factors, including a- and B-
hemolysins, adhesins, aerolysins, enterotoxins, and lipases

(Pridgeon et al. 2011; Rasmussen-Ivey et al. 2016; Semwal
et al. 2023), which contribute to internal organ damage in
infected fish (Sellegounder et al. 2018). Notably, poor
environmental conditions allow these bacteria to multiply
significantly, weaken the host's immune system, and
facilitate systemic spread (Abdella et al. 2024).

Aeromonas hydrophila can cause severe internal and
external hemorrhage, lesions that may develop into necrotic
ulcers, and organ damage in catfish, clinically recognized
as hemorrhagic disease (red spot disease) (Rasmussen-Ivey
et al. 2016). The liver is one of the vital organs in catfish
that is significantly affected by the pathogenic bacterium A.
hydrophila. This organ plays a crucial role in sustaining life
functions, including metabolism (Zheng et al. 2022).
Understanding its impact on liver health is essential for
supporting the sustainability of C. gariepinus aquaculture,
particularly for the development of therapeutic approaches,
data-driven disease management, health prognosis, and the
evaluation of the effectiveness of vaccines, herbal remedies,
and probiotics (Elgendy et al. 2024). However, most
existing studies have primarily focused on histological and
anatomical alterations. At the same time, comprehensive
information on functional impairments of the liver caused
by A. hydrophila in catfish, especially C. gariepinus, remains
limited.



ABD HAKIM et al. — Aeromonas hydrophila impacts catfish liver

To assess impaired liver function in the medical field,
biochemical parameters in the bloodstream are examined,
providing an index that reflects disorders experienced by
the liver, such as its ability to work and metabolize, thus
indicating abnormalities in liver function and hepatocellular
damage (Sellegounder et al. 2018). These biochemical
parameters include alanine and aspartate aminotransferase,
alkaline phosphatase, and gamma-glutamyltransferase,
which are enzymes involved in hepatic metabolic processes
(Ramaiah 2007; Kunutsor 2016; Anadoén et al. 2019), as
well as plasma protein, cholesterol, bile acids, and bilirubin,
all of which can serve as indicators of liver damage (Shima
et al. 2000; Javed et al. 2017; Hastuti et al. 2019; Chen and
Luo 2023).

Despite its importance, comprehensive studies integrating
both biochemical and histopathological approaches to
assess A. hydrophila-induced liver damage in C. gariepinus
remain scarce. Therefore, this study aimed to evaluate the
effects of graded acute 4. hydrophila infections on liver
function and tissue integrity in African catfish by assessing
10 parameters: Albumin (ALB), Globulin (GLOB), Total
Protein (TP), Alanine Aminotransferase (ALT), Aspartate
Aminotransferase (AST), Alkaline Phosphatase (ALP),
Gamma-Glutamyl Transferase (GGT), Total Bilirubin (TB),
Total Bile Acids (TBA), and Total Cholesterol (TC). By
combining serum biochemical profiling with histopathological
assessment, we sought to identify reliable biomarkers of
hepatocellular injury and provide evidence for improved
disease monitoring, prognosis, and sustainable aquaculture
management.

MATERIALS AND METHODS

Ethical approval

All experimental procedures, including the care and
handling of animals, were reviewed and approved by the
Animal and Research Ethics Committee of the Hasanuddin
University Animal Hospital, under approval number
004/UN4.1.RSHUH/B/PP36/2025.

Fish preparation and maintenance

The research was conducted at the Pests and Diseases
Laboratory, Faculty of Marine and Fisheries Sciences,
Universitas Hasanuddin, Makassar, Indonesia. A total of 72
African catfish (C. gariepinus) were used and obtained
from the Fish Breeding Center, Parang Tambung, Makassar,
Indonesia. Several factors, such as strain and uniform size,
were considered to ensure the consistency of results for
each individual fish. The fish were healthy, disease-free,
and had not undergone any vaccination. The fish used in
this study had a length of 23.4+0.27 cm and a weight of
86.3443.20 g (mean+SD). Prior to the core experiment, the
fish were acclimatized for seven days in a large aerated
aquarium with a water volume of 300 L. At the start of the
main experiment, the fish were then distributed into separate
aquaria according to the predetermined experimental design.
Fish were fed twice daily with commercial floating feed at
a rate of 3% of body weight per day during both the seven-
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day acclimatization period and the seven-day treatment
period.

Preparation of bacterial suspensions

The A. hydrophila bacterial isolate used was obtained
from the stock of bacterial isolates for research at the
Takalar District Brackish Water Aquaculture Center,
Indonesia. The bacteria were rejuvenated in liquid tryptic
soy broth media for 24 hours, and bacterial colonies were
tested using a MALDI-TOF mass spectrometer (bioMérieux,
VITEK MS, France) to ensure the authenticity of the A.
hydrophila bacteria utilized in this study. The concentration
was calculated using the standard total plate count method,
and the final concentration was 1.4x107 CFU/mL. The
suspension was diluted with phosphate buffer to obtain the
bacterial concentrations used for treatment in this study:
1.4 x 10° CFU/mL as a high concentration, 1.4 x 10*
CFU/mL as a medium concentration, and 1.4 x 10> CFU/mL
as a low concentration. The bacterial concentrations used
were determined based on previous LDso findings of A.
hydrophila in C. gariepinus reported by Hussein et al.
(2017), which established an LDsy value of 1.5 x 107
CFU/fish within 6 days, and the study by Sellegounder et
al. (2018), which applied a concentration of 1 X 107
CFU/mL to assess enterotoxic effects in C. gariepinus over
a 7-day experimental period. Therefore, this study employed
lower concentration levels to evaluate milder effects.

Water quality control

Water quality was monitored and maintained twice
daily (morning and evening) to ensure that there was no
effect of poor water conditions on the test animals by
monitoring four parameters, namely temperature in the
range of 26-30°C, pH in the range of 6.5-7.5, Dissolved
Oxygen (DO) not less than 3 mg/L, and ammonia not more
than 0.05 mg/L (Caesar et al. 2021; Nindum et al. 2023;
Nchegang et al. 2024), from the acclimatization until the
core treatment. Treatment and water replacement were
performed when changes occurred that exceeded or fell
below the limits of the four parameter ranges. The
wastewater produced during the experiment was treated by
disinfection.

Experimental design

In this study, four treatment groups were created with
A. hydrophila bacteria as an intervention with different
concentrations of 1.4 x 10% (A), 1.4 x 10* (B), and 1.4 x 10°
(C) CFU/mL, and one control group with phosphate buffer
without bacteria (K). Each treatment group was replicated
three times, resulting in a total of 12 separate treatment
aquaria. Each aquarium contained 6 African catfish (C.
gariepinus) (n = 72) with a water volume corresponding to
a stocking density of 4 L per fish. The experimental design
and sample size determination were based on Federer's
(1977) principles and approved by the animal ethics
committee, with due consideration of the hazard level and
potential risks to both the animals and the environment. A
bacterial suspension of A. hydrophila was Intra-Muscularly
(IM) injected into the epaxial muscle at a volume of 0.1 mL
per fish on the first day for each group receiving the bacterial
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treatment, according to the predetermined concentration.
Meanwhile, the control group was intramuscularly injected
with 0.1 mL per fish of phosphate buffer without bacteria.
All treatment groups were maintained for seven days post-
injection, after seven days of rearing, blood and liver
specimens were obtained for biochemical and histopathological
testing.

Blood biochemical analysis

Blood samples were randomly collected from three fish
per treatment aquarium through the caudal vein using a 23-
gauge syringe needle. The blood samples were stored in
vacuum tubes containing clot activator (red-top tubes). The
collected blood samples were centrifuged at 3000 rpm for 15
minutes to separate the serum and placed in an Eppendorf
tube. 100 pL of serum was added to the blood chemistry
rotor. Then the rotor was inserted into the SMT-120VP
Veterinary Automatic Biochemical Analyzer (Chengdu
Seamaty Technology, China) to test 10 liver function
parameters, namely ALB, GLOB, TP, ALT, AST, ALP,
GGT, TB, TBA, and TC.

Histopathological examination

Following the trial, three fish were randomly selected
from each treatment aquarium unit and euthanized by
immersion in an overdose of clove oil (eugenol) at a
concentration of 150 mg/L for 20 minutes (Lavalle et al.
2025). Liver samples were fixed in 10% formalin, dehydrated
using ascending concentrations of ethanol, cleared with
xylene, embedded in paraffin, sectioned, and stained with
Hematoxylin and Eosin (H&E) (Jabbar et al. 2021). Image
capture and histopathological observation were performed
using an advanced optical microscope camera.

Statistical analysis

Data were analyzed using SPSS statistical software.
Data normality was first assessed using the Shapiro-Wilk
test, as this method is particularly suitable for studies with
relatively small sample sizes. Normally distributed data were
analyzed using One-Way ANOVA, whereas non-normally
distributed data were analyzed using the Kruskal-Wallis
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test as an alternative to one-way ANOVA. For variables
showing significant differences (p<0.05), post hoc analysis
was conducted to identify specific group differences using
the LSD test for ANOVA results and the Mann-Whitney U
test for Kruskal-Wallis results (McCormick and Salcedo
2017).

RESULTS AND DISCUSSION

Gross lesion

Fish infected with the highest bacterial concentration
(1.4 x 10° CFU/mL) exhibited the most severe gross
pathological signs after seven days of exposure. External
symptoms included reddish lesions around the body
surface, hemorrhages at the fin bases, and the appearance
of greyish-white skin patches. Internally, the liver showed
pale coloration accompanied by peripheral hemorrhages.
These findings indicate systemic infection and progressive
tissue damage consistent with acute Aeromonas hydrophila
pathogenicity (Figure 1).

Blood biochemical result

Analysis of serum biochemical parameters revealed
significant alterations in several liver function indicators
following A. hydrophila infection. Albumin levels decreased
progressively with increasing bacterial concentrations,
while globulin levels increased at lower doses but declined
sharply at the highest concentration. Total protein fluctuated
in line with these changes, showing the lowest value in
severely infected fish. Transaminase activities (AST and
ALT) increased significantly in all infected groups,
reflecting hepatocellular damage. Total bilirubin also rose
in a dose-dependent manner, indicating impaired bilirubin
conjugation. In contrast, Gamma-Glutamyl Transferase
(GGT), Alkaline Phosphatase (ALP), Total Bile Acids
(TBA), and Total Cholesterol (TC) showed no significant
differences among groups, suggesting that the infection
primarily induced hepatocellular rather than cholestatic
injury (Table 1, Table 2).

Figure 1. Gross lesions were observed in Clarias gariepinus exposed to the highest concentration of Aeromonas hydrophila (1.4x10%
CFU/mL) after seven days of infection. Reddish lesions on the fin bases (green arrow), red spots on the skin (red arrow), greyish-white
skin patches (blue arrow), liver peripheral hemorrhages (black arrow), and pale color (yellow arrow)
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Table 1. Blood biochemical parameters of liver function in Clarias gariepinus with significant differences among experimental groups

after seven days of Aeromonas hydrophila infection

Parameters K (control) A (1.4 x 102 CFU/mL) B (1.4 x 10* CFU/mL) C (1.4 x 10° CFU/mL)
ALB (g/L)* 14.77+0.61% 13.53+0.25% 12.37+0.31° 10.53+0.60°¢
GLOB (g/L)* 21.40+0.26° 24.37+0.352 22.40+0.36 18.60+0.30°¢

TP (g/L)** 36.17+0.672 37.90+0.522 34.77+0.57b 29.13+0.31¢

AST (U/L)* 125.3346.034 165.00+£7.21¢ 168.33+4.73¢ 234.3349.45¢%
ALT (U/L)* 47.67+£2.08° 58.00+2.652b 60.67+3.792 62.00+3.612

TB (umol/L)* 3.13+0.25°¢ 4.03+0.49b¢ 5.18+0.312 7.40+1.042

Note: Significance level p<0.05, *One-Way ANOVA, **Kruskal-Wallis

Table 2. Blood biochemical parameters of liver function in Clarias gariepinus with no significant differences among experimental

groups after seven days of Aderomonas hydrophila infection

Parameters K (control) A (1.4 x 102 CFU/mL) B (1.4 x 10* CFU/mL) C (1.4 x 10° CFU/mL)
GGT (U/L)** 1.99£0.00 1.9840.01 1.99£0.00 1.99£0.00
ALP (U/L)* 25.67+2.52 25.00+4.58 24.67+3.79 25.67+5.03
TBA (umol/L)** 0.99:0.00 1.01£0.04 0.99+0.00 0.99+0.00
TC (mmol/L)* 4.70+0.65 4.79+0.67 4.78+0.56 4.80+0.51

Note: Significance level p>0.05, *One-Way ANOVA, *“Kruskal-Wallis

Histopathological result

Microscopic examination of liver tissues confirmed
progressive damage in fish challenged with A. hydrophila.
Control fish exhibited normal hepatic architecture with
intact hepatocytes and clear sinusoids. In infected groups,
lesions increased in severity with higher bacterial
concentrations. Mild infections were characterized by
vacuolar degeneration of hepatocytes and focal inflammatory
cell infiltration. Moderate infections showed more extensive
hepatocellular swelling, congestion, and hemorrhages. At
the highest bacterial concentration, severe hepatocellular
necrosis, massive vacuolation, and widespread hemorrhagic
areas were observed, accompanied by infiltration of
mononuclear cells. These pathological changes corroborated
the biochemical alterations and indicate that 4. hydrophila
infection leads predominantly to hepatocellular injury in a
dose-dependent manner (Figure 2).

Discussion
Interpretation of biochemical alterations

The biochemical alterations observed in infected catfish
reflected marked impairment of liver function caused by A.
hydrophila. A significant decrease in albumin and total
protein levels indicated reduced synthetic capacity of
hepatocytes (Carvalho and Machado 2018; Soeters et al.
2019), consistent with earlier reports that hepatic infections
compromise plasma protein synthesis in fish (Abd Allah et
al. 2019). Meanwhile, globulin levels initially increased
and then decreased, since globulins are primarily involved
in the immune response to pathogens (Evans and
Casinghino 2018). This immune modulation is thought to
underlie the observed globulin fluctuations, as in mild and
moderate infections the immune system is still able to
respond to pathogens. Similarly, total protein levels also
exhibited significant fluctuations, reflecting changes in
albumin and globulin, as total protein represents the sum of
these two components. Decreased serum albumin and total

protein levels can cause fluid to leak from blood vessels
due to reduced osmotic pressure, potentially resulting in
edema, and may also impair the delivery of nutrients to
tissues in fish, thereby increasing the risk of mortality
(Rudneva and Kovyrshina 2011; Nahak and Sahu 2014;
Soeters et al. 2019). Elevated activities of Aspartate
Aminotransferase (AST) and Alanine Aminotransferase
(ALT) in all infected groups further confirmed hepatocellular
injury (Ramaiah 2007), since leakage of these enzymes into
circulation is a widely recognized marker of hepatic cell
membrane disruption that impairs the liver’s capacity to
maintain amino acid metabolism and glucose regulation
(Abd Allah et al. 2019; Zhao et al. 2019; Kobayashi et al.
2020). The dose-dependent increase in total bilirubin
suggested impairment of bilirubin conjugation and
excretion pathways (Chowdhury et al. 2013; Setyawan and
Budipramana 2015), a condition commonly associated with
hepatocellular necrosis and bile pigment accumulation
(Lopez-Velazquez et al. 2014; Nighot et al. 2025). In contrast,
Gamma-Glutamyl Transferase (GGT), Alkaline Phosphatase
(ALP), Total Bile Acids (TBA), and cholesterol levels
remained relatively unchanged, implying that cholestatic
injury was not prominent in this study (Shima et al. 2000;
Janicko et al. 2013; Masubuchi et al. 2015; Setyawan and
Budipramana 2015; Kunutsor 2016). Taken together, these
findings demonstrate that acute 4. hydrophila infection
predominantly induces hepatocellular rather than cholestatic
damage in C. gariepinus.

Correlation with histopathological changes

The histopathological findings provided clear support
for the biochemical alterations observed in infected fish.
The reduction in albumin and total protein, together with
the elevation of AST and ALT, coincided with microscopic
evidence of hepatocellular degeneration, necrosis, and
inflammatory infiltration. Similar correlations between
transaminase elevation and tissue damage have been reported
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in other teleosts challenged with bacterial pathogens
(Duman et al. 2022). The dose-dependent increase in
bilirubin was consistent with the presence of hemorrhages
and vacuolar degeneration, which are indicative of
impaired hepatocyte function and bilirubin metabolism
(Chowdhury et al. 2013; Lopez-Velazquez et al. 2014).

These lesions were most severe in fish exposed to the
highest bacterial concentration, confirming that A. hydrophila
induces progressive and dose-related hepatic injury.
Importantly, the absence of changes in GGT, ALP, TBA, and
cholesterol was also in line with histological observations,
since bile ducts and canalicular structures did not exhibit
prominent lesions. This agreement between biochemical
and histological parameters underscores their combined
reliability as diagnostic indicators of acute A. hydrophila
infection in C. gariepinus.

Comparison with previous studies

The biochemical and histopathological changes observed
in this study are consistent with previous reports on A.
hydrophila infections in other aquaculture species. Elevated
AST and ALT activities, together with reduced serum
proteins, have also been documented in Nile tilapia and
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hybrid catfish following bacterial challenge (Koeypudsa et
al. 2020; Abd Allah et al. 2023), confirming that
hepatocellular damage is a common outcome of Aeromonas
infections (Semwal et al. 2023; Oghenochuko et al. 2024).
Asrido et al. (2024) similarly reported that fish with
bilirubin-induced jaundice exhibited histological lesions
such as necrosis and vacuolation, supporting the present
finding that bilirubin can serve as a sensitive indicator of
hepatic impairment. Comparable pathological patterns have
been noted in common carp and other freshwater species,
where A. hydrophila triggered degenerative and necrotic
changes in liver parenchyma (Abdelhamed et al. 2017; Al
Shammari et al. 2025). The stability of GGT and ALP
observed here also agrees with studies that distinguish
hepatocellular from cholestatic injury (Setyawan and
Budipramana 2015), indicating that acute infection of A.
hydrophila primarily targets hepatocytes rather than bile
canaliculi or ducts. Collectively, these comparisons
reinforce the generality of our results and highlight the role
of biochemical markers as reliable proxies for histological
liver damage across fish species exposed to pathogenic
Aeromonas.
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Figure 2. Liver tissue sections of African catfish (Clarias gariepinus) from: K. Control, and A, B, C. Infected groups exposed to graded
concentrations of Aeromonas hydrophila after seven days. Note: h: Hepatocytes, n: Cell nuclei, c¢. Cytoplasm, s. Sinusoids. Blue arrow:
Vacuolar degeneration, Red arrow: Inflammatory cell infiltration, Green arrow: Hemorrhage, Black arrow: Cell necrosis. H&E
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Pathogenic mechanisms of Aeromonas hydrophila

The hepatocellular damage observed in this study can
be explained by the diverse virulence factors produced by
A. hydrophila. This bacterium is known to secrete
extracellular toxins, hemolysins, proteases, and lipases that
disrupt cellular membranes and compromise tissue integrity
(Jin et al. 2020; Semwal et al. 2023; Oghenochuko et al.
2024). Such toxins increase vascular permeability and
contribute to hemorrhages (AlYahya et al. 2017; Fahmi et
al. 2019; Kusdarwati et al. 2021), while proteolytic enzymes
accelerate hepatocyte necrosis and inflammatory infiltration
(Miller and Zachary 2017; Obeng 2021; Semwal et al.
2023). In addition, A. Aydrophila can stimulate excessive
production of reactive oxygen species and pro-inflammatory
cytokines in infected fish, further exacerbating hepatic
injury (Harikrishnan et al. 2010; Magnadottir 2010; Junior
and Baldisserotto 2021). The progressive vacuolar
degeneration and necrosis documented here are consistent
with the destructive effects of these virulence factors on
hepatocytes (AlYahya et al. 2017; Huang et al. 2022).
Moreover, the systemic nature of the infection, evidenced
by external lesions and internal hemorrhages, reflects the
invasive ability of 4. hydrophila to spread through the
bloodstream and colonize vital organs, including the liver
(Rashid et al. 2013; Ali et al. 2014; Kartikaningsih et al.
2020; Mohamad et al. 2022). Taken together, these
mechanisms highlight the pathogenic potential of A.
hydrophila and explain the combined biochemical and
histological alterations observed in African catfish during
acute infection.

Implications for aquaculture management

The integrated biochemical and histopathological evidence
obtained in this study provides important insights for
disease monitoring and management in African catfish
culture. Biomarkers such as albumin, total protein, AST,
ALT, and bilirubin can serve as early indicators of hepatic
dysfunction, allowing rapid diagnosis of A. hydrophila
infection before severe mortality occurs. Histopathological
confirmation further validates the diagnostic value of these
markers, especially in distinguishing hepatocellular from
cholestatic injury. Early detection of infection is critical for
guiding therapeutic interventions, including the application
of antibiotics, probiotics, or immunostimulants to minimize
organ damage (Hoseinifar et al. 2018; Torres-Maravilla et
al. 2024). Moreover, the dose-dependent responses observed
here underscore the importance of managing environmental
conditions and stressors that predispose fish to infection,
such as poor water quality and overcrowding. By integrating
biochemical assays into health monitoring programs, fish
farmers can improve prognosis, reduce losses, and promote
more sustainable aquaculture practices. These findings,
therefore, contribute not only to a better understanding of
the pathogenicity of A. hydrophila but also to practical
strategies for safeguarding the productivity and resilience
of African catfish farming systems.

This study demonstrated that acute infection with A.
hydrophila significantly impairs liver function in African
catfish (C. gariepinus). The potential impact of this finding
on aquaculture systems is significant. Biochemical analyses
revealed reduced albumin and total protein, elevated
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transaminases (AST and ALT), and increased bilirubin,
indicating hepatocellular injury, while cholestatic parameters
remained stable. Histopathological evidence of vacuolar
degeneration, necrosis, hemorrhage, and inflammatory
infiltration further confirmed dose-dependent hepatic damage.
Together, these findings highlight that acute 4. hydrophila
infection predominantly induces hepatocellular rather than
cholestatic lesions. The integration of biochemical and
histological markers provides reliable diagnostic framework
for monitoring liver dysfunction and disease progression.
Importantly, these indicators can support early detection,
guide therapeutic interventions, and improve prognosis in
aquaculture systems. By identifying practical biomarkers,
this study contributes to the development of effective
health management strategies aimed at reducing economic
losses and enhancing the sustainability of African catfish
farming. The future applications to improve prognosis in
aquaculture systems may be significant by implementing
vaccine evaluation.
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