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Intensive aquaculture practices often expose fish to hepatic injuries induced by dietary 
and environmental stressors, with mitochondrial dysfunction playing a pivotal role. 
Curcumin, a natural polyphenol, has demonstrated hepatoprotective activity in 
mammals; however, its mitochondria-targeted mechanism of action in the hepatocytes of 
aquatic animals remains unclear. This study aimed to investigate whether curcumin 
alleviates carbon tetrachloride (CCl₄)-induced injury in common carp hepatocytes by 
regulating mitochondrial function, and to elucidate its dose-dependent effects. Primary 
hepatocytes isolated from common carp were used as an in vitro model. A hepatic injury 
system was established using CCl₄, with interventions of curcumin at low (2.5 μM) and 
high (10 μM) concentrations. The regulatory effects of curcumin on mitochondrial 
function and hepatocyte homeostasis were systematically assessed by measuring the 
activities of mitochondrial respiratory chain complexes, adenosine triphosphate (ATP) 
and reactive oxygen species (ROS) levels, mitochondrial membrane potential, and the 
expression of genes related to mitophagy and apoptosis. Results revealed a significant 
dose-dependent hormetic effect of curcumin intervention: a low dose (2.5 μM) 
comprehensively improved mitochondrial respiratory function, enhanced ATP synthesis, 
reduced ROS accumulation, and activated the PINK1/Parkin-mediated mitophagy 
pathway, thereby markedly inhibiting the caspase-3-dependent apoptosis pathway. In 
contrast, a high dose (10 μM), despite exhibiting stronger direct antioxidant capacity, 
showed weaker restorative effects on overall mitochondrial metabolic function，which 
including impaired restoration of CS and SDH activities and ATP synthesis, and impaired 
maintenance of mitophagy. Collectively, 2.5 μM curcumin confers a core hepatoprotective 
effect by coordinately regulating mitochondrial bioenergetics, mitophagy, and apoptosis 
signaling pathways. This study elucidates the dose-dependent, mitochondria-targeted 
protective mechanism of curcumin in an aquatic animal model, providing important 
theoretical and experimental evidence for its application as a precision nutritional 
strategy in aquafeed formulations. 

INTRODUCTION 

The rapid expansion of intensive aquaculture has been piv
otal in meeting the global demand for aquatic products. 
However, the prevalent high-density, high-input produc
tion model chronically subjects farmed fish to multiple 
stressors, such as oxidative stress, dysregulated lipid me
tabolism, and exposure to chemical toxicants. This con

stant stress has led to a high prevalence of non-infectious 
hepatopathies, primarily characterized by hepatocyte dam
age, posing a major bottleneck to the industry’s sustainable 
and healthy development 1. The common carp (Cyprinus 
carpio L.) represents the most commercially important 
freshwater aquaculture species in China. Functioning as 
a central hub for metabolism, detoxification, and immune 
regulation, the liver is pivotal for maintaining organismal 
homeostasis in fish. In aquaculture practice, dietary factors 
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such as high-fat feeds, oxidized lipids, or mycotoxin con
taminated readily induce hepatic steatosis, inflammation, 
and necrosis, which collectively compromise growth per
formance, disease resistance, and survival.2 Therefore, elu
cidating the molecular mechanisms underlying hepatocyte 
damage and developing effective nutritional interventions 
are crucial for advancing aquatic animal nutrition and 
health research. 

The exploration of plant extracts as aquafeed additives 
has gained considerable momentum, driven by their inher
ent safety, natural origin, and multi-target properties. Cur
cumin, a natural polyphenol derived from turmeric (Cur
cuma longa) rhizomes, is well established in mammalian 
models to possess potent antioxidant, anti-inflammatory, 
and lipid metabolism modulating activities. It has shown 
particular efficacy in protecting against chemical-induced 
and metabolic liver injuries.3 In aquaculture, curcumin 
supplementation has been reported to enhance growth per
formance, boost systemic antioxidant defenses, and mit
igate histopathological liver damage in common carp.4 

However, existing research in aquatic species has largely 
remained at the phenotypic level, focusing on whole-or
ganism or tissue level observations and conventional phys
iological and biochemical analyses. Consequently, the sub
cellular targets of curcumin and its regulatory effects on 
key signaling pathways remain poorly understood. This 
knowledge gap impedes a mechanistic understanding of its 
hepatoprotective action and limits the rationale for its pre
cise dosage and application in aquafeeds. 

Mitochondria, the central organelles governing cellular 
energy metabolism and apoptosis, are pivotal for main
taining hepatocyte homeostasis. Hepatic injuries triggered 
by diverse stressors are frequently linked to mitochondrial 
dysfunction, which manifests as loss of membrane poten
tial, impaired ATP production, disrupted dynamics, and de
fective mitophagy.5 Consequently, preserving mitochondr
ial integrity both structural and functional has emerged as 
a promising therapeutic strategy for hepatoprotection. In 
mammalian systems, curcumin has been shown to enhance 
mitochondrial biogenesis and function by modulating path
ways like Nrf2/ARE and AMPK/PGC-1α. However, whether 
it functions via similar mechanisms in aquatic species, 
specifically in common carp hepatocytes, remains unclear 
and lacks systematic investigation. 

To address this, an in vitro model was established using 
primary common carp hepatocytes, wherein injury was in
duced by carbon tetrachloride (CCl₄) and concomitant ox
idative stress. This model enabled the systematic evalua
tion of curcumin’s effects on cell viability, redox status, 
and mitochondrial function. The investigation focused on 
multiple facets of mitochondrial biology including dynam
ics, biogenesis, autophagy, and apoptotic signaling to elu
cidate the molecular mechanisms through which curcumin 
confers hepatoprotection by targeting mitochondria. A pri
mary innovation of this research is the specific focus on 
mitochondria as a subcellular target in common carp, re
vealing an organelle-targeted mechanism for curcumin-in
duced hepatoprotection. The study extended beyond as
sessing fundamental parameters like mitochondrial 

membrane potential and ROS levels to integrate an analysis 
of curcumin’s regulatory effects on apoptosis-related genes 
(caspase-3, caspase-9, and bcl-2) and key mitophagy mark
ers (PINK1 and Parkin). Thus, this work provides a theoret
ical foundation for the precise application of curcumin as a 
mitochondrial modulator in aquafeeds and offers novel per
spectives for nutritional strategies aimed at enhancing he
patic health in farmed fish. 

MATERIALS AND METHODS 

Cells and Culture. Primary hepatocytes from common carp 
(Cyprinus carpio) were isolated following a modified proto
col based on the method described by Yin et al.6 Briefly, 
healthy juvenile carp (body weight 50 ± 5 g, obtained from 
a local fishery) were anesthetized with MS-222 (100 mg/L). 
Livers were aseptically excised in a laminar flow hood. A 
two-step in situ perfusion method was employed: first, the 
liver was perfused for 5–8 minutes with calcium- and mag
nesium-free Hank’s Balanced Salt Solution (HBSS, contain
ing 0.5 mM EGTA; Thermo Fisher) to remove blood; subse
quently, digestion was performed for 10–15 minutes using 
standard DMEM/F12 medium supplemented with 10% fetal 
bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL strep
tomycin, and 0.05% type IV collagenase (Sigma). The re
sulting cell suspension was filtered through a 100-μm nylon 
mesh and centrifuged at 800 × g for 5 minutes. The cell pel
let was washed twice with phosphate-buffered saline (PBS) 
and resuspended in complete medium. Cells were seeded 
onto culture plates pre-coated with 0.01% poly-L-lysine 
(Sigma) and maintained at 28°C in a humidified incubator 
with 5% CO₂ (Thermo Scientific, Forma Series II). After 24 
hours, the medium was replaced to remove non-adherent 
cells. All subsequent experiments were performed using ad
herent hepatocytes in good condition, typically cultured for 
48–72 hours. 

Experimental Design. An oxidative hepatocyte injury 
model was established using carbon tetrachloride (CCl₄). 
Preliminary dose-response assays (data not shown) deter
mined that a 24-hour exposure to 10 mM CCl₄ (Sigma-
Aldrich) induced a consistent reduction in cell viability to 
approximately 50% of the control level, accompanied by 
marked oxidative stress (e.g., increased ROS and MDA), and 
this concentration was therefore selected for model induc
tion. Subsequently, a dose-response screening of curcumin 
(0.5–10 μM) was performed on CCl₄-injured carp hepato
cytes. Based on the restoration of cell viability and re
duction of oxidative stress markers, 2.5 μM curcumin was 
identified as the optimal protective concentration (data not 
shown). 

The experiment comprised four groups (Control group, 
CCl₄ group, 2.5 μM curcumin group and 10 μM curcumin 
group). For each group, three independent replicate exper
iments were conducted, and within each experiment, three 
parallel wells (technical replicates) were assessed. The Con
trol group was incubated in standard DMEM/F12 medium 
for 8 hours. To induce injury, cells in the remaining groups 
were first exposed to DMEM/F12 medium containing 10 mM 
CCl₄ for 4 hours. After this incubation, the medium was re

Mechanistic study on curcumin alleviating hepatic cell injury in common carp

Israeli Journal of Aquaculture - Bamidgeh 60



placed. Cells in the CCl₄ group then received fresh DMEM/
F12 medium for an additional 4 hours. To evaluate the ther
apeutic effects of curcumin, cells in the intervention groups 
received DMEM/F12 medium supplemented with either 2.5 
μM curcumin or 10 μM curcumin for the subsequent 4-hour 
recovery period. 

Major Reagents and Instruments. Key reagents: Mito
chondria Isolation Kit (Sigma-Aldrich); ATP Assay Kit (Be
yotime); Reactive Oxygen Species Assay Kit (DCFH-DA, Be
yotime); Trizol Reagent for total RNA extraction 
(Invitrogen); PrimeScript™ RT Reagent Kit for reverse tran
scription (TaKaRa); TB Green® Premix Ex Taq™ II for real-
time quantitative PCR (TaKaRa); Activity Assay Kits for mi
tochondrial respiratory chain complexes I, II, III, citrate 
synthase (CS), and succinate dehydrogenase (SDH) (Nan
jing Jiancheng Bioengineering Institute). 

Major instruments: Inverted fluorescence microscope 
(Nikon Eclipse Ti2); Real-time quantitative PCR system 
(Bio-Rad CFX96 Touch); Multifunction microplate reader 
(Thermo Scientific Multiskan GO); Refrigerated benchtop 
centrifuge (Eppendorf Centrifuge 5424 R). 

Measurement of Mitochondrial Metabolic Enzyme Activi
ties. Following treatments, mitochondrial proteins were ex
tracted using a commercial Mitochondria Isolation Kit. Pro
tein concentrations were determined with the 
Bicinchoninic Acid (BCA) Assay (Beyotime). The activities 
of respiratory chain complexes I (Co I), II (Co II), III (Co III), 
citrate synthase (CS), and succinate dehydrogenase (SDH) 
were measured using corresponding activity assay kits ac
cording to the manufacturers’ protocols, with absorbance 
or fluorescence readings acquired on a multifunction mi
croplate reader. 

Determination of ATP Content and Intracellular ROS Lev
els. ATP content was quantified using an ATP assay kit 
based on the luciferin-luciferase chemiluminescence 
method. Cell lysates were collected, and luminescence (rel
ative light units, RLU) was measured on a microplate 
reader. ATP concentration (nmol/mg protein) was calcu
lated using a standard curve. Intracellular ROS levels were 
assessed using the fluorescent probe 2’,7’-dichlorodihydro
fluorescein diacetate (DCFH-DA). After treatment, cells 
were incubated with 10 μM DCFH-DA in the dark for 30 
minutes, washed with PBS, and then observed under a flu
orescence microscope for image acquisition. Fluorescence 
intensity (relative fluorescence units, RFU) for quantitative 
analysis was simultaneously measured using a microplate 
reader. 

Quantitative Real-Time PCR (qRT-PCR) Analysis. Total 
RNA was extracted from cells using Trizol reagent. RNA 
concentration and purity were assessed by spectrophotom
etry, with A260/A280 ratios ranging from 1.8 to 2.0. One 
microgram of RNA was used for genomic DNA removal 
and subsequent cDNA synthesis via reverse transcription. 
Gene-specific primers were designed based on common 
carp (Cyprinus carpio) sequences retrieved from NCBI, using 
Primer Premier 5.0 software. All primers (sequences listed 
in Table 1) were synthesized by Sangon Biotech (Shanghai). 
qRT-PCR was performed on a Bio-Rad CFX96 system using 
TB Green® Premix Ex Taq™ II, under the following cycling 

conditions: initial denaturation at 95°C for 30 s, followed by 
40 cycles of 95°C for 5 s and 60°C for 30 s. The β-actin gene 
was used as an internal reference. Relative mRNA expres
sion levels of target genes were calculated using the 2−ΔΔCt 

method. All samples were analyzed in triplicate. 
Apoptosis assay. Cell apoptosis was assessed using 

Hoechst 33258 staining. After fixation with 4% 
paraformaldehyde, cells were stained with 5 μg/mL Hoechst 
33258 for 10 minutes and observed under a fluorescence 
microscope. Apoptotic cells were identified by characteris
tic nuclear condensation and fragmentation. 

Mitochondrial morphology and content. Mitochondria 
were visualized in live cells using MitoTracker Green FM. 
Cells were incubated with 100 nM MitoTracker Green FM 
for 30 minutes, washed, and immediately imaged under a 
fluorescence microscope. The average fluorescence inten
sity was quantified using ImageJ software as an indicator of 
relative mitochondrial mass. 

Data Processing and Statistical Analysis. All data are pre
sented as the mean ± standard deviation (Mean ± SD) de
rived from nine independent biological replicates (n=3×3). 
Statistical analyses were performed using SPSS 26.0 soft
ware. Differences among groups were assessed by one-way 
analysis of variance (ANOVA). When ANOVA indicated a 
significant effect (P < 0.05), Duncan’s multiple range test 
was applied for post-hoc pairwise comparisons. The signif
icance level was set at P < 0.05. 

RESULTS 

Effects of Curcumin on Mitochondrial Metabolic Function in 
CCl₄-Induced Carp Hepatocytes. As summarized in Table 2, 
CCl₄ exposure significantly inhibited the activity of key mi
tochondrial respiratory chain enzymes in carp hepatocytes. 
Specifically, compared to the control, activities of complex 
I (Co I), complex III (Co III), and citrate synthase (CS) were 
reduced by 11.0%, 53.0%, and 47.3%, respectively, in CCl₄-
treated cells (P < 0.05). Curcumin intervention induced a 
concentration-dependent recovery of mitochondrial meta
bolic function. Notably, in cells co-treated with CCl₄ and 
2.5 μM curcumin, Co I activity was elevated by 124.5% rel
ative to the CCl₄ group, surpassing even the control level 
(P < 0.05). Meanwhile, Co III and CS activities were fully 
restored to levels comparable to the control (P > 0.05). In 
contrast, while 10 μM curcumin restored Co I and Co III ac
tivities to control levels, it only partially rescued CS activ
ity. Moreover, succinate dehydrogenase (SDH) activity re
mained suppressed at a level similar to the CCl₄ group (P < 
0.05). No significant alterations in complex II (Co II) activ
ity were detected across treatment groups (P > 0.05). 

Consistent with these metabolic disruptions, CCl₄ se
verely compromised both energy homeostasis and redox 
balance (Fig. 1). CCl₄-treated cells exhibited a significant 
decrease in intracellular ATP content alongside a marked 
increase in reactive oxygen species (ROS) levels compared 
to controls (P < 0.05). Curcumin treatment effectively re
versed these alterations. Notably, 2.5 μM curcumin not only 
restored ATP content to a level above that of the CCl₄ group 
but also reduced ROS below the baseline control level. De
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Table 1. Primers for Real-Time Quantitative PCR      

target gene forward sequence (5ʹ−3ʹ) reversed sequence (5ʹ−3ʹ) 

caspase3 TGACCAGACAGTCGAGCAGA AACACACCCTCATCTCCGTG 

caspase9 ACTGAACGGAGGATGGAGGA CGCTGCCGTCTTACCTGTAT 

bax TGGAAGTGGGAGCTGTCTTG GGCGAGCTTCTTGTGGTTTG 

bcl-2 GCTTCCCATCCCCCGTTATC GGGCCGGATTATCGCTTTCT 

pink1 CTGTGAAAGCCCGGTACACT TGATGTGGAACTTTGGGGCA 

parkin TAGGGAGTCAGCAGGGAGTC TTGCTCAGGGAGGTCACAAC 

lc3b CAGCTTCCCATCCTGGACAA TCCCGTTCGTAGACCTCACA 

p62 CCATGTTGAGCCCACTAGGT CACTGGTCTTTGACCCCTCG 

β-actin CAACTGGGATGACATGGAGAAG TTGGCTTTGGGGTTCAGG 

Table 2. Effects of curcumin on the activities of key mitochondrial metabolic enzymes in CCl₄-induced carp               
hepatocytes  

Items 

Groups 

Control group CCl4 group 
CCl4+2.5μM 

curcumin group 

CCl4+10μM 

curcumin group 

Respiratory chain complex 
I (CoI)/(U/mg) 

293.47±60.56a 261.28±53.50a 586.62±54.98b 295.99±62.79a 

Respiratory chain complex II 
(CoII)/(U/mg) 

5.13±0.64 3.96±0.95 4.04±1.35 5.13±1.04 

Respiratory chain complex III 
(CoIII)/(U/mg) 

2.96±0.37a 1.39±0.23b 3.00±0.53a 2.91±0.09a 

Citrate synthase 
(CS)/(U/mg) 

87.47±18.65ab 46.08±4.89a 152.78±41.01b 68.37±23.72ab 

Succinic dehydrogenase 
(SDH)/(U/mg) 

59.68±1.91a 38.98±7.98b 59.69±6.16a 27.90±3.55b 

Note: Values are expressed as means ± S.E. (n = 3×3). Values with different superscript letters in the same column are significantly different in Duncan multiple range test (P<0.05). 
Co I, respiratory chain complex I; Co II, respiratory chain complex II; Co III, respiratory chain complex III; CS, citrate synthase; SDH, succinic dehydrogenase. 

spite demonstrating the most potent direct antioxidant ef
fect, as evidenced by the lowest ROS levels, 10 μM curcumin 
was only as effective as the 2.5 μM dose in restoring ATP 
synthesis. 

Effect of Curcumin on Mitophagy in CCl₄-Induced Carp 
Hepatocytes. CCl₄ exposure and curcumin treatment sig
nificantly altered the expression of key mitophagy-related 
genes (Fig. 2). CCl₄ treatment induced an upward (though 
not statistically significant) trend in the mRNA levels of 
PINK1, Parkin, LC3B, and the autophagy substrate p62 com
pared to the control (P > 0.05). Curcumin treatment in
duced a dose-dependent upregulation of these genes. 
Specifically, 10 μM curcumin significantly elevated the ex
pression of PINK1, Parkin, and LC3B relative to the CCl₄ 
group (P < 0.05). Notably, p62 expression in the 10 μM cur
cumin group exhibited abnormal accumulation, reaching 
approximately 3.4-fold the control level and significantly 
exceeding levels in all other groups (P < 0.05). In contrast, 
2.5 μM curcumin exerted a more moderate upregulating ef
fect on these genes. 

Fluorescence staining of mitochondrial autophagosomes 
provided complementary morphological evidence (Fig. 3). 
The number of mitophagosomes was reduced in CCl₄-
treated cells compared to controls, indicating impaired au

tophagic flux. Curcumin treatment increased mitophago
some numbers, with the more pronounced effect observed 
at the 10 μM concentration. This morphological finding 
is consistent with the pronounced upregulation of mi
tophagy-related genes observed at this higher curcumin 
concentration. 

Effect of Curcumin on Apoptosis in CCl₄-Exposed Carp He
patocytes. CCl₄ treatment significantly altered the expres
sion of key apoptosis-related genes (Table 3). Specifically, 
mRNA levels of the pro-apoptotic genes caspase-9 and cas
pase-3 were markedly upregulated in CCl₄-treated cells (P 
< 0.05), with caspase-3 expression increased approximately 
2.5-fold relative to the control. Conversely, expression of 
the anti-apoptotic gene bcl-2 was significantly downregu
lated (P < 0.05). Curcumin treatment reversed these alter
ations in a dose-dependent manner. Treatment with 2.5 μM 
curcumin restored caspase-3 and caspase-9 expression to 
control levels and maintained bcl-2 expression. Although 
10 μM curcumin also reduced caspase-3 expression, the ef
fect was less pronounced than with 2.5 μM curcumin, and it 
was less effective at sustaining bcl-2 expression. 

Morphological assessment of apoptosis corroborated the 
gene expression findings (Fig. 4). Nuclear staining revealed 
typical apoptotic morphology in CCl₄-treated cells, includ
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Figure 1. Effects of curcumin on ATP content and ROS         
level in CCl₄-induced carp hepatocytes      
Note: Values are expressed as means ± S.E. (n = 3×3). Diverse little letters show signifi
cant differences (P<0.05) in different dosage groups of each sampling point in Duncan’s 
multiple range test. ATP, adenosine triphosphate; ROS, reactive oxygen species. 

Figure 2. Effects of curcumin on the expression of        
mitophagy-related genes in CCl₄-induced carp      
hepatocytes  
Note: Values are expressed as means ± S.E. (n = 3×3). Diverse little letters show signifi
cant differences (P<0.05) in different dosage groups of each sampling point in Duncan’s 
multiple range test. 
pink1, PTEN-induced putative kinase 1; parkin, parkin RBR E3 ubiquitin-protein ligase; 
lc3b, microtubule-associated protein 1 light chain 3 beta; p62, sequestosome-1 (p62/
SQSTM1). 

ing chromatin condensation, nuclear fragmentation, and 
pyknosis. In contrast, curcumin-treated cells displayed in
tact, uniformly stained nuclei, comparable to controls, in
dicating effective inhibition of apoptosis. 

Mitochondrial fluorescence intensity was markedly re
duced in the CCl₄ group (Fig. 5), suggesting a loss of mi
tochondrial mass or impaired membrane integrity. Both 
control and curcumin-treated cells exhibited robust mito

Figure 3. Effects of Curcumin on Mitophagosome      
Staining in CCl₄-Induced Injured Hepatocytes of       
Cyprinus carpio   

chondrial fluorescence, indicating that curcumin treatment 
aids in preserving mitochondrial mass and integrity. This 
preservation of mitochondria is consistent with the ob
served attenuation of mitochondrial apoptosis. 

DISCUSSION 

Mitochondria are central regulators of cellular energy me
tabolism and redox homeostasis, and their functional in
tegrity is crucial for hepatic stress adaptation and meta
bolic balance in aquatic animals.7 Here, we demonstrate 
that CCl₄ exposure significantly inhibits the activity of Co 
I and Co III, as well as CS, in carp hepatocytes. This inhi
bition resulted in depleted ATP content and elevated ROS 
levels. These findings are consistent with the classic patho
logical hallmarks of CCl₄ toxicity: an “energy crisis” and an 
“oxidative burst,” stemming from electron transport chain 
blockade and impaired tricarboxylic acid (TCA) cycle flux.8 

Mechanistically, inhibition of Co I and Co III activities pro
motes electron leakage and excessive ROS production. Con
currently, suppression of CS-the TCA cycle rate-limiting 
enzyme-directly impedes the energy synthesis pathway.9 

Collectively, these disruptions converge to form the core 
mechanism underlying CCl₄-induced hepatocyte injury. 

Curcumin exerted a distinct, concentration-dependent 
effect on mitochondrial recovery. At 2.5 μM, curcumin not 
only significantly enhanced Co I activity above the CCl₄-
treated level but also fully restored the activities of Co 
III, CS, and SDH. This coordinated restoration led to in
creased ATP production and a reduction of ROS below base
line control levels. This synergistic restoration of bioen
ergetics and redox homeostasis aligns with the effects of 
curcumin reported in mammalian hepatocytes 10. In con
trast, while 10 μM curcumin exhibited superior direct an
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Table 3. Effects of curcumin on the expression of apoptosis-related genes in CCl₄-induced carp hepatocytes              

Relative gene 
expression 

Groups 

Control group CCl4 group 
CCl4+2.5μM curcumin 

group 

CCl4+10μM curcumin 

group 
Control 

group 

caspase3 1.00±0.05ab 2.50±0.29c 0.81±0.07a 1.51±0.19b 

caspase9 1.00±0.06a 1.40±0.06b 1.07±0.11ab 1.09±0.17ab 

bax 1.00±0.10 1.24±0.16 0.86±0.05 1.14±0.13 

bcl-2 1.00±0.05ab 0.87±0.04c 1.03±0.01a 0.89±0.03bc 

Note: Values are expressed as means ± S.E. (n =3×3). Values with different superscript letters in the same column are significantly different in Duncan multiple range test (P<0.05). 
caspase3, caspase-3; caspase9, caspase-9; bax, Bcl-2-associated X protein; bcl-2, B-cell lymphoma 2. 

Figure 4. Effects of Curcumin on Apoptosis Staining in        
CCl₄-Injured Hepatocytes of    Cyprinus carpio   

Figure 5. Effects of Curcumin on Mitochondrial      
Staining in CCl₄-Induced Injured Hepatocytes of       
Cyprinus carpio   

tioxidant capacity, it was markedly less effective than the 
2.5 μM dose at restoring CS activity and ATP synthesis. 
This dichotomy suggests a mechanistic shift: lower concen
trations primarily facilitate mitochondrial metabolic repair, 
whereas higher concentrations exert a predominant direct 
antioxidant effect. This concentration-dependent mecha
nistic shift, previously unreported in aquatic species, offers 
a novel framework for defining the optimal therapeutic 
window of curcumin in aquaculture. 

While studies have established the antioxidant and im
munomodulatory roles of curcumin in aquatic species,11,

12 its systematic regulation of key mitochondrial metabolic 
enzymes in fish hepatocytes is poorly understood. Notably, 
the optimal protective concentration identified here (2.5 
μM) is lower than the 5 μM typically effective in rat hepa
tocytes 10, highlighting a species-specific difference. This 
divergence likely stems from species-specific differences in 
basal mitochondrial metabolic rates and curcumin metabo
lism,13 underscoring the necessity for species-tailored dos
ing in aquafeed formulations. From an applied perspective, 
the efficacy of 2.5 μM curcumin in restoring mitochondr
ial function provides key experimental support for its de
velopment as a sustainable aquafeed supplement. Its use 
could enhance stock resilience to environmental stressors, 
aligning with industry goals for sustainable aquaculture. In 
summary, a low dose of curcumin (2.5 μM) synergistically 
ameliorates bioenergetic and redox dysfunction in dam
aged hepatocytes through coordinated restoration of mi
tochondrial metabolic enzyme activities. In contrast, the 
primary effect of higher concentrations is potent, direct an
tioxidant action. 

Mitophagy, the selective autophagy of damaged mito
chondria primarily mediated by the PINK1/Parkin pathway, 
is essential for maintaining mitochondrial quality control 
and cellular homeostasis. In this pathway, LC3B is incor
porated into the expanding autophagosomal membrane, 
whereas p62 serves as an autophagy receptor and substrate. 
The steady-state level of p62 is a key indicator of au
tophagic flux efficiency. Furthermore, quantification of au
tophagosome number and morphology provides direct 
morphological evidence of mitophagic activity.14,15 In this 
study, CCl₄ treatment induced an upward trend in mRNA 
levels of PINK1, Parkin, LC3B, and p62, yet significantly re
duced the number of mitochondrial autophagosomes. This 
dissociation suggests that CCl₄-induced damage fails to 
translate gene expression signals into functional mi
tophagy. This indicates a probable block in the progression 
from mitophagy initiation to completion, a phenomenon 
consistent with reports of impaired autophagic flux in CCl₄-
treated zebrafish liver.16 It is thus plausible that impaired 
activation or execution of mitophagy represents a species-
specific response to this toxicant in fish hepatocytes.17 Fur
thermore, 10 μM curcumin robustly upregulated PINK1, 
Parkin, and LC3B expression, but also caused a pronounced 
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accumulation of p62 (approximately 3.4-fold over controls). 
Together with the observed increase in mitophagosome 
number, these data indicate that high-concentration cur
cumin potently initiates mitophagy. However, the concomi
tant p62 accumulation implies an obstruction in autophagic 
flux, likely at the stage of autophagosome-lysosome fusion 
or lysosomal degradation.18 In contrast, 2.5 μM curcumin 
moderately elevated the expression of these mitophagy-re
lated genes without inducing p62 accumulation, and also 
increased mitophagosome numbers. This pattern indicates 
that 2.5 μM curcumin supports a complete and functional 
mitophagic cycle, enabling efficient clearance of damaged 
mitochondria. 

Mechanistically, the observed discordance in the CCl₄ 
group elevated mitophagy-related gene expression coupled 
with reduced mitophagosome numbers suggests a concur
rent disruption of both autophagic initiation and flux. We 
propose that CCl₄, while triggering transcriptional upreg
ulation, induces severe oxidative stress that compromises 
critical downstream steps such as autophagosome matu
ration or lysosomal function thereby arresting functional 
mitophagy.18 The dose-dependent effects of curcumin un
derscore the complex and finely-tuned regulation of mi
tophagy by natural compounds in fish. At a high dose (10 
μM), curcumin appears to obstruct autophagic flux, result
ing in the accumulation of damaged mitochondria. This 
finding integrates coherently with the observed poor 
restoration of CS and SDH activity by high-concentration 
curcumin, revealing a cross-pathway mechanism that un
derpins its biphasic action: impaired mitochondrial clear
ance via blocked autophagy exacerbates metabolic dysfunc
tion. Diverging from reports in mammalian systems, 10 μM 
curcumin did not confer a net protective benefit in our 
model. Instead, by impairing autophagic flux, it likely exac
erbated cellular dysfunction. This species discrepancy may 
arise from differences in lysosomal enzyme regulation or 
autophagic signaling between fish and mammals.17 

Dysregulation of apoptosis, a programmed cell death 
pathway often initiated by mitochondrial damage, which 
exacerbates hepatic injury and metabolic dysfunction in 
aquatic animals.19 A critical regulatory node is the balance 
between pro-apoptotic factors (e.g., caspase-9, caspase-3) 
and anti-apoptotic proteins (e.g., Bcl-2). In fish hepato
cytes, the mitochondrial (intrinsic) apoptotic pathway is 
predominant. Here, caspase-9 acts as an initiator, cleaving 
and activating the effector caspase-3 to execute the apop
totic program. The Bcl-2 protein family, which includes 
anti-apoptotic (e.g., Bcl-2) and pro-apoptotic (e.g., Bax) 
members, governs this process by regulating mitochondrial 
outer membrane permeabilization (MOMP), the pivotal 
event controlling cytochrome c release.20,21 CCl₄ treatment 
significantly upregulated caspase-3 and caspase-9 expres
sion and downregulated bcl-2 in carp hepatocytes. Consis
tent with these molecular changes, Hoechst 33342 stain
ing revealed nuclear fragmentation, and MitoTracker Green 
FM staining indicated loss of mitochondrial mass. Together, 
these data demonstrate that CCl₄ triggers the intrinsic 
apoptotic pathway via mitochondrial destabilization. This 
aligns with reports of CCl₄-induced apoptosis in hepato

cytes of other cyprinids, such as grass carp.22 The underly
ing mechanism likely involves oxidative stress and bioener
getic failure resulting from mitochondrial damage. 

Curcumin exerted a concentration-dependent inhibition 
of apoptosis. At 2.5 μM, it significantly suppressed CCl₄-in
duced caspase-3 elevation, restored caspase-9 to baseline, 
and sustained bcl-2 expression. This coordinated gene reg
ulation, together with the observed preservation of nuclear 
integrity and mitochondrial mass, indicates that low-con
centration curcumin effectively blocks the intrinsic apop
totic cascade. This anti-apoptotic action is functionally in
tegrated with curcumin’s concurrent restoration of 
mitochondrial metabolism and autophagic flux, forming a 
coherent cytoprotective network. Mechanistically, this syn
ergy can be explained by curcumin’s dual role in preserving 
mitochondrial health and promoting the clearance of dam
aged organelles, which collectively limits cytochrome c re
lease and subsequent caspase activation. This integrated 
mechanism resonates with the synergistic interplay be
tween mitochondrial protection and apoptosis suppression 
reported in other teleost models.23 In contrast, 10 μM cur
cumin was less effective, producing a weaker downregu
lation of caspase-3 and only marginal restoration of bcl-2 
expression. This diminished efficacy is likely a direct con
sequence of the impaired autophagic flux and resulting ac
cumulation of dysfunctional mitochondria caused by the 
high curcumin dose. Notably, bax expression did not differ 
significantly among groups, indicating that the intrinsic 
apoptotic pathway in CCl4-injured carp hepatocytes may be 
primarily regulated through bcl-2 rather than Bax. The sig
nificant downregulation of bcl-2 by CCl4 and its restoration 
by curcumin, coupled with unchanged bax, suggest that 
curcumin exerts its anti-apoptotic effect mainly by upregu
lating Bcl-2 expression. 

The anti-apoptotic properties of curcumin in aquatic 
species are well-documented. For example, it protects 
Litopenaeus vannamei intestinal cells by downregulating 
caspase-324 and reduces hepatocyte apoptosis in blunt 
snout bream (Megalobrama amblycephala) 25. However, its 
coordinated regulation of the intrinsic apoptotic pathway 
alongside mitochondrial function and autophagy in fish he
patocytes remains unexplored. Notably, the anti-apoptotic 
effect of curcumin in our model appears confined to the 
intrinsic pathway, whereas in mammalian hepatocytes it 
often involves modulation of both intrinsic and extrinsic 
pathways.26 This divergence underscores fundamental 
species-specific differences in apoptotic signaling.21 In 
summary, curcumin governs apoptosis in CCl₄-injured carp 
hepatocytes in a concentration-dependent manner. A low 
dose (2.5 μM) elicits comprehensive protection by preserv
ing mitochondrial integrity and sustaining autophagic flux, 
thereby blocking the intrinsic apoptotic cascade. Con
versely, a high dose (10 μM) compromises this protection, 
largely due to its disruptive effect on autophagic flux. 

CONCLUSION 

In conclusion, this study demonstrates a dose-dependent 
hepatoprotective effect of curcumin against CCl₄-induced 
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injury in common carp hepatocytes. A low dose (2.5 μM) 
confers comprehensive cytoprotection through synergistic 
restoration of mitochondrial bioenergetics, maintenance of 
autophagic flux, and inhibition of the intrinsic apoptosis 
pathway. In contrast, a high dose (10 μM) acts primarily as 
a potent antioxidant but fails to coordinately restore meta
bolic and autophagic functions. These findings decipher the 
organelle-specific mechanism of curcumin and establish a 
precise dosage rationale for its use as a mitochondria-tar
geted aquafeed supplement. This work provides a mecha
nistic foundation for advancing hepatic health and imple
menting precision nutrition strategies in aquaculture. 
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