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INTRODUCTION

Plastic pollution has become a global crisis, with its ac-
cumulation in natural ecosystems posing severe envi-

ronmental and ecological risks (Soares et al., 2020). De-

spite growing awareness, ineffective waste management 
and irresponsible disposal practices continue to exacerbate 
the problem, leading to the release of approximately 8 to 
11 million tons of plastic into marine environments an-
nually. Over the past few decades, plastic production has 
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surged, reaching 9.2 billion tons between 1950 and 2017 
(Williams and Rangel-Buitrago, 2022). 

A significant portion of this waste originates in freshwater 
systems before migrating to estuarine and marine habitats, 
where it degrades into smaller plastic particles, includ-
ing microplastics (MPs; 1 µm–5 mm) and nanoplastics 
(NPs; 1 nm–100 nm) through various mechanisms, such 
as physical, chemical (corrosion and photo-oxidation), and 
biological processes (Cai et al., 2022; Zheng et al., 2023). 
Among these pollutants, NPs pose a greater threat due to 
their smaller size and high surface reactivity, which enable 
them to infiltrate biological membranes and interfere with 
cellular processes more effectively than MPs (Yang and 
Wang, 2023). 

Fish are highly susceptible to NP exposure through in-
gestion, respiration, and skin absorption. Once inside the 
body, NPs accumulate in key organs such as the gills, liver, 
and kidneys, leading to potential health effects (Roch et 
al., 2020). Respiration-related uptake occurs when NPs are 
suspended in water and absorbed through the gills, subse-
quently entering systemic circulation (Assas et al., 2020; 
Pratiwi et al., 2023; Amponsah et al., 2024). Additional-
ly, fish may indirectly consume MPs and NPs when these 
particles resemble their natural food sources, increasing the 
risk of bioaccumulation (Andrady, 2011; Bai et al., 2021; 
Rodrigues et al., 2023; Thoman et al., 2023; Amponsah et 
al., 2024). Recent research has confirmed NP internaliza-
tion at the cellular level, including within zebrafish embry-
onic fibroblast cells (ZF4), demonstrating their potential 
for cellular toxicity and genetic interference (Yang and 
Wang, 2023).

NP exposure has been shown to induce oxidative stress, 
leading to the overproduction of reactive oxygen species 
(ROS). Excess ROS triggers a chain reaction of oxidative 
damage by stripping electrons from cellular molecules, 
causing lipid peroxidation, protein oxidation, and DNA 
damage (Hoyo-Alvarez et al., 2022; Solomando et al., 
2022). In immune cells, ROS overproduction activates the 
NF-κB signaling pathway, a key regulator of inflammatory 
responses. Upon activation, NF-κB translocates to the nu-
cleus, where it promotes the transcription of pro-inflam-
matory cytokines such as interleukin-12 (IL-12), tumor 
necrosis factor-alpha (TNF-α), and interferon-gamma 
(IFN-γ). These cytokines mediate inflammation by recruit-
ing immune cells to affected tissues and amplifying the 
inflammatory response. Prolonged NP exposure leads to 
chronic inflammation, which may result in cellular swell-
ing, tissue necrosis, and organ dysfunction. Studies have 
shown that excessive ROS production in blood cells can 
disrupt homeostasis, triggering apoptosis and impairing 
immune function. Consequently, fish exposed to high NP 

concentrations experience immunosuppression, making 
them more susceptible to secondary infections and envi-
ronmental stressors (Hoyo-Alvarez et al., 2022).

Salinity is a key environmental factor that influences the 
physicochemical behavior of NPs, affecting their aggre-
gation, dispersion, and bioavailability in aquatic systems. 
Previous studies have shown that MP accumulation in fish 
varies depending on salinity, with higher levels detected in 
saltwater species compared to freshwater species (Pratiwi et 
al., 2023). Similarly, polyamide (PA) MPs have been found 
in greater concentrations in fish living in high-salinity en-
vironments compared to those in low-salinity conditions 
(0, 3, and 6 ppt) (Emon et al., 2024). These findings suggest 
that salinity may modulate NP toxicity by influencing their 
interaction with biological membranes and cellular uptake 
mechanisms. Tilapia (Oreochromis niloticus), a widely dis-
tributed freshwater species, frequently encounters varying 
salinity levels, making it an ideal model organism for stud-
ying NP toxicity under different environmental conditions 
(Palmer et al., 2024). Due to their euryhaline nature, Nile 
tilapia can tolerate a wide range of salinities, enabling re-
searchers to assess the combined effects of salinity and NP 
exposure. 

This study focuses on evaluating the impact of NPs on im-
mune response biomarkers (IL-12, TNF-α, IFN-γ), a bio-
marker of lipid peroxidation and oxidative stress (MDA), 
as well as histopathological alterations in Nile tilapia across 
different salinity conditions. By investigating how salini-
ty influences NP toxicity, this research aims to provide a 
deeper understanding of the ecological risks posed by NP 
pollution and its potential effects on aquatic organisms.

MATERIALS AND METHODS

Animal and Ethical Clearance 
The study followed international ethical guidelines for an-
imal research, ensuring humane treatment and minimal 
distress. All procedures, including handling, NP exposure, 
sample collection, and euthanasia, were designed to follow 
ethical standards. The research was approved by the Health 
Research Ethical Clearance Commission of Faculty of 
Dental Medicine, Universitas Airlangga (0885/HRECC.
FODM/VIII/2024). 

Experimental Design 
Twenty-four male tilapia (Oreochromis niloticus), 100 ± 10 
g, were obtained from the Umbulan Freshwater Aqua-
culture Development Technical Implementation Unit in 
Pasuruan, East Java, Indonesia. The fish were quarantined 
for seven days prior to the experiment to ensure acclima-
tization. They were housed in a 40 L glass aquarium un-
der controlled conditions at the Fish Maintenance Lab-
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oratory in Universitas Airlangga. Water temperature was 
maintained at 28-30°C, pH of 7-8, and a 12-hour light/
dark cycle was applied. Each aquarium was equipped with 
a water filtration system (Armada-Aquarium Top Filter, 
Color Aquatic Indonesia) and an aerator (Amara-AA350, 
MTA-4362145-Indonesia) to maintain water quality. The 
fish were fed a commercial pellet diet at 2-3% of their body 
weight twice daily at 08:00 and 16:00 for 25 days, with 
uneaten food and waste removed regularly.

To evaluate the effects of NPs under different salinity con-
ditions, the fish were gradually acclimated to 15 ppt over 
four days, with salinity increased from 2.5 ppt on day one, 
to 5 ppt on day two, 10 ppt on day three, and 15 ppt on 
the final day. After acclimation, the fish were randomly di-
vided into six experimental groups, with four replicates per 
group. Fish were exposed to 100 nm polystyrene NPs (Sig-
ma Aldrich, St. Louis, USA) at a concentration of 2 µL/kg. 
The NPs were prepared by diluting them in 60 mL distilled 
water, mixing with 1.95 kg of fish feed, and air-drying the 
mixture for 24 hours. Spectroscopic analysis confirmed 
the presence of NPs in the feed after drying (Hayati et al., 
2024).

Anesthesia and Euthanasia Methods
Fish were anesthetized using clove oil (0.1 mL/L), a nat-
ural sedative containing eugenol, chosen for its effective-
ness and minimal physiological impact (Walsh and Pease, 
2002). The clove oil was first emulsified in ethanol (1:9 ra-
tio) before dilution in water for even dispersion. Fish were 
placed in the anesthetic solution and monitored for seda-
tion, indicated by reduced opercular movement and loss 
of equilibrium. Once fully anesthetized, euthanasia was 
performed by immersion in an overdose of clove oil (0.3 
mL/L) for at least 10 minutes, ensuring complete loss of 
reflexes before tissue collection. The procedure followed 
ethical guidelines to minimize stress and discomfort.

Enzyme-Linked Immunosorbent Assay (ELISA) 
for IL-12, TNF-α, IFN-γ and MDA
After 25 days of NP exposure, spleen samples were col-
lected for cytokine and oxidative stress analysis. Tissue ho-
mogenization was performed using sonication (20 kHz for 
30 seconds) in an ice-cold lysis buffer with protease inhib-
itors. Samples were then centrifuged at 13.000 rpm for 10 
minutes at 4°C (Eppendorf 5424R), and supernatants were 
transferred into 1.5 mL microtubes and stored at -80°C. 
IL-12 and MDA were measured using a sandwich-ELI-
SA kit, while TNF-α and IFN-γ were analyzed using a 
competitive-ELISA kit (Bioassay Technology Laboratory, 
Shanghai, China). ELISA procedures followed the manu-
facturer’s instructions, and absorbance was read using a mi-
croplate reader (Bio-Rad Model 680, USA). All samples 
and standards were run in triplicate.

Histological Analysis of Organ Samples
For histopathological examination, organ samples from ti-
lapia, including detoxification organs (liver), and reproduc-
tive organs (testis), were carefully collected and processed. 
Immediately after dissection, the organs were rinsed in 
PBS before fixation in 10% neutral-buffered formalin for 
24–48 hours. The tissues were dehydrated in a graded etha-
nol series, cleared in xylene, and embedded in paraffin wax. 
Thin sections (4 µm) were prepared using a semi-automat-
ic microtome (Leica RM2125, China). Sections were dep-
araffinized in xylene, rehydrated through an ethanol series, 
and stained with hematoxylin and eosin (HE) for structur-
al evaluation. Histopathological changes, including cellular 
degeneration, necrosis, vacuolation, and inflammation, were 
examined under a light microscope (Olympus CX33, Japan) 
at various magnifications, with images captured for analysis. 

Qualitative and Quantitative Histological 
Analysis
Histological changes in the liver and testis were assessed by 
comparing control and NPs-exposed groups for each or-
gan. Qualitative analysis examined tissue integrity, cellular 
degeneration, necrosis, vacuolation, and inflammation. For 
quantitative analysis, seminiferous tubule and cyst diame-
ters were measured, and spermatogenic cells (spermatogo-
nia, spermatocytes, and spermatids) were counted. Liver 
evaluation focused on hepatocyte morphology, nuclear ab-
normalities, vacuolation, and inflammatory cell infiltration. 
A digital camera microscope (Optilab, Indonesia) connect-
ed to image raster software was used for measurements and 
analysis.

Statistical Analysis 
Data analysis was performed using GraphPad Prism 
10.3.1. One-way analysis of variance (ANOVA) was ap-
plied to determine significant differences between control 
and NP-treated groups, with a significance level set at p < 
0.05. Prior to ANOVA, data were tested for normality us-
ing the Shapiro-Wilk test and homogeneity of variance us-
ing Levene’s test to ensure statistical validity. Quantitative 
histological data, including measurements of seminiferous 
tubule diameters, cyst sizes, and spermatogenic cell counts, 
were analyzed using ImageJ software for image quantifica-
tion. Results were expressed as mean ± standard deviation 
(SD), and significant differences were further examined 
using Tukey’s post hoc test, where applicable. Descriptive 
analysis was used for qualitative histological observations.

RESULTS AND DISCUSSION

Immune Response and Oxidative Stress in Fish 
Exposed to NPs at Different Salinity Levels
Salinity has been widely recognized as a key environmen-
tal factor influencing the accumulation and toxic effects of 
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MPs in aquatic organisms. Previous research has shown 
that fish in saline environments accumulate significantly 
higher levels of MPs compared to those in freshwater sys-
tems, suggesting that salinity enhances the bioavailabili-
ty or retention of MPs (Pratiwi et al., 2023). For instance, 
polyamide microplastics were observed in greater quanti-
ties in the digestive organs of fish exposed to higher salin-
ity levels (9 ‰ and 12 ‰) compared to lower salinities (0, 
3, and 6 ‰) (Emon et al., 2024). Moreover, fish exposed to 
MPs in high-salinity environments exhibited elevated lev-
els of erythrocyte abnormalities, both cellular and nuclear, 
further emphasizing the role of salinity in modulating the 
toxic effects of microplastics (Emon et al., 2024).

 
Figure 1: Immune response and oxidative stress exposed 
to NPs at different salinity levels. (a) IL-12; (b) MDA; (c) 
IFN γ; (d) TNF-α levels in fish exposed to various NP 
concentrations: 0 ppt (control), 0 ppt + NP, 2.5 ppt + NP, 
5 ppt + NP, 10 ppt + NP, and 15 ppt + NP. All of the data 
were displayed by mean ±SD. Different letters indicate 
statistically significant differences (p<0.05).

As shown in Figure 1, this study extended these findings to 
NPs, demonstrating a strong interaction between salinity 
and NP exposure on immune and oxidative stress respons-
es in tilapia. The results showed that cytokine IL-12 levels 
in the spleen significantly increased with salinity, reaching 
a peak at 15 ppt (p < 0.05), indicating enhanced immune 
activation. This supported the hypothesis that salinity in-
fluences NP bioavailability, potentially amplifying their in-
teraction with immune cells. In contrast, MDA levels, an 
indicator of oxidative stress, decreased in 2.5 – 10 ppt, but 
exhibited an upward trend at 15 ppt, although the increase 
was not statistically significant (p > 0.05). This suggested 
that oxidative stress may have escalated at elevated salin-
ities, possibly due to increased NP accumulation or pro-
longed exposure effects. 

Tumor necrosis factor-alpha (TNF-α), a pro-inflammato-
ry cytokine, exhibited significantly elevated levels in fish 
exposed to salinities of 2.5, 5, 10, and 15 compared to the 
control group at 0 ppt (p < 0.05). The highest TNF-α levels 
were recorded at 2.5 ppt and 15 ppt, indicating that salinity 

played a critical role in modulating inflammatory respons-
es to NP exposure. Similarly, interferon-gamma (IFN-γ) 
levels were significantly higher at 15 ppt (p < 0.05), high-
lighting the strongest immune response at this salinity 
level (Figure 1). These findings collectively suggested that 
salinity not only influenced the accumulation and distribu-
tion of MPs and NPs but also exacerbated their toxic ef-
fects by modulating immune and oxidative stress pathways. 
The significant increases in IL-12, TNF-α, and IFN-γ at 
higher salinities underscored the synergistic effect of salin-
ity and NPs in activating inflammatory responses.

NPs and MPs enter fish predominantly via ingestion, 
passing into the intestines and subsequently entering the 
circulatory system. Additionally, NPs suspended in the wa-
ter column can be absorbed during respiration, allowing 
them to enter the bloodstream. Once in circulation, NPs 
can accumulate in various organs, causing tissue damage. 
The spleen, a vital lymphatic organ connected to the cir-
culatory system, is particularly susceptible to NP exposure. 
It houses lymphocytes, macrophages, and dendritic cells, 
which are essential for mounting immune responses (Zap-
ata, 2024). This study investigates how NPs influence the 
immune response in fish.

Pro-inflammatory cytokines such as IL-12, TNF-α, and 
IFN-γ are widely recognized as reliable markers for assess-
ing immune activation, playing key roles in maintaining 
immune homeostasis. Malondialdehyde (MDA) serves as 
a biomarker for oxidative stress, reflecting lipid peroxida-
tion and cellular damage when elevated. Previous research 
has established that NP exposure can significantly elevate 
TNF-α and MDA levels in zebrafish intestines (Yu et al., 
2022). Furthermore, NPs ingested via the food chain have 
been shown to upregulate inflammatory-related genes, in-
cluding, including IL6 (interleukin 6), IL8 (interleukin 8), 
IL1b (interleukin 1b), and TNF-α (Li et al., 2024). Poly-
styrene NPs have been documented to cross phospholipid 
membranes via endocytosis, enhancing cellular cytolytic 
activity (Liu et al., 2021; Yang and Wang, 2023). However, 
other findings revealed that while NPs induced histologi-
cal changes in tilapia testes, they did not significantly affect 
TNF-α or IFN-γ levels in the blood (Hayati et al., 2024). 

In this study, statistical analysis using a T-test demon-
strated that NP exposure significantly increased IL-12 
(P < 0.05) and IFN-γ (P < 0.05) levels in the spleen of 
NP-fed fish compared to the control group, indicating a 
pronounced immune activation in response to NP expo-
sure (Figure 2). TNF-α levels showed a decreasing trend in 
NP-exposed fish; however, this change was not statistically 
significant (P > 0.05). Similarly, MDA levels displayed an 
upward trend in NP-exposed fish but did not reach statis-
tical significance (p > 0.05), suggesting a potential increase 
in oxidative stress at the cellular level (Figure 2). These 
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findings highlighted the immunomodulatory effects of NP 
exposure, particularly the significant upregulation of IL-12 
and IFN-γ, which were critical for initiating and maintain-
ing immune defenses. 

Figure 2: Cytokine concentrations (IL-12, IFN-γ, 
TNF-α) and MDA levels in the spleen of fish exposed to 
(NP) (Orange bars) compared to non-exposed fish (blue 
bars). a) IL-12, b) MDA, c) IF-γ, d) TNF-α. All of the 
data were displayed by mean ±SD (α= 0.05). Different 
letters indicate statistically significant differences (p<0.05).

Figure 3: Histological analysis of tilapia testis after 25 
days of exposure to NPs. Panel A: control (0 ppt without 
NPs); Panel B: 0 ppt + NPs; Panel C: 2.5 ppt + NPs; Panel 
D: 5 ppt + NPs; Panel E: 10 ppt + NPs; Panel F: 15 ppt 
+ NPs. SPG: Spermatogonia; SPTC: Spermatocytes; 
SPTD: Spermatids; C: Cyst Sections. All samples were 
stained with hematoxylin and eosin and observed at 400x 
magnification.

Histopathological Effects of NPs on the 
Testis and Liver at Different Salinity Levels
The histopathological analysis of testis tissues, as shown in 
Figure 3, revealed distinct structural changes across differ-
ent treatment groups, including the control without NPs, 
the control with NPs, and NP exposure at salinity levels 
of 2.5 ppt, 5 ppt, 10 ppt, and 15 ppt. In the control group 
without NPs, the testis tissue remained structurally intact, 
with uniform cell distribution and no visible signs of dam-
age or inflammation. In contrast, the control group exposed 
to NPs exhibited minor structural changes, indicating the 
initial effects of NP exposure, although these changes 
were minimal. As salinity increased, the severity of his-
topathological changes became more evident. At 2.5 ppt, 
mild structural disruptions and early signs of inflammation 
appeared, suggesting the initial effects of NP and salinity 
exposure. By 5 ppt, tissue damage was more pronounced, 
with increased inflammatory cell infiltration and structural 
modifications. At 10 ppt, the extent of tissue deterioration 
intensified, characterized by structural disintegration and 
moderate to severe inflammation. At 15 ppt, the highest 
salinity level, testis tissues exhibited severe damage, includ-
ing widespread inflammation, extensive structural break-
down, and early signs of necrosis. These findings demon-
strated a clear relationship between increasing salinity and 
the severity of NP-induced tissue damage. The progressive 
rise in inflammation and structural degradation suggested 
a compounding effect of NP toxicity under higher salinity 
conditions.

Figure 4: The number of spermatogenic and cysts after NPs 
exposure. (a) Spermatogonium (SPG) (b) Spermatocytes 
(SPTC) (c) Spermatids (SPTD) (d) Cyst Count. All of 
the data were displayed by mean ±SD (α= 0.05). Different 
letters indicate statistically significant differences (p<0.05).

Figure 4 illustrated the adverse effects of NP exposure at 
varying salinity levels on the spermatogenesis process in 
tilapia. The results showed a progressive decline in sper-
matogonia, spermatocytes, and cysts as salinity increased, 
suggesting that higher salinity exacerbated NP-induced 
toxicity in the gonads. This decline indicated impaired ear-



      Journal of Animal Health and Production

June 2025 | Volume 13 | Issue 2 | Page 240

ly-stage germ cell development, which is crucial for nor-
mal reproductive function. Spermatogenesis is a tightly 
regulated process involving the sequential development of 
spermatogonia (early-stage germ cells), spermatocytes (in-
termediate-stage cells undergoing meiotic division), and 
spermatids (late-stage cells that mature into spermatozoa). 
In control fish, a balanced distribution of these cells was 
observed, ensuring continuous sperm production. Howev-
er, exposure to NPs disrupted this balance. At increasing 
salinity levels, the number of spermatogonia and spermat-
ocytes significantly decreased, indicating a reduction in 
new cell formation. This suggested that NP exposure in-
terfered with the proliferation and differentiation of early 
germ cells, possibly through oxidative stress, inflammatory 
responses, or hormonal disruptions (Zhou et al., 2023). 
Interestingly, despite the decline in early-stage germ cells, 
spermatid numbers increased in groups exposed to higher 
salinity. This accumulation likely resulted from a reduced 
capacity of the gonads to generate new spermatogonia 
and spermatocytes, leading to a bottleneck effect in which 
spermatids were not replenished at the same rate as they 
would be under normal conditions. Since spermatids rep-
resent the final stage before sperm maturation (Wang et al., 
2023), their increased presence without a corresponding 
influx of earlier-stage cells suggested an interruption in the 
spermatogenic cycle, potentially reducing overall sperm 
production and fertility. These findings provided strong 
evidence that NP exposure, in combination with elevated 
salinity, disrupted normal reproductive processes in tilapia 
by impairing spermatogenesis at multiple stages.

Figure 5: Diameter of seminiferous tubules (a) and cysts 
(b) after NPs exposure. All of the data were displayed by 
mean ± SD (α = 0.05). Different letters indicate statistically 
significant differences (p<0.0001).

As shown in Figure 5, seminiferous tubule diameter de-
creased in fish exposed to NPs, with further reduction ob-
served as salinity levels increased. This suggests that NP 
exposure under higher salinity conditions led to testicular 
atrophy, likely due to disrupted spermatogenesis and cellu-
lar damage. A reduction in seminiferous tubule diameter 
is often linked to lower sperm production and impaired 
testicular function (Asmat et al., 2024; Hayati et al., 2024), 
highlighting the negative impact of environmental stressors 
on reproductive health. In contrast, cyst diameter showed 
a different response to salinity. In fish exposed to NPs at 0 
ppt salinity, cyst diameter decreased, suggesting impaired 

germ cell development and reduced spermatogenic activity 
(Wang et al., 2023; Asmat et al., 2024). However, as salinity 
increased, cyst diameter progressively expanded. This pat-
tern may indicate a compensatory response, where the go-
nads attempt to adapt to environmental stress by modify-
ing cyst structure (Lin et al., 2023). These findings suggest 
that NP exposure, particularly under increasing salinity, 
negatively affects spermatogenesis by reducing seminifer-
ous tubule diameter and altering cyst structure. The com-
bination of NP toxicity and elevated salinity contributes to 
reproductive dysfunction.

Figure 6: Histology of tilapia liver after exposure to NPs 
for 25 days. A= control (0 ppt without NPs); B= 0 ppt + 
NPs; C= 2.5 ppt + NPs; D = 5 ppt + NPs; E = 10 ppt + 
NPs; F = 15 ppt + NPs. CV: central vein; V: cytoplasmic 
vacuolation and CG: congestion. Sections were stained 
with hematoxylin and eosin and observed at 400x 
magnification.

The histopathological analysis of liver tissues, as presented 
in Figure 6, demonstrated a progressive increase in tissue 
damage in tilapia exposed to NPs, with severity escalating 
in response to rising salinity levels. At 2.5 ppt, liver damage 
was more pronounced than at 0 ppt, suggesting that even 
a slight increase in salinity heightened hepatocyte conges-
tion and vacuolar degeneration (Hamed et al., 2021; Zhou 
et al., 2022; Che et al., 2024). This trend indicates that sa-
linity may act as a physiological stressor, exacerbating the 
hepatotoxic effects of NPs. At 5 ppt, histopathological al-
terations became more severe, with increased vacuolization 
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and hepatic congestion. This suggests that the combined 
effects of salinity-induced osmotic stress and NP toxici-
ty intensified hepatic dysfunction. By 10 ppt, liver damage 
was more extensive, marked by pronounced hepatocyte 
disintegration and significant vacuolar degeneration. These 
findings imply that as salinity increased, fish experienced 
greater physiological strain, further amplifying NP-in-
duced hepatotoxicity. At 15 ppt, the highest salinity lev-
el tested, liver damage was most severe, characterized by 
widespread hepatocyte necrosis, severe congestion, and ex-
tensive vacuolar degeneration. These findings suggest that 
at high salinity, NP exposure leads to compounded hepatic 
impairment, potentially overwhelming the liver’s capaci-
ty for detoxification and repair (Li et al., 2021; Che et al., 
2024; Sun et al., 2024). Overall, the results of this study 
indicate a clear correlation between increasing salinity and 
the severity of NP-induced hepatic damage. The findings 
suggest that environmental stressors, such as salinity fluc-
tuations, may enhance the toxicological effects of NPs, 
leading to greater physiological burden and organ dys-
function in aquatic organisms. These results highlight the 
importance of considering multiple environmental factors 
when assessing pollutant toxicity in aquatic ecosystems.

CONCLUSIONS AND 
RECOMMENDATIONS

Exposure to NPs in tilapia resulted in alterations in pro-in-
flamatory cytokines (IL-12, TNF-α and IFN-γ), and ox-
idative stress markers (MDA) in the spleen. At the same 
salinity, NP exposure led to increased MDA, IL-12, and 
IFN-γ levels, while TNF-α exhibited a slight decrease 
compared to the control group. The study also revealed 
variations in NP-induced cytokine responses across differ-
ent salinity levels. At higher salinity, NP exposure led to 
an upregulation of IL-12, IFN-γ, and TNF-α, indicating 
that salinity may modulate the inflammatory response to 
NP toxicity. Furthermore, NP exposure had distinct effects 
on different organs, with both the liver and testis exhib-
iting variable responses at increasing salinity levels. These 
findings suggest that the combined influence of NPs and 
salinity plays a critical role in determining immune and 
physiological responses in tilapia, highlighting the need for 
further research on the interaction between environmental 
stressors and NP toxicity in aquatic organisms
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