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Abstract

This study comprehensively evaluated the dose- and time-dependent effects of di-(2-ethylhexyl)
phthalate (DEHP), a widely used environmental contaminant, on the spleen of Sparidentex hasta
over a 14-day exposure period. Fish were exposedito five coneentrations of DEHP (0, 5, 10, 50,
and 100 pg/g), and splenic responses were assessed through quantitative morphometric indices,
including spleen weight (SW), Spleen Somatic Index (SS1), and Spleen-to-Length Ratio (SLR), as
well as qualitative histopathological analysis. Statistical comparisons were performed using SPSS
26, and graphical representations were generated in Excel. Results demonstrated significant dose-
and time-related increases in SW (0,20 g in controls vs.,0.27 g at 100 pg/g, p < 0.05), SSI (0.089%
vs. 0.276%, p < 0.05), andSLR (0.563% 41s. 1.698%, p < 0.05). Histopathological examinations
revealed progressive structural ‘alterations with increasing DEHP concentrations, including
sinusoidal congestion/lymphocytic hyperplasia, melanomacrophage center (MMC) accumulation,
and focal‘necrosis. Lower deses. induced mild adaptive responses, whereas higher exposures
resulted in pronounced tissue disorganization and immune activation. Strong correlations between
morphometric indices and microscopic lesions suggested that splenic enlargement reflects both
oxidative stress, and immunotoxic effects. These findings underscore the sensitivity of the spleen
as a reliable biomarker for detecting sub-lethal immunotoxicity in fish exposed to environmental
pollutants. Overall, this study highlights the importance of integrating quantitative indices with
histopathological evaluation to assess the ecotoxicological impacts of DEHP, providing valuable
insights for environmental monitoring, fish health management, and aquaculture sustainability. The
results further emphasize the potential ecological and economic consequences of DEHP
contamination in aquatic ecosystems.
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1. Introduction

Phthalate esters, particularly di-(2-ethylhexyl) phthalate (DEHP), are widely used
plasticizers in polymer industries. Due to their weak chemical binding to polymer matrices,
DEHP can readily leach into aquatic environments, accumulating in sediments, water, and
aquatic organisms [1]. Industrial effluents, urban wastewater, and oil-related activities further
increase the concentration of these contaminants in coastal waters, making the semi-enclosed
Persian Gulf particularly vulnerable to pollution [2].

Global studies have demonstrated that DEHP exerts multiple adverse effects on aquatic
organisms, including endocrine disruption, oxidative stress, genotoxieity, and immunotoxicity
[3,4].

The spleen, as a primary immune organ in fish, plays a central role in hematopoiesis and
immune defense. Histopathological alterations, including »lymphocyte depletion, sinus
congestion, and changes in melanomacrophage centers (MMCs), Serve as sensitive biomarkers
of environmental stress and contaminant exposure. International studies have reported spleen
alterations, MMC accumulation, and lymphoeytereductionin-fish exposed to DEHP and similar
pollutants [5,6].

The fish species Sparidentex hasta,widely distributed in the Persian Gulf and southern
Iranian coasts, is of significant«€conomic and ecological importance. As a carnivorous species
prone to bioaccumulation of pollutants and dependent on shallow coastal habitats, it represents
a sensitive model for eyaluating.environmental contamination. Recent studies have shown that
S. hasta exhibits tissue alterations when exposed to petroleum hydrocarbons and heavy metals
[7].

Despite global evidence of DEHP toxicity, no studies have investigated its
histopatholegical effects on fish from the Persian Gulf. The present study represents the first
assessment of BEHP-induced spleen alterations in S. hasta. In addition to histopathological
evaluation, key physiological parameters, including body weight, total length, and spleen
indices (SSL, SRL), were measured to provide a comprehensive assessment of DEHP effects.

This investigation offers novel insights into the immunotoxicological impacts of
phthalates in fish and provides valuable information for pollution monitoring and sustainable

management of marine resources in the Persian Gulf.
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2. Materials and Methods

2.1. Fish Acquisition and Acclimation

A total of 105 male Sparidentex hasta, averaging 100 £ 8.5 g in weight and 16.3 + 0.2
cm in total length, were obtained from a commercial hatchery in Bandar Imam Khomeini,
Khuzestan Province, Iran. Fish were acclimated for 10 days in 6000-L fiberglass tanks filled
with filtered and UV-sterilized seawater to ensure adaptation to laboratory conditions. During
this period, fish were fed a commercial diet at 3% of their body weight twice daily (morning
and evening). Water quality parameters including temperature, salinity; and pH were monitored

daily, and 30% of the tank water was renewed daily to maintain optimal conditions:

2.2. Physiological and Organ Indices

To evaluate the health status and physiological responses ef‘the fish, organosomatic
indices and condition factors were calculated. Given the focus on the spleen, the splenosomatic
index (SSI) and spleen-to-length ratio (SkR)»were determined in addition to the general
condition factor (CF). Sampling was performed on'Day 17 Day 7, and Day 14.

The condition factor was calculatediaccording to Equation (1), the splenosomatic index
was calculated using Equation«(2), and the spleen-to-length ratio was obtained from Equation

®)

« Condition Factor/(CF) = (Bedyweight / Total length3) x 100 1)
e Splenosomatic Index (SSI) = (Spleen weight / Total weight) x 100 (2)
o Spleen-to-Length Ratio (SLR) = (Spleen weight / Total length) x 100 3)

All.measurements were obtained using a digital scale (+0.01 g) and a measuring board
(0.1 cm). These_ indices allowed tracking of physiological changes induced by DEHP-

associated microplastic exposure.

2.3. Experimental Setup

Following acclimation, fish were randomly assigned to seven experimental groups (15
fish per group). DEHP (Di-(2-ethylhexyl) phthalate, CAS No. 117-81-7, purity 99.7%) was
obtained from Sigma-Aldrich and dissolved in olive oil to prepare stock solutions.

Concentrations were calculated based on mean fish body weight and prepared fresh weekly.
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Four DEHP exposure groups received intraperitoneal injections at 5, 10, 50, and 100
Hg/g body weight. Two control groups were included: a negative control receiving olive oil only
and an untreated sham control. Fish were anesthetized with 2-phenoxyethanol prior to
injections, gently handled with sterile equipment, and returned to their respective tanks
immediately after dosing.

2.4. Spleen Tissue Sampling
Spleen tissues were collected on Days 1, 7 and 14 post-exposures. Fish were

anesthetized, and a midline incision was made to carefully excise the spleen. Tissues were
immediately fixed in 10% neutral-buffered formalin for subsequent histological analysis [5,
7,8].

2.5. Histological Procedures
Excised spleens were processed using an automated tissue processorfor.dehydration,

clearing, and paraffin embedding. Paraffin blocks were sectioned at:c pum thickness with a rotary
microtome, mounted on glass slides, and stained with hematoxylin and eosin (H&E) following

standard protocols:

1. Two xylene baths (20 min each) for clearing.

2. Descending ethanol series (200%, 90%, 80%, 70%) for rehydration.
3. Hematoxylin staining for 10 min, followed by eosin for 20 min.

4, Ascending ethanal series for, dehydration and final clearing in xylene.

For each fish, three non-overlapping sections were prepared and examined under a light
microscope. Five randomly selected microscopic fields per section were evaluated for
histopathologicalscoring to.ensure accurate representation of splenic alterations. These procedures

ensuredptimal preservation and visualization of spleen histoarchitecture [9].

2.6."Mlieroscopy and Histopathological Assessment
Slides. were examined under a light microscope at multiple magnifications.
Representative images were captured to document histopathological changes such as
lymphocyte depletion, congestion, hemorrhage, and increased melano-macrophage centers. All

analyses were performed in accordance with standard aquatic histology protocols.



131
132
133
134
135
136
137
138
139
140
141
142
143
144

145

146
147
148
149
150
151
152
153
154

155

156
157

2.7. Statistical methods

All data are presented as mean * standard deviation (SD). The normality of datasets was
examined using the Shapiro—Wilk test, confirming that physiological indices were approximately
normally distributed. Two-way analysis of variance (ANOVA) was employed to evaluate the
effects of DEHP dose (5, 10, 50, and 100 pg/g) and exposure duration (Day /»and Day 14) as
independent factors, as well as their interaction (Dose x Time). When significant'main effects or
interactions were detected, Tukey’s post hoc test was applied to identify. pairwise differences
among treatment groups and between sampling days within the samefdaose.

For parameters measured only once (e.g., baseline values before exposure), one-way
ANOVA followed by Tukey’s post hoc test was used. Differences were considered statistically
significant at P < 0.05. All statistical analyses were performed using SPSS software (version 26.0),

and the graphs were prepared in Microsoft Excel (Microseft Office 365).

3. Results

3.1. DEHP-Induced Modificationsin Fish Spleen Indices and General Health

On day 1, prior to DEHP gxposure, the general condition and health status of the fish were
evaluated using spleen indices/and the condition factor (CF). The spleen somatic index (SSI),
representing the relative spleen weight:to total body weight, was 0.10 + 0.005. The spleen-to-body
length ratio (SkR), calculated as spleen weight divided by total body length, was 0.613 + 0.031.
The condition factor (CF), indicative of overall health and nutritional status, was 2.31 £ 0.12. These
baseline values were used to assess subsequent changes in spleen indices on days 7 and 14 (Table
1).

Table 1. Spleen indices and general health parameters of fish at day 1.

Index Mean + SD Formula Description

(CF) 231%0.12 CF = (Total weight / Total length3) x Indicator of general health and
100 nutritional status

(SSl)  0.10+0.005 SSI = (Spleen weight / Total body Indicates relative spleen size
weight) x 100 compared to body weight

(SLR) 0.613+0.031 SLR = (Spleen weight / Total body Reflects spleen size relative to body
length) length

Note:Values are presented as mean + SD. CF = Condition Factor, SSI = Spleen Somatic Index, SLR = Spleen-to-
Length Ratio
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Exposure of S. hasta to increasing concentrations of DEHP (5, 10, 50, and 100 pg/g) led to
a notable rise in spleen weight (SW) compared to both control and negative control (oil solvent,
SC) groups. As illustrated in Figure 1, this enhancement was observed as early as day 7 and
persisted through day 14. The magnitude of the effect was concentration-dependent, with the
heaviest spleens recorded in fish exposed to 100 pg/g DEHP. Additionally, SW values were higher
on day 14 than on day 7 at all tested concentrations, indicating a cumulative and time-dependent
impact of DEHP on spleen mass.

Day 7 mDay 14
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Figure 1. Spleen weight (SW).of S. hasta following exposure to DEHP at 5, 10, 50, and 100 pg/g, along
with control and negative control groups (oil solvent, SC), for 7 and 14 days. Data are presented as mean + SEM (n =
15). * Indicates asignificant difference compared to the control and negative control groups (p < 0.05), and a
indicates a significant difference between day 7 and day 14 (p < 0.05).

The spleen somatic index (SSI) in S. hasta indicated that exposure to varying concentrations
of DEHP indueed significant alterations in this parameter. As shown in Figure 2, on day 7, SSI
values in the 10, 507 and 100 pg/g DEHP treatments were significantly higher compared to the
control and negative control groups. The increase was concentration-dependent, with the highest
value observed in the 100 pg/g DEHP treatment. By day 14, the concentration-dependent trend
persisted, and SSI values in all DEHP-exposed groups remained significantly elevated relative to
the control and negative control. The more pronounced increase in SSI on day 14, particularly at

higher concentrations, suggests a cumulative and time-dependent effect of DEHP on spleen tissue.
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Figure 2. Spleen somatic index (SSI) of S. hasta following exposure to DEHP at 5, 10, 50, and 100 ug/g,

along with control and negative control groups (oil solvent, SC), for 7)and 14 days. Data are presented as mean +

SEM (n = 15). * Indicates a significant difference compared to the control and negative control groups (p < 0.05),
and a indicates a significant difference between day 7 and day 14 (p < 0.05).

The spleen-to-total body length ratio (SLR) of S. hasta exhibited a pronounced and
progressive increase following exposure to DEHP at 5, 10, 50, and 100 pg/g. As illustrated in Figure
3, all DEHP-treated groups showed elevated SLR valuessas early as day 7, which further intensified by
day 14, indicating a clear time-dependent effect. The magnitude of change was dose-dependent, with
the highest SLR observed in fish exposed to 100 pg/g DEHP. These results suggest that DEHP not only
increases spleen mass_but also ‘alters its proportional relationship to body length, reflecting

cumulative physielogical and potentially immunotoxic effects over the exposure period.
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Figure 3. Spleen-to-body length ratio (SLR) of S. hasta followingexposure to DEHP at 5, 10, 50, and 100

Kg/g, along with control and negative control groups (oil solvent, S@), at days7 and 14. Data are presented as mean

+ SEM (n = 15). * Indicates a significant difference compared to,the control and negative control groups (p < 0.05),
and a indicates a significant difference between day 7 and day 14 (p < 0.05).

3.2. Comparative Results (Day 1 — Day 7.— Day 14)

The heatmap illustrates semi-quantitative changes in spleen indices, including spleen
weight (SW), spleen somatic index (SSI), and spleen<to-body length ratio (SLR), from day 1 to
days 7 and 14 in control and DEHP-exposed groups. Scores range from 0 to 3, where 0 indicates
no change, 1 represents minor changes, 2 corresponds to moderate changes, and 3 indicates strong
changes relative to baseline. In the control group, all indices remained stable (score 0), while the
Oil Control.group, exhibited only minor increases (score 1). In contrast, DEHP-treated groups
showed<clear dose- and time-dependent elevations: low concentrations (5 and 10 pg/g) reached
moderate scores/(1-2), and higher concentrations (50 and 100 pg/g) reached strong scores (3) by
day 14. The heatmap provides a clear visual representation of the progressive splenic responses
across groups and time points, highlighting both the magnitude and temporal pattern of DEHP-
induced changes (Table 2).
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Table 2. Semi-quantitative (0-3) changes in spleen indices (SW, SSI, SLR) from day 1 to days 7 and 14 in
control and DEHP-exposed groups

SW SwW SwW SSI SSI SSI SLR SLR SLR
Day 1 Day7 | Day14 | Day1l Day7 | Day14 | Day1l Day 7 Day 14

Control
Oil
Control
5 ug/g
10 ug/g
50 pg/g
100 pg/g
SW = spleen weight; SSI = spleen somatic index (%); SLR = spleen-to-body length
Scores: 0 = no change, 1 = minor change, 2 = moderate change, 3 = strong chang
Heatmap colors correspond to the scores: 0 = green, 1 = yellow, 2 = orange

3.3. Histopathological Analysis of the Spleen on Day 7: D ffects of DEHP

Histological examination of the splee day seven revealed well-preserved

architecture in the control groups (Figures 4-A an . In these groups, the parenchyma
exhibited normal organization with evenly, d uniformly basophilic nuclei. No
signs of necrosis, degeneration, conge ormal melanomacrophage centers (MMCs)

were observed, confirming that could serve as a baseline reference for

Exposure to 5 ig nduced mild histopathological alterations,
including congestio usoids with partial loss of normal architecture, slight

%), scattered necrotic or degenerative regions (o), and basophilic

Sinusoidal spaces were more evident (©), and MMCs were scattered throughout the parenchyma

(=), reflecting early immune activation and oxidative stress. Lymphocyte presence remained
mild (%), and there was no evidence of widespread necrosis or acute inflammation, indicating

a controlled early stress response.
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In the 50 pg/g DEHP group (Figure 4-E), moderate histopathological changes were
observed. Basophilic nuclei were more prominent, MMCs exhibited greater pigment
accumulation (<), and lymphocytic hyperplasia was pronounced (%), reflecting both cellular
stress and activation of the immune system.

The 100 pg/g DEHP group (Figure 4-F) showed marked histopathological alterations.
The splenic architecture exhibited extensive congestion, abundant MMCs and immune cell

dependent pattern, ranging from mild changes at

alterations at higher doses, highlighting the immu
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256 Figures 4-A to 4-F: Comp > histopa en tissue in control and DEHP-treated groups on
257 day 7. Figure 4-A, 4-B (Con : a ecture with evenly distributed cells and basophilic
258 nuclei; no necrosis, degene i abnormal MMCs observed. Figure 4-C (5 pg/g DEHP): slight
259 lymphocytic hyperplasia ( attered necrotic areas (o), basophilic nuclei (—), and increased MMCs with pigment
260 deposition dicatin immune activation. Figure 4-D (10 pg/g DEHP): scattered necrotic areas (o),
261 cytic hyperplasia (%), reflecting controlled early immune response. Figure 4-E
262 / : ns, with prominent basophilic nuclei (—), higher pigment accumulation in
263 +), and more proneunced lymphocytic hyperplasia (). Figure 4-F (100 pg/g DEHP): Severe

264 hological changes, including extensive congestion, abundant MMCs (:+), lymphocyte aggregation (%),
265 necrotic area and marked inflammatory cell infiltration around vessels (m), indicating strong dose-dependent
266 immune activation and cellular stress. Scale bar: x400

267 summarizes the dose-dependent histopathological changes in the spleen on day
268 7. Increasing DEHP concentrations progressively disrupted splenic architecture, enhanced
269 lymphocytic activity, and promoted melanomacrophage center (MMC) formation, whereas
270 control groups maintained normal histology. This overview highlights the graded cytotoxic and
271 immunomodulatory effects of DEHP exposure.

272
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Table 3. Dose-dependent histopathological alterations in the spleen of Sparidentex hasta on day 7 following

DEHP exposure

Alterations / Groups Control 5 ug/g 10 ua/g 50 ug/g 100 pg/g
Lymphocytic hyperplasia 0 1 1 2 3
Necrosis 0 1 1 2 3
MMC and pigment deposition 0 1 1 2 3
Basophilic nuclei 0 1 1 2 3
Congestion 0 0 0 1 3
Perivascular inflammatory 0 0 0 0 3
infiltration

Histopathological alterations were graded using a semi-quantitative scoring system as follows:/0 =absent; 1 = mild;
2 = moderate; 3 = severe lesion.

3.4. Histopathological Analysis of the Spleen on Day 14: Dose-Dependent Effects of DEHP

On day 14, histological analysis of the spleen in the control groups (Figures 5-A and 5-
B) revealed well-preserved architecture, with no significant pathological changes. The tissue
exhibited normal parenchymal organization, with evenly distributed cells and uniformly
basophilic nuclei. No signs of necrosis, degeneration, or congestion were observed, and
melanomacrophage centers (MMCs) appeared normal. These findings confirm that the control
tissues remained stable throughout the study, serving as & reliable baseline reference.

In the 5 pg/g DEHP group” (Figure 5-C), mild histopathological alterations were
observed, slightly more pronounced compared to day 7. Congestion and dilation of sinusoids
were more evident, and lymphocytic /hyperplasia was slightly increased (%), indicating
enhanced immune cell activity. Seattered areas of degeneration and necrosis were noted (©),
and cells.with basophilic nuclei were more prominent (—), reflecting cellular stress.
Additionally, " there was_an~increase in MMCs with pigment accumulation (melanin,
hemesiderin, dipofuscin; ¥) throughout the parenchyma, suggesting further immune activation
and oxidative stress.

At 10 pg/g DEHP (Figure 5-D), the histopathological alterations became more evident.
Sinusoids appeared more dilated (o), and MMCs with pigment deposition (::) were more
abundant across the parenchyma. Lymphocytic hyperplasia remained marked (%), and
basophilic nuclei were more frequent (—), indicating heightened cellular stress. These findings
reflect a stronger immune activation and a controlled response to DEHP-induced stress.

In the 50 pug/g DEHP group (Figure 5-E), more significant changes were detected. The

presence of basophilic nuclei was notably increased (—), lymphocytic hyperplasia was
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degenerative areas (0) were also present, pointing to the growing severity of splenic cellular and
immune responses to DEHP exposure.

The 100 pg/g DEHP group (Figure 5-F) exhibited the most severe histopathological
alterations. Extensive congestion was evident, along with abundant MMCs (:r) and marked
lymphocytic aggregation (%). Mild to moderate necrotic regions (o) were observed,

accompanied by inflammatory cell infiltration around blood vessels and el ids (m). These
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313 day 14. Figure 5-A, 5-B (Control group): Normal splenic architecture wi

314 nuclei; no necrosis, degeneration, congestion, or abnormal MMCs obs

315 alterations including congestion, slight lymphocytic hyperplasia (% i as (o), basophilic nuclei

316 (—), and increased MMCs with pigment deposition (melanin, hem in, li iny*>), indicating early immune

317 activation and cellular stress. Figure 5-D (10 pg/g DEHP): Mor i i aces (o), scattered MMCs (=),

318 mild to moderate lymphocytic hyperplasia (), and more fr sophilic nlclei (=), reflecting heightened

319 immune activation and cellular stress. Figure 5-E (50 pg/g EHP) rate alterations with prominent basophilic

320 nuclei (—), pronounced lymphocytic hyperplasia (% i igment accumulation (=), and scattered

321 necrotic/degenerative areas (o), |nd|cat|ng increasec ; r response. Figure 5-F (100 pg/g DEHP):

322 ing e i stion, abundant MMCs (:), marked lymphocyte

323 e i atory cell infiltration (m), reflecting strong dose-

324 i Cti d

325 izes t ‘ pathological changes in the spleen on day

326

327 i , and enhanced MMC formation. Necrosis and degeneration were more

328

329

330

331 se-dependent histopathological alterations in the spleen of Sparidentex hasta on day 14

332 following DEHP
Alterations / Groups Control 5 ug/g 10 po/g 50 pg/g 100 pg/g
Lymphocytic hyperplasia 0 1 2 2 3
Necrosis 0 1 1 2 3
MMC and pigment deposition 0 1 2 2 3
Basophilic nuclei 0 1 2 2 3
Congestion 0 1 2 2 3
Perivascular inflammatory 0 0 1 2 3

infiltration




333
334

335
336

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

Histopathological alterations were graded using a semi-quantitative scoring system as follows: 0 = absent; 1 = mild;
2 = moderate; 3 = severe lesion.

4. Discussion

The spleen, a central immune organ, has been extensively investigated across various
species, including fish, due to its essential role in immune regulation. Histological alterations in
the spleen have recently been recognized as reliable biomarkers for assessing stress in fish,
particularly stress induced by suboptimal water quality. [10].

This study provides a comprehensive evaluation of DEHP-induced effects on
Sparidentex hasta by integrating quantitative spleen indices (SW, SSI, SLR) and qualitative
histopathological changes over a 14-day exposure period. Baseline .measurements at day 1
indicated a physiologically uniform and healthy population (CF = 2.31 + 0.12; SSI = 0.10 £
0.005%; SLR =0.613 £ 0.031%), establishing a robust reference for-assessing chemical-induced
alterations.

By day 7, spleen indices exhibited clear dose-dependentiincreases, with SW rising from
0.10 £ 0.007 g in controls to 0.23 £ 0.018 g at 100 pg/g, SSI from 0.098 + 0.006% to 0.228 *
0.018%, and SLR from 0.625 + 0.03% to 1.45 + 0.08%.\Histopathological changes included
mild to moderate sinusoidal congestion, limited lymphocytic hyperplasia, slight necrosis, and
scattered melanomacrophage center (MMC) pigment deposition. Higher concentrations (50—
100 pg/g) induced severe congestionyextensivedymphocytic hyperplasia, pronounced pigment
accumulation, and disorganization of red and white-pulp, with inflammatory infiltration and
necrotic foci observed at'the highest dose.

By day 14, sghese alterations intensified further, demonstrating both time- and dose-
dependent progression."SW, SSI, and SLR reached 0.27 + 0.014 g, 0.276 £+ 0.014%, and 1.698
+ 0:09%, respectively. Correlation analysis revealed a strong positive association between SLR
and lymphecytic hyperplasia (p<0.05), underscoring the value of integrating quantitative and
qualitative'measures for ecotoxicological assessment.

Recent studies have demonstrated that structural alterations in fish spleen tissues, such
as lymphocytic hyperplasia and melanomacrophage center (MMC) accumulation, are indicative
of complex immunotoxic and oxidative stress pathways. These changes suggest activation of
immune responses and xenobiotic detoxification processes, with MMCs acting as pigment-
containing phagocytic aggregates responsible for the sequestration of harmful substances. For

instance, a study on Nile tilapia observed that MMC hyperplasia and pigment deposits were
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among the most frequently detected alterations in spleen tissues, correlating with environmental
pollution levels [8, 10,11]. Comparable immunotoxic and histopathological effects have also
been documented in other Persian Gulf species. For instance, increased melanomacrophage
aggregation, hemorrhage, and erythrocyte degeneration in the spleen and head kidney of
Acanthopagrus latus and Euryglossa orientalis collected from polluted stations in Musa Creek,
Persian Gulf, have been reported [12]. Similarly, exposure of A. latus to phenanthrene induced
MMC proliferation and tissue damage, consistent with the present findings [13]¢These regional
observations reinforce the ecological relevance of DEHP-induced splenic alterations.in S.hasta,
suggesting that similar immunotoxic mechanisms operate across Persian Gulf teleosts.

Sinusoidal congestion in the spleen likely represents compensatory increases in blood
flow and hematopoietic activity in response to chemical stress. MMC, pigment deposition—
including melanin, hemosiderin, and lipofuscin—serves as a critical defense against oxidative
stress by neutralizing reactive oxygen species (ROS) and sequestering oxidized biomolecules.
For example, oxidative stress in stressed fish was confirmed by the elevation of MMC numbers
in the spleen, with these structures accumulating. pigmentsssuch as lipofuscin, melanin, and
hemosiderin [6].

Melanin is produced under elevated oxidative pressure, hemosiderin functions as an
iron-storage product following“hemolysis, ‘and lipofuscin reflects accumulation of oxidized
proteins and lipids due to impaired clearance. A reeent study highlighted that oxidative stress
biomarkers, including those associated' with MMCs, are crucial for assessing sub-lethal impacts
of environmental pollutants in aquatic organisms [6, 12].

Mechanistically, the,observed increase in MMC density in response to DEHP exposure
may be closely linked tothe activation of oxidative and inflammatory signaling pathways.
Elevated ROS levels can trigger the nuclear translocation of NF-kB, promoting the transcription
of pro-inflammatery cytokines such as TNF-a and IL-1B, which in turn stimulate MMC
proliferation and pigment accumulation as part of an adaptive immune response. Additionally,
ROS-mediated damage to erythrocytes and other cellular components likely enhances
hemosiderin deposition within MMCs, while lipofuscin accumulation reflects impaired
autophagic clearance of oxidized biomolecules [14,15]. This integrated response suggests that

MMCs function not only as passive pigment reservoirs but also as active modulators of oxidative
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stress and inflammatory signaling, linking cellular-level damage to organ-level
immunomodulatory adaptations in fish exposed to chemical stressors like DEHP [16].

At higher concentrations of environmental contaminants, necrosis and inflammatory
infiltration indicate oxidative injury alongside sustained immunological activation. These
observations position MMC abundance and composition as reliable biomarkers of
environmental stress and contaminant exposure in fish [17,18].

The progression of splenic alterations over time highlights the dymamic interplay
between structural damage and adaptive responses. Increases in spleen mass and MMC density
reflect compensatory hypertrophy and enhanced immune surveillance, '\whereas  persistent
oxidative stress and inflammatory responses signal the threshold beyond which protective
mechanisms are insufficient [19,20]. These results are consistent with, findings in other fish
species exposed to DEHP, where similar patterns of splenic/hypertrophy, pigment accumulation,
and lymphocyte proliferation were observed [21]

From both ecological and veterinary perspectives, DEHP-induced splenic alterations
represent a dual concern. Ecologically, suchdmpairments may compromise immune efficiency
in wild populations, thereby increasing susceptibility to/pathogens and disrupting population
stability [22,23]. In aquaculture systems, similar immunotoxic effects could predispose cultured
fish to bacterial and viral infegtions, heightening the risk of disease outbreaks and economic
losses [24].

Although certain structural.and functional adaptations, such as splenic hypertrophy and
MMC proliferation; may act as temporary protective mechanisms, their persistence ultimately
reflects sustained oxidativesand immunological stress [25]. Considering the commercial value
of‘S. hasta, these findings'underscore the importance of integrating quantitative indices with
qualitative histopathology for ecotoxicological monitoring and highlight the necessity of
controlling “envirenmental contaminants like DEHP to safeguard fish health, aquaculture
sustainability; and consumer food safety. Future studies should further explore the molecular
signaling pathways underlying these splenic responses and evaluate long-term effects to better
predict population-level and industry-level consequences. These findings provide practical
insights for fish health management in aquaculture and highlight the importance of

environmental monitoring to prevent immunotoxic impacts on commercially valuable species.
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This study demonstrates that DEHP exposure induces dose- and time-dependent
alterations in the spleen of Sparidentex hasta, including increases in spleen mass (SW, SSI,
SLR) and histopathological changes such as sinusoidal congestion, lymphocytic hyperplasia,
MMC accumulation, and necrosis at higher doses. These findings confirm the spleen’s
sensitivity as a biomarker of chemical stress in fish. Prolonged exposure exacerbates structural
damage and immune impairment, potentially increasing susceptibility to diseases in cultured
and wild populations. Integrating quantitative indices with qualitative histopathology provides
a robust framework for ecotoxicological monitoring, supporting strategies to safeguard fish
health, aquaculture productivity, and food safety.

Despite providing comprehensive insights into the dose- and time-dependent effects of
DEHP on the spleen of S. hasta, this study has several limitations. First,only short-term
exposure (14 days) was evaluated, leaving long-term and ¢hronic effects unaddressed. Second,
the investigation focused on histopathological and morphometric parameters, while molecular
and biochemical markers—such as oxidative stress enzymes and cytokine expression—were not
assessed. Future studies should examine longerexposure periods, incorporate molecular and
biochemical biomarkers, and explore ,recovery potential after cessation of exposure. Such
approaches would offer a more complete understanding of DEHP toxicity and its ecological

implications.
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