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INTRODUCTION 

  

Fish is a vital source of protein for human health, and due to its low saturated fat, 

high protein, and high omega-3 fatty acid content, fish consumption has rapidly expanded 
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        The contamination of heavy metals (HMLs) causes serious harm to aquatic 

species and can affect human health when consumed. This study determined a 

comprehensive evaluation of metal contamination in S. rivulatus, focusing on 

bioaccumulation behaviour, inter-metal relationships, and associated human health 

risks across different age groups. The Pearson correlation matrix revealed significant 

positive correlations among HMLs in fish organs, notably between Cr–Cd (r = 0.87) 

and Cr–Ba (r = 0.76).  Cluster analysis identified three distinct metal groupings based 

on levels of HMLs in fish: (1) Fe and Al, (2) essential elements (B, Cu, Zn), and (3) 

non-essential or toxic elements (e.g., Cr, Pb, Ba, As, Cd, Ni, Mn), with variable 

distributions indicative of cumulative environmental exposure. Tissue-specific 

clustering showed that liver and gills recorded the highest metal burdens, while 

muscle and intestine exhibited lower bioaccumulation levels. Bioaccumulation 

factor (Bio-AF) and biota-sediment factor (Bio-SF) analyses revealed that muscle 

tissues generally acted as de-concentrators, while gills and liver showed moderate to 

high bioaccumulation, particularly for Cu, Zn, B, and Ni. Target hazard quotient 

(THQ-HMLs) estimated daily intake (EDI-HMLs), and target cancer risk (TCR-

HMLs) were conducted for children, young and adults consumers. All THQ-HMLs 

values across all age groups indicated no significant non-carcinogenic risk. 

However, TCR values for As, Cr, and Ni indicated potential carcinogenic risks in 

children. Histopathological examination revealed degradation of muscle fibres, 

intestinal villi shortening and fusion, liver cell vacuolation and congestion, and 

alterations in the gill epithelium In conclusion, the study underscores tissue-specific 

bioaccumulation patterns and identifies certain metals due to their bioaccumulative 

potential and associated health risks, particularly for vulnerable populations such as 

children. These findings emphasize the necessity of continuous environmental 

monitoring and implementating effective risk management strategies to ensure the 

safety of fish intake. 
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worldwide (Younis et al., 2021; Kourany et al., 2024). It is particularly vulnerable to 

HML pollution because they're an essential part of the aquatic food web. A key worry that 

has a detrimental effect on the associated aquatic organisms, particularly fish, is the 

presence of HMLs in aquatic environments (Shahjahan et al., 2022). Their ability of fish 

to bioaccumulate metals within their tissues makes them effective bioindicators of 

environmental pollution. The bioaccumulation patterns are influenced by factors such as 

species, age, feeding habits, and the physicochemical properties of the surrounding water 

(Elhaddad et al., 2022; Hamada et al., 2024(. Both the water and the sediments of aquatic 

habitats may include HMLs that may affect marine organisms, especially fish (Emon et 

al., 2023). Numerous sources of pollution, such as household sewage, vehicle exhaust, 

wastes discharge, agricultural and fisheries wastewater, metal mining, fertilizer residues, 

and smelting, industrial effluent, etc., impacting the level of HMLs in the water bodies, 

fuel leaks and antifouling coatings (Li et al., 2023; Khedr et al., 2024; Islam et al., 2015). 

According to bodily requirements, metals are classified into two categories; essential (zinc 

(Zn), cupper (Cu), iron (Fe), and selenium (Se)) or non-essential (nickel (Ni), cadmium 

(Cd), lead (Pb), and mercury (Hg)) (Abbas, 2024; El-Kady et al., 2025). These pollutants 

pose serious risks to aquatic organisms due to their persistence in the aquatic environment, 

and, consequently, the health of humans via the food chain (Salaah et al., 2022). Fish 

growth and reproduction are adversely affected by HMLs pollution, which lowers the fish's 

gonadosomatic index, fertilization, fecundity, and hatching rate (Emon et al., 2023).  

Histopathological alterations in fish tissues serve as early warning signs of 

environmental stress and toxicity. Organs such as the gills, liver, kidneys, and intestines 

are primary targets for HMLs accumulation and subsequent damage (Muñoz et al., 2015; 

Ghannam et al., 2025). In fish, gills are directly in contact with the external environment, 

previous studies reported several structural changes in gills due to exposure to toxins 

(Mahboob et al., 2020; Ahmed et al., 2022). The liver is the primary organ for 

detoxification, often exhibits histological changes in response to metal accumulation 

(Pereira et al., 2017).  

Fish bioaccumulation of HMLs not only harms fish health but also endangers 

human consumers. Habitual intake of contaminated seafood lead to metals 

bioaccumulation in human tissues, trigging several health problems, such as renal failure, 

neurological conditions, and carcinogenic effects (Mitra et al., 2022). Metals are known 

to pose both non- carcinogenic and carcinogenic risks to human health (Radwan et al., 

2022; Irshad et al., 2024). These risks arise from their persistent and non-degradable 

nature within the body's internal organs (Kim et al., 2015). Therefore, assessing the levels 

of HMLs in edible fish’s tissues and evaluating the associated health risks are crucial for 

public health safety. 

In the context of Red Sea's environment, S. rivulatus species pose significant 

ecological and economic importance. S. rivulatus is known for its benthopelagic and 
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herbivorous behavior, influencing both benthic and pelagic ecosystems through nutrient 

cycling (Escalas et al., 2022).  

Previous studies have reported elevated levels of in Egyptian Red Sea coast (El-

Moselhy et al., 2014; Younis et al., 2021; Abbas et al., 2024 a&b; El-Shorbagy et al., 

2024; Abbas & Alnasser, 2025; El‑Kady et al., 2025), highlighting the concerns about 

the safety of consuming fish and the overall health of marine environment. This study was 

conducted to investigate the bioaccumulation of HMLs in water and sediment from the Red 

Sea, along with four essential organs (liver, intestines, muscles, and gills) of S. rivulatus, 

assessing the associated health risks and the histopathological alterations in fish. The study 

also aims to perform two-way cluster analysis, exploring the potential organs-metals 

relationships. 

 

MATERIALS AND METHODS  

 

Collection of samples  

 Water and sediment samples (three replicates) were collected from three different areas 

in the Gulf of Suez during the summer of 2024. At the same time, fish samples were 

obtained from fishermen in Suez City. The sampled species, the sigan fish (Siganus 

rivulatus, 5 individuals), is a herbivorous member of the Siganidae family. The fish had an 

average total length of 20.34 ± 2.01 cm, a standard length of 18.11 ± 1.08 cm, and an 

average total weight of 175.77 ± 3.52 g. 

 The fish were immediately placed in an ice-filled container and transported to the 

laboratory. After dissection, tissue samples of at least 10 grams were collected. These 

samples were then frozen and stored in plastic bags for later analysis. 

 Heavy metal levels (HMLs) in water and sediment were analyzed solely for the 

calculation of Bioaccumulation Factor (Bio-AF) and Biota-Sediment Accumulation Factor 

(Bio-SF). Therefore, detailed results of HML concentrations in water and sediment are not 

included in the main text, as their purpose was limited to supporting the evaluation of 

element accumulation in fish tissues through these derived indices. 

 

Trace element measurements:  

The barium (Ba), arsenic (As), nickel (Ni), copper (Cu), (Zn), iron (Fe), lead (Pb), 

manganese (Mn), chromium (Cr), aluminium (Al), cadmium (Cd), and boron (B) levels 

were recorded in samples (sediment, water, and fish organs, n=5). 500mL of water samples 

were filtered through a filter (0.45µm), digested with HNO3 (65%) and HCl (37%), 

according to APHA guidelines (APHA, 2023). 100g of sediment samples were 

homogenized, dried at 105°C, and sieved via a mesh (63µm). After that, 1.0g of the sieved 

samples added to a Teflon vessel with 9mL of HNO3 and 3mL of HCl (USEPA, 2023). 

About 0.5g of fresh muscle was placed in digestion tubes with 1mL of H2O2 (30%) and 

5mL of ultrapure HNO3 (65%). On a hot plate, the mixture was heated until it was 
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completely digested. Following digestion, the samples were diluted with 1% HNO3 to a 

final volume of 25mL (AOAC, 2012). 

The HMLs levels in samples (sediment, water, and fish tissues) were determined 

using inductively coupled plasma optical emission spectrometry (ICP-OES, USA). A 

quality control sample, an external reference, and standard reference materials were used 

to guarantee the precision and accuracy of the findings. The recovery rates for standard 

reference metals ranged between 90 and 110%. Water levels were reported in µg/L, whilst 

fish muscle levels were represented on a wet weight basis (ww-b) and sediment on a dry 

weight basis (dw-b), both quantified in mg/Kg. The limits of detection (LOD) values of 

HMLs were established at 0.0066 mg/kg for Ni, 0.0029 mg/kg for Zn, 0.025 mg/kg for Cu, 

0.01 mg/kg for B, 0.0029 mg/kg for Mn, 0.0029 mg/kg for Fe, while the limits of 

quantification (LOQ) values were at 0.025 mg/kg for Ni, 0.0096 mg/kg for Zn, 0.084 mg/kg 

for Cu, 0.037 mg/kg for B, 0.0095 mg/kg for Mn, 0.0095 mg/kg for Fe. 

Bioconcentration factor calculation 

According to Adolfsson-Erici et al. (2012), the bioaccumulation factor (Bio-AF) 

was computed using equation (1):  

Bio-AF = C-fish / C-water.   Eq. (1) 

Where, C-fish is the HMs in fish organs (µg/kg) and C-water is the HMs in water 

(µg/L). However, the bio-sedimentation factor (Bio-SF) was computed using equation (2) 

according to Usero et al. (2005):  

Bio-SF = C-fish/C-sediment    Eq. (2) 

Where, C-fish, the metals in fish organs (µg/g), and C-sediment, the metals in 

sediments (µg/g). 

Health risk assessment 

The US-EPA's technique was used to assess the possible health risks associated 

with consuming fish muscle tissue that contains HMLs (USEPA, 2018). This evaluation 

involved calculating the EDI-HMLs values as well as cancirogenic and non- cancirogenic 

risk indexes based on the trace elements’ levels in the muscle tissues. To evaluate exposure 

levels, the EDI-HMLs, which is the average daily intake of a specific HMLs throughout a 

lifetime as a result of consuming fish muscle, was calculated. The EDI-HMLs was 

computed using equation (3) according to Mwakalapa et al. (2019): 

EDI-HMLs values = ((EP × IR × FM × ER) ÷ (BW × AT)) × 10-3    Eq. (3) 

Where, EP represents the duration of the exposure period (70 years), and IR 

represents the fish ingestion rate 62.25 g/day (CAMPAS, 2017; GAFRD, 2017). The metal 

level in fish muscle in μg/g ww-b is denoted by frequency of meals (FM), 365 days per 

year is the exposure rate by ER. BW refer to the body weights of consumers, where 70, 40, 

and 15 Kg were used for adult, young adults, and child, and the mean lifespan (365 days x 

70 years = 25550) by AT (USEPA, 2018). In this study, uniform values for EP, IR, and ER 

were applied across all age groups based on standardized assumptions recommended by 

USEPA )2011( for preliminary risk assessment.  
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To identify non-cancerogenic health concerns related to consuming metals 

bioacculumated in fish muscles, the target hazard quotient (THQ-HMLs) was employed. 

This measure evaluates the potential adverse health effects by comparing the EDI-HMLs 

of a HMLs to its RfD (oral reference dose). Equation (4) was used to determine the THQ-

HMLs: 

THQ-HMLs values = EDI-HMLs / RfD              Eq. (4). 

Where, EDI-HMLs represents the metal's estimated daily intake and RfD represents 

the oral reference dosage. The following are the RfD (mg/kg/day) values for the metals 

being studied: Lead 0.00357, iron 0.7, As 0.003, Ni 0.02, Mn 0.14, Cu 0.04, Zn 0.3, and 

Ba 0.2 (USEPA, 2018). 

The hazard index (HI-HMLs) value, according to Cui et al. (2015), is an additional 

computational calculation (Eq., 5) that adds up the THQ-HMLs values for the metals under 

study to show the effect of non-cancer risk.  

HI-HMLs values = ∑ THQ-HMLs              Eq. (5). 

Histo-pathological analysis 

To investigate the histopathological structure, tissues such as gills, muscles, liver, 

and intestines of S. rivulatus were carefully excised and fixed in Bouin’s solution for 48 

hours. The organs were then dehydrated through a graded ethanol series with xylene and 

embedded in paraffin wax (melting point: 58°C). Using a rotary microtome, tissue sections 

were cut at a thickness of 4–5μm for histological examination. The sections were stained 

with hematoxylin and eosin (H&E) to reveal general tissue architecture following the 

method of Humason (1979). Microscopic analysis was conducted using a light microscope 

(XSZ-N107T) at various magnifications, and representative images were captured using a 

digital camera (ToupCam, Ver. 3.7) for documentation and descriptive analysis. 

Statistical measurements 

SPSS program (Version 22) was used to perform statistical analysis. Levene's test 

was used to evaluate the data distribution's normality and confirm the homogeneity of 

variance. One-way ANOVA was used to identify statistically significant differences (P < 

0.05) between the levels of HMLs (Dytham, 2011). Additionally, the statistical tables 

display the results as means ± standard deviation. 

 

RESULTS AND DISCUSSION 

 

Trace elements levels in fish organs 

The analysis of HMLs concentrations in the examined organs of fish revealed 

distinct patterns of accumulation (Fig. 1). Among the twelve investigated elements (As, Al, 

Cr, Pb, Ba, Cd, Ni, Fe, Mn, B, Zn, and Cu), the highest levels of these metals recorded for 

Al in the liver (232.80 ± 13.22 mg/kg), suggesting a strong bioavailability and affinity of 

Al. Conversely, Cd recorded the lowest concentrations in muscles, intestine, liver and gills 



Ekraim et al., 2025 

 

3496 

(0.12 ± 0.05, 0.26± 0.03, 0.45 ± 0.05, and 0.67 ± 0.05, mg/kg, respectively), indicating 

limited accumulation or efficient detoxification mechanisms of Cd in these tissues.  

In intestinal tissues, a different trend was displayed, where Fe was the highest 

accumulated among all HMLs (64.68 mg/kg), highlighting the intestine’s role in absorbing 

and regulating of essential metals. Cd demonstrated the lowest accumulation in the 

intestine (0.26 mg/kg), consistent with its minimal presence in other organs. 

The analysis of metal bioaccumulation across different fish organs revealed two 

distinct patterns of distribution. For the HMLs Fe, Cr, Pb, Ba, As, Al, Mn, and B, the order 

of accumulation followed the trend: Liver > Gills > Intestine > Muscle. In contrast, for the 

elements (Zn, Cu, Ni, and Cd), the observed accumulation pattern was: gills > liver > 

intestine > muscle. The species, size, tissues, and habitat of the fish, as well as the degree 

of water pollution, all affected the metal accumulation in the tissues (Zaghloul et al., 2024). 

Furthermore, the lifetime and metabolic metabolism of the fish may have an impact 

(Hernandez-Saavedra et al., 2020).  

The bioaccumulation of HMLs was especially noticeable in fish gills and liver. This 

distribution pattern underscores the liver’s vital function in detoxification and storage of 

HMLs, attributable to its high metabolic activity and capacity to accumulate toxicants (Guo 

et al., 2019; Sabra et al., 2025). The gills, serving as the primary interface between the 

fish and its aquatic environment, exhibited considerable metal concentrations, reflecting 

their role in direct uptake from water. In contrast, the muscle tissue showed the lowest 

levels, likely due to its limited involvement in metal metabolism and storage (Tsurkan et 

al., 2020; Salaah et al., 2025). These results highlight the differential affinity of HMLs for 

specific organs, governed by both the physiological roles of the tissues and the pathways 

of environmental exposure.  
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Fig. 1. The HMLs bioconcentration (mg/kg)  in  different organs of S. rivulatus from the 

Red Sea 

 

Evaluating permissible limits and previous comparisons 

The HMLs bioaccumulation in the studied S. rivulatus, muscles were mentioned in 

Table (1). The current study recorded that the concentration of Cr in fish muscles were 

within the permissible limit set by FAO (1983), which is 2 mg/kg The Pb concentration in 

the studied muscle was 0.63 mg/kg, which is slightly higher than 0.5 mg/kg the limits set 
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by FAO (1983) and FAO/WHO (1989), and it exceeds the EU (2015) limit of 0.3 mg/kg. 

When compared with previous studies, the current value is higher than those recorded by 

Younis et al. (2021) and Hussein et al. (2023), but falls within the range documented by 

Abdel-Wahab et al. (2017), Zaghloul et al. (2022) and Abbas et al. (2024b), and is lower 

than the values reported by Elaraby et al. (2024), and El-Shorbagy et al. (2024). This 

suggests that while Pb levels in the present study are relatively moderate, they may still 

raise some concern regarding long-term exposure, especially when considering more 

stringent international safety standards. 

 The Ba concentration in fish muscles observed in the current study was 0.42 mg/kg. 

While comparative data from most previous studies and regulatory bodies are lacking, the 

measured level is significantly lower than the range reported by Abbas et al. (2024b), 

which was between 1.00 and 2.54 mg/kg. This suggests that the Ba level in the current 

study is relatively low and may not pose a significant risk. However, due to the limited 

availability of guideline values and literature for Ba, further investigation is recommended 

to better assess potential health implications add references.  

The outcomes of the current study revealed that the As concentration in fish 

muscles was 0.42 mg/kg, which is lower than the values reported in previous studies such 

as Hussein et al. (2023), (1.03 to 1.13 mg/kg); Abbas et al. (2024b), (0.50 to 3.59 mg/kg) 

and El-Shorbagy et al. (2024), (0.48 to 5.10 mg/kg). This concentration also falls within 

the permissible limit of 1 mg/kg (FAO, 1983). These findings suggest that the fish samples 

analyzed in the current study are relatively safe for human consumption in terms of As 

content. 

 The current study showed that the concentration of Al in fish muscles reached 

23.44 mg/kg, which is considerably higher than values reported in previous studies. For 

instance, Hussein et al. (2023) recorded Al levels ranging from 1.38 to 2.11 mg/kg, while 

El-Shorbagy et al. (2024) recorded levels between 1.93 and 4.36 mg/kg. Similarly, Abbas 

et al. (2024b) recorded levels between 0.80 to 4.21 mg/kg. In the current study, the Cd 

concentration in fish muscles was found to be 0.12 mg/kg. This value is slightly higher 

than the level reported by Hussein et al. (2023), which ranged from 0.03 to 0.11 mg/kg, 

but it falls within the range observed by El-Moselhy et al. (2014) (0.04–0.38 mg/kg). 

Conversely, the results of Abbas et al. (2024b) and El-Shorbagy et al. (2024) indicated 

non-detectable (ND) levels of Cd. Zaghloul et al. (2022), however, reported much higher 

concentrations (0.54 to 1.09 mg/kg). When compared with international standards, the Cd 

level in the current study exceeds the FAO (1983) guideline of 0.05 mg/kg and the EU 

(2015) limit of 0.25 mg/kg. However, it remains below the allowed limits set by the 

FAO/WHO (1989) at 0.5 mg/kg and WHO (1989) at 1 mg/kg. These findings suggest 

moderate Cd accumulation that warrants continued monitoring, particularly given the 

toxicological significance of Cd in seafood safety. 

 In the current study, the Ni concentration in fish muscles recorded 0.54 mg/kg. 

This value aligns closely with the lower range observed by Zaghloul et al. (2022) (0.332–
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0.585 mg/kg). However, significantly higher Ni levels were reported by Younis et al. 

(2021) (3.60–19.19 mg/kg) and Abbas et al. (2024b) (1.46–4.86 mg/kg), indicating 

variability possibly due to differences in geographic location, pollution sources, or fish 

species. The values reported by El-Shorbagy et al. (2024) (1.20–1.76 mg/kg) were also 

higher than the present study. When compared to the international safety limits, the current 

Ni concentration is well below the USEPA (2000) guideline of 2 mg/kg and the EU (2015) 

maximum permissible limit of 80 mg/kg, suggesting that the Ni levels in the studied fish 

samples do not pose a toxicological risk based on these standards. In the current study, the 

concentration of Fe in fish muscles was 18.42 mg/kg. This value falls within the range 

reported by Younis et al. (2021) (17.0–39.29 mg/kg) and is comparable to that found by 

Zaghloul et al. (2022) (13.6–29.1 mg/kg). It also exceeds the range reported by El-

Moselhy et al. (2014) (1.15–10.9 mg/kg), indicating a higher Fe accumulation in the 

present samples. However, it is lower than the concentrations reported by Abbas et al. 

(2024b) (36.86–135.96 mg/kg) and El-Shorbagy et al. (2024) (31.80–81.35 mg/kg), 

suggesting geographical and environmental influences on Fe levels. Importantly, the 

recorded concentration is below the permissible level (100 mg/kg) established by the WHO 

(1989), indicating that the iron levels in the studied fish muscles are within safe 

consumption limits. 

 In the present study, the Mn concentration in the muscle tissue was found to be 

0.62 mg/kg, which falls within the range reported by previous research. For instance, El-

Moselhy et al. (2014) reported Mn levels (0.10 and 0.93 mg/kg), while Younis et al. (2021) 

observed slightly higher concentrations (0.65 to 1.13 mg/kg). Similarly, Zaghloul et al. 

(2022) recorded levels between 0.264 and 0.897 mg/kg, and El-Shorbagy et al. (2024) 

recorded levels between 0.50 to 1.31 mg/kg. In contrast, Abbas et al. (2024b) recorded 

higher concentrations, ranging from 1.27 to 2.50 mg/kg. It is important to note that the 

WHO (1989) has reported a reference value of 1 mg/kg for manganese in tissues, 

underscoring the need to monitor Mn levels to ensure food safety and minimize potential 

health risks associated with excessive exposure. Accordingly, the findings of this study fall 

within scientifically accepted limits, suggesting that the observed Mn concentrations are 

within safe levels for human consumption. 

 In the current study, Cu concentration in muscle tissue was measured at 6.29 

mg/kg, which is notably higher than the levels measured in previous studies. For example, 

El-Moselhy et al. (2014) recorded much lower ranges of 0.170–0.740 mg/kg. Younis et 

al. (2021) documented concentrations between 1.60 and 3.94 mg/kg, while Zaghloul et al. 

(2022) reported levels (0.381 to 0.970 mg/kg). El-Shorbagy et al. (2024) observed a wider 

range between 2.11 and 10.29 mg/kg, overlapping with the present study. Abbas et al. 

(2024b) reported even higher concentrations (10.33 to 25.85 mg/kg). Regulatory guidelines 

provide reference limits for Cu in food tissues, with the FAO (1983) and WHO (1989) 

both recommending a maximum level of 30 mg/kg, the FAO/WHO (1989) suggesting 3 

mg/kg, and the USEPA (2000) setting a limit of 20 mg/kg. The concentration observed in 
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this study is within these safety thresholds, though it is important to continue monitoring 

Cu levels due to its potential toxicity at elevated concentrations. 

 In the current study, the Zn concentration in muscle tissue was measured at 14.31 

mg/kg, which is higher than the ranges reported in several previous studies. For instance, 

El-Moselhy et al. (2014) documented Zn levels (2.70 and 8.23 mg/kg). Zaghloul et al. 

(2022) observed levels between 5.90 and 11.9 mg/kg, and El-Shorbagy et al. (2024) 

recorded levels between 7.02 to 19.75 mg/kg. Abbas et al. (2024b) found even higher 

concentrations (11.95 to 35.18 mg/kg). Regulatory standards for Zn in food tissues vary, 

with FAO (1983) recommending a maximum level of 30 mg/kg, FAO/WHO (1989) 

setting it at 40 mg/kg, WHO (1989) at 100 mg/kg, and USEPA (2000) at 50 mg/kg. The 

Zn concentration found in this study falls within these safety limits, indicating that although 

elevated compared to some reports, it remains within acceptable thresholds for human 

consumption. In the current study, the concentration of B in muscle tissue was found to be 

8.32 mg/kg, which is slightly higher than the range metioned by Abbas et al. (2024b), who 

documented levels between 2.50 and 8.07 mg/kg. 

Overall, the HMLs concentrations in the analyzed fish exhibited considerable 

variation when compared to previous reports, reflecting differences in environmental 

conditions, pollution sources, fish species, and geographic locations add references. Most 

metal levels remain within internationally accepted safety limits, though elevated Pb and 

Cd concentrations warrant continuous monitoring to reduce any possible health concerns 

related to prolonged exposure add references. 
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Table 1. HMLs (mg/kg, Mean ± SD) bioaccumulation levels in the studied S. rivulatus (muscles) compared to previous studies 

  Cr Pb Ba As Al Cd Ni Fe Mn Cu Zn B 

Current 

study 

(muscles) 

0.55 

±0.07 

0.63 

±0.07 

0.42 

±0.05 

0.42 

±0.0

5 

23.44 

±2.3

3 

0.12 

±0.01 

0.54 

±0.07 

18.42 

±1.78 

0.62 

±0.07 

6.29 

±0.34 

14.31 

±1.04 

8.32±0.

53 

El-Moselhy 

et al. (2014) 
- 

0.25-

0.50 

- - 
- 

0.04-

0.38 
-- 

1.15- 

10.9 
0.10-0.93 

0.170- 

0.740 

2.70- 

8.23 
-- 

Younis et 

al. (2021)*  

7.63-

23.6 

0.15-

0.17 

- - 
- - 

3.60-

19.19 

17.0-

39.29 
0.65-1.13 1.60-3.94 -- -- 

Zaghloul et 

al. (2022) 
- 

0.26-

1.04 

- - 
- 

0.54-

1.09 

0.332-

0.585 

13.6- 

29.1 

0.264-

0.897 

0.381-

0.970 

5.90- 

11.9 
-- 

El-

Shorbagy 

et al. (2024) 

1.97-

5.25 

2.12-

6.83 

- 
0.48-

5.10 

1.93-

4.36 
ND 1.20-1.76 

31.80-

81.35 
0.50-1.31 2.11-10.29 

7.02-

19.75 
-- 

Abbas et al. 

(2024b) 

2.29-

5.43 

0.59-

4.81 

1.00-

2.54 

0.50-

3.59 

0.80-

4.21 
ND 1.46-4.86 

36.86-

135.96 
1.27-2.50 

10.33-

25.85 

11.95-

35.18 

2.50-

8.07 

FAO 

(1983) 
2 0.5 

- 
1 - 0.05 

- - - 
30 30 

- 

FAO/WHO 

(1989) 

- 
0.5 

- - - 
0.5 

- - - 
3 40 

- 

WHO 

(1989) 

- 
2 

- - - 
1 

- 
100 1 30 100 

- 

USEPA 

(2000) 

- 
 

- - - 
 2 

- - 
20 50 

- 

EU (2015) - 0.3 - - - 0.25 80 - - - - - 

*HMLs in fish samples measured as dry weight (dw-b) was converted to wet weight (wet w-b) using a conversion coefficient of 4.8 

(Rahman et al., 2012).  
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Pearson correlation coefficient  

Significant correlation along with a similar level of concentration denotes the 

release of the metals from similar sources with identical features and mutual dependence 

while transportation (Ahmed et al., 2019). 

The Pearson correlation matrix of metal concentrations in the organs of S. rivulatus 

revealed several statistically significant relationships (Fig. 2), suggesting common sources 

of contamination or similar bioaccumulation behaviors among certain elements. A strong 

positive correlation was observed between Cr-Cd (r = 0.87), and Cr-Ba  (r = 0.76), 

indicating potential co-occurrence in the aquatic environment and possible similarity in 

uptake mechanisms. Cd also showed strong positive correlations with As (r = 0.68), As (r 

= 0.68), Mn (r = 0.76), and B (r = 0.76), implying that these elements may share pathways 

of accumulation or originate from similar anthropogenic sources. 

Fe demonstrated high correlations with As (r = 0.88), Zn (r = 0.88), and Cu (r = 

0.75), which may reflect their tendency to accumulate in metabolically active tissues, 

especially the liver and gills. A particularly notable correlation was found between As and 

Cu (r = 0.92), which could be attributed to their involvement in oxidative stress responses 

or shared detoxification pathways. On the other hand, some negative correlations were 

observed, such as between Cr-As (r = -0.68), and Al-Mn (r = -0.90), indicating divergent 

environmental behaviors or tissue affinities. Moreover, Pb showed strong negative 

correlations with several elements, including Fe (r = -0.90) and Ni (r = -0.86), suggesting 

differences in source or bioavailability. Interestingly, B was positively correlated with Ni 

(r = 0.92) and Zn (r = 0.77), yet negatively associated with Ba (r = -0.78) and Al (r = -0.68), 

highlighting the complex interaction of essential and non-essential metals in the studied 

tissues. 

Overall, these correlations provide insight into the possible common sources and 

accumulation behaviors of various elements in the aquatic environment. The patterns 

observed warrant further investigation into the environmental inputs and physiological 

mechanisms underlying these associations in fish. 
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Fig. 2. Pearson correlation coefficient for the investigated metals levels in the studied fish 

organs 

 

 Cluster analysis (Two-way) 

The results of the two-way cluster analysis, performed using the Ward linkage 

method and Euclidean distance, revealed a distinct pattern in the distribution of metal 

elements among the different fish organs of S. rivulatus (Fig. 3). Three clusters of metal 

elements were identified. The first cluster included Fe and Al, which exhibited the highest 

concentrations among all analyzed elements, reflecting their strong tendency to accumulate 

in metabolically active tissues such as the liver and gills. The second cluster comprised B, 

Cu, and Zn, which are essential trace elements involved in various physiological functions. 

Their moderate concentrations likely reflect homeostatic regulation within the fish. The 

third cluster contained the remaining elements (Cr, Pb, Ba, As, Cd, As, and Mn) most of 

which are non-essential or potentially toxic. Their variable concentrations suggest 

cumulative environmental exposure over time. 

Regarding the tissue-specific distribution, two major clusters were observed. The 

first included the liver and gills, which showed the highest concentrations of metals due to 

their direct involvement in metal absorption, metabolism, and detoxification processes. The 

second cluster comprised the intestine and muscle tissues, where the lowest metal 

concentrations were recorded. This can be attributed to their limited role in metal 

accumulation, particularly in muscle tissue, which is generally not a primary site for HMLs 

metal storage. 
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 These findings highlight a clear heterogeneity in the tissue-specific 

bioaccumulation of metals, driven by the physiological roles of different organs (Soliman 

et al., 2023). The use of cluster analysis proved valuable in elucidating the complex 

interactions between environmental contaminants and biological systems in aquatic 

organisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Two-way cluster analysis among the metals’ levels and organs in S. rivulatus from 

the red sea 

 

Bioaccumulation factor calculation 

HMLs bioaccumulation is influenced by species characteristics, tissue metabolism, 

exposure pathways, and habitat conditions (Elhaddad et al., 2022). Bio-AF values less 

than 1000 indicate negligible accumulation, values between 1000 and 5000 denote bio-

accumulative organisms, and values exceeding 5000 suggest extreme accumulation 

(Ahmed et al., 2019; Ali et al., 2020). The bioaccumulation assessment of metals (Fig. 4) 

across different tissues (muscle, gills, liver, and intestine) revealed distinct accumulation 

potentials characterized by varying Bio-AF values, reflecting differences in tissue function, 

metabolic activity, and exposure pathways. In muscle tissue, metals such as Cr (26), Ba 

(85), Mn (124), Pb (160), Ni (689), As (723), and Fe (777) exhibited low accumulation 

with BAFs below 1000, while Zn (1765), B (1821), Al (3113), and Cu (3699) were 

moderately bioaccumulative, with Cu and Al showing the highest affinity for muscle tissue. 

In contrast, gills demonstrated a broader accumulation range; Cr (201), Pb (313), Ba (659), 

and Mn (308) showed negligible accumulation, Fe (4740) exhibited moderate 

bioaccumulation, and several metals surpassed the extreme accumulation threshold 

including As (5409), Zn (5221), B (5131), Ni (6846), Al (16335), and Cu (17847). The 

notably high BAFs for Cu and Al in gills underscore their role as the primary interface with 

the aquatic environment, facilitating significant metal uptake. The liver presented a 
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distinctive profile with negligible accumulation for Cr (355), Pb (542), and Mn (734), 

moderate accumulation for Ba (1498), Ni (4141), and Zn (4001), and extreme accumulation 

for As (10721), Al (30810), Fe (7440), Cu (14382), and B (9513). The liver’s high 

metabolic activity and detoxification function explain its prominent role as a HMLs 

reservoir, especially for highly toxic elements add reference.  

Finally, the intestine showed negligible accumulation for Cr (83), Pb (240), Ba 

(303), As (881), and Mn (187), moderate accumulation for Ni (1052), Fe (2729), Zn (2858), 

and B (3316), while Al (4968) approached the extreme accumulation range and Cu (10840) 

clearly exceeded it. These findings highlight the intestine’s importance in initial metal 

absorption and storage due to its exposure to dietary and waterborne contaminants and its 

involvement in nutrient and metal transport. This overall pattern suggests that the liver and 

gills exhibiting the highest accumulation capacities, and muscle showing comparatively 

lower affinity for metal accumulation, emphasizing tissue-specific bioaccumulation 

influenced by both physiological and environmental factors. 

The Bio-SF values for metals across different tissues reflect varying accumulation 

patterns relative to sediment exposure, following Dallinger’s (1993) classification where 

values > 2 indicate macro-concentrators, values between 1 and 2 represent micro-

concentrators, and values < 1 denote de-concentrators. In muscle tissue, all metals 

displayed BSF values below 1, classifying them as de-concentrators, with Cu (0.41) and 

Zn (0.59) showing the highest but still limited sediment accumulation. The gills exhibited 

micro-concentration for Ni (2.77), Cu (1.97), Zn (1.76), and B (1.06), while Cr (0.85), As 

(0.99), and Ba (0.28) remained de-concentrators. Liver tissue showed micro-concentration 

for Cr (1.50), As (1.95), Ni (1.67), Cu (1.59), Zn (1.35), and B (1.97), with other metals as 

de-concentrators. In the intestine, Cu (1.20) was the sole micro-concentrator, while Zn 

(0.96) and B (0.69) were close to this range, and the rest of the metals remained de-

concentrators with values well below 1. These results highlight tissue-specific differences 

in sediment metal accumulation, with gills and liver showing higher sediment-related 

accumulation likely due to their active roles in filtration and detoxification, whereas muscle 

and intestine exhibit lower sediment affinity. 
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Fig. 4. Bio-AF and Bio-SF values of the investigated metals levels in the studied fish organs 

 

Health risk assessment 

The EDI-HMLs was calculated for three age groups: children, young adults, and 

adults (Table 2). The EDI-HMLs values ranged for children from 5.0 × 10⁻⁴ (Cd) to 1.0 × 

10⁻¹ mg kg-1 day-1 (Al). For young adults, the range was from 1.8 × 10⁻⁴ (Cd) to 3.6 × 10⁻² 

mg kg-1 day-1 (Al), while adults showed lower values ranging between 1.1 × 10⁻⁴ (Cd) and 

2.1 × 10⁻² mg kg-1 day-1 (Al). Generally, children had the highest EDI values, indicating a 

greater exposure to these metals compared to young adults and adults. Metals such as Al, 

Fe, and Zn exhibited relatively high intake values across all groups, with a gradual decrease 

from children to adults. The values of Allowed Tolerable Daily Intake (ATDI) were (0.20, 

0.03, 0.20, 2.0, 0.14, 0.08, 0.04, 70, 1.4, 50, 50, and 0.20 mg kg-1 day-1 for Cr, Pb, Ba, As, 

Al, Cd, Ni, Fe, Mn, Cu, Zn, and B according to USEPA (2018). In general, children's 

consumers often had higher EDI values than other consumers. Similar findings were 

conducted by previous studies (Saha et al., 2016; Radwan et al., 2022; Tytła & 

Widziewicz-Rzońca 2023; Afifi et al., 2024). In all cases, the EDI-HMLs values for 

children, young adults, and adults were found to be well below their respective ATDI 

thresholds. These results indicate that the consumption of the studied fish species poses no 

significant risk of elemental toxicity based on current intake levels and established ATDI 

guidelines, ensuring consumer safety across all age groups. 

The THQ-HMLs is used to detect the potential non-cancer risks associated with 

exposure to metals through fish consumption. A THQ-HMLs value > 1 indicates a possible 

health risk due to prolonged exposure to the studied metals. In this study, the THQ-HMLs 
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values for all metals in children, young adults, and adults were below the critical threshold 

of 1, suggesting no significant non-cancer risk from consumption (Table 2). However, the 

higher values of THQ for children compared to young and adults were recorded. These 

results are similar to those found in other studies (Abbas et al., 2022 a&b; Abdel-Aziz et 

al., 2022; Afifi et al., 2024). Overall, the THQ-HMLs assessment confirms that the studied 

muscles do not pose significant non-cancer risks through metal exposure for all age groups 

under the current consumption levels. 

The values of hazard index (HI-HMLs) indicate the overall non-cancer risk from 

exposure to multiple metals through fish consumption. In this study, the HI-HMLs values 

(Table 2) were highest in children (4.06), followed by young individuals (1.48), and lowest 

in adults (0.85). Since an HI value > 1 suggests potential health risks, the results imply that 

children and young consumers may be at risk of adverse health effects from metal exposure 

through fish consumption. In contrast, the HI value for adults was consistently below 1, 

indicating that fish consumption poses no significant health risk for this group. 

The target cancer risk (TCR-HMLs) values were evaluated following the USEPA 

guidelines, where TCR-HMLs values below 10⁻⁶ (negligible); values of 10⁻⁶-10⁻⁴ (deemed 

acceptable); and values > 10⁻⁴ (an unacceptable carcinogenic risk) (Ullah et al., 2018). In 

this study, TCR-HMLs values for the analyzed metals in children, young adults, and adults 

showed a range of carcinogenic risk levels (Table 3). Cr and As exhibited the highest TCR-

HMLs values across all age groups, with Cr reaching up to 1.2 × 10⁻³ in children and As up 

to 2.7 × 10⁻³, both of which exceed the acceptable range, indicating a potentially 

unacceptable carcinogenic risk from prolonged exposure. As also showed elevated TCR-

HMLs values, with a maximum of 3.9 × 10⁻³ in children, which is above the acceptable 

threshold, suggesting a carcinogenic concern. In contrast, Cd and Pb displayed TCR-HMLs 

values within or near the acceptable range. Lead had the lowest TCR-HMLs values, with a 

maximum of 2.3 × 10⁻⁵ in children, indicating negligible to acceptable carcinogenic risk 

levels. Cd showed intermediate values, with the highest being 1.9 × 10⁻⁴ in children, falling 

within the acceptable risk range. Overall, the TCR-HMLs assessment highlights a potential 

carcinogenic risk primarily from Cr, As, and Ni exposure, particularly in children, 

highlighting the necessity for continuous monitoring and risk management strategies for 

these metals in fish consumption. 
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Table 2. EDI-HMLs, THQ-HMLs, and HI-HMLs values of the investigated metals levels 

in the studied fish muscles 

  EDI THQ 

  Children Young  Adults Children Young  Adults 

Cr 2.3× 10⁻3 8.5× 10⁻⁴ 4.9× 10⁻⁴ 7.8× 10⁻1 2.8× 10⁻1 1.6× 10⁻1 

Pb 2.7× 10⁻3 9.8× 10⁻⁴ 5.6× 10⁻⁴ 7.5× 10⁻1 2.7× 10⁻1 1.6× 10⁻1 

Ba 1.8× 10⁻3 6.5× 10⁻⁴ 3.7× 10⁻⁴ 8.9× 10⁻3 3.2× 10⁻3 1.8× 10⁻3 

As 1.8× 10⁻3 6.5× 10⁻⁴ 3.7× 10⁻⁴ 5.9× 10⁻1 2.2× 10⁻1 1.2× 10⁻1 

Al 1.0× 10⁻1 3.6× 10⁻2 2.1× 10⁻2 1.0× 10⁻1 3.6× 10⁻2 2.1× 10⁻2 

Cd 5.0× 10⁻⁴ 1.8× 10⁻⁴ 1.1× 10⁻⁴ 5.0× 10⁻1 1.8× 10⁻1 1.1× 10⁻1 

Ni 2.3× 10⁻3 8.4× 10⁻⁴ 4.8× 10⁻⁴ 1.1× 10⁻1 4.2× 10⁻2 2.4× 10⁻2 

Fe 7.9× 10⁻2 2.9× 10⁻2 1.6× 10⁻2 1.1× 10⁻1 4.1× 10⁻2 2.3× 10⁻2 

Mn 2.7× 10⁻3 9.7× 10⁻⁴ 5.5× 10⁻⁴ 1.9× 10⁻2 6.9× 10⁻3 4.0× 10⁻3 

Cu 2.7× 10⁻2 9.8× 10⁻3 5.6× 10⁻3 6.7× 10⁻1 2.4× 10⁻1 1.4× 10⁻1 

Zn 6.1× 10⁻2 2.2× 10⁻2 1.3× 10⁻2 2.0× 10⁻1 7.4× 10⁻2 4.2× 10⁻2 

B 3.6× 10⁻2 1.3× 10⁻2 7.4× 10⁻3 2.1× 10⁻1 7.6× 10⁻2 4.4× 10⁻2 

HI       4.1 1.5 0.85 

 

Table 3. CR values of the investigated metals levels in the studied fish muscles 

 CR 

 Children Young  Adults 

Cr 1.2× 10⁻3 4.3× 10⁻⁴ 2.4× 10⁻⁴ 

Pb 2.3× 10⁻5 8.3× 10⁻6 4.8× 10⁻6 

As 2.7× 10⁻3 9.7× 10⁻⁴ 5.5× 10⁻⁴ 

Cd 1.9× 10⁻⁴ 7.0× 10⁻5 4.0× 10⁻5 

Ni 3.9× 10⁻3 1.4× 10⁻3 8.1× 10⁻⁴ 

 

Histopathological measurements 

Histopathological alterations were found in the liver, gills, muscles, and intestinal 

tissue of S. rivulatus. Chemicals, herbicides, and dangerous HMLs are commonly found in 

fish muscles (Dutta et al., 2017). The mechanical tissue produced by the active, high-

protein muscles of fish helps the animal navigate through the water (Tasneem & Yasmeen, 

2020). They don't engage in any metabolic activity. Muscular activity provides the body 

with the majority of its energy. All muscle cells need ATP, which is created during the 

metabolism of lipids and carbs, as energy. Fish muscles have normal myotomes, with 

muscle bundles that are uniformly spaced. The main location of exposure is the skin 

muscle, and pollutants had an immediate impact on the epidermis (Rakhi et al., 2013). The 

skin and muscle tissue come into direct contact with toxins dissolved in water as gills, 

which can cause severe thickening and separation of muscle bundles, haemolysis, necrosis, 

lesions with decreased compactness, pronounced intramuscular oedema, and degeneration 

in muscle bundles with inflammatory cell aggregations, among other histopathological 

changes (Srivastava, 2019). Pollutant levels in fish muscle are influenced by many factors 
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such as fish length, species, trophic level, habitat type, feeding habitat, and fish movement 

patterns and time spent in contaminated areas (Bonito et al., 2016). The histological 

abnormalities in the muscle of S. rivulatus in this study included muscle fiber degeneration 

and increasing inter muscular spaces (Fig. 5 A&B). 

The liver of fish is a vital organ for detoxification and a reliable indicator of health 

due to its numerous functions, which include controlling blood flow, detoxification, 

biotransformation, storing glycogen, releasing glucose into the bloodstream, breaking 

down red blood cells, and synthesizing different components of blood plasma (Maurya et 

al., 2019; Sharmin et al., 2021; Suchana et al., 2021; salaah et al., 2022). According to 

Montaser et al. (2010), Liu et al. (2017) and Kobayashi et al. (2019), the liver is the 

primary organ targeted by xenobiotics and insecticides, serving as the main site of 

parenchymal injury. Karami-Mohajeri and Abdollahi (2010) also emphasized that the 

liver's extensive blood supply and central role in metabolism make it particularly 

susceptible to toxicants. Consequently, alterations in its histochemical structure can disrupt 

the metabolism of proteins, lipids, and carbohydrates. In the present study, significant 

histopathological changes were observed in the liver of S. rivulatus, including hepatic 

vacuolation, aggregation of melanomacrophages, increased infiltration of inflammatory 

cells, and the presence of necrotic cells (Fig. 6A & B). 

The second most important portion of a fish alimentary canal is the intestine, which 

is responsible for absorption of food add references. It is exposed to a variety of hazardous 

substances either directly through the ingestion of contaminated food or indirectly through 

the blood and/or lymph (Maurya et al., 2019). In S. rivulatus, intestinal tissue displayed 

severe histopathological alternations, including abnormal appearance, intestinal villi 

shortening, fusion and atrophy of muscular layer (Fig. 7 A&B). Histopathology of the 

intestine indicate raising of columnar epithelium of villi and hyperplasia as responses 

representing defense mechanisms, with villi rupture, loss of structural integrity of mucosal 

folds, and degeneration and necrosis of the submucosa in the intestine (Samuel et al., 

2019). The same was observed in the present study with degenerated epithelium, autolysis 

of mucosa, degenerated and necrotic villi.   

The gills of fish have many roles in vital processes (Dolenec & Kuzir, 2009), such 

as respiration, acid-base balance, osmoregulation, and are the principal location for oxygen 

intake in fish (Maurya et al., 2019; Shah & Parveen, 2020). The cells that comprise gill 

structure are similar, even though the gills of different fish species differ anatomically 

(Wilson & Laurent, 2002). Gills are the primary target for toxicans exposure, trigging 

significant histological alterations (Singh & Pandey, 2021). In the present study, the gills 

of S. rivulatus displayed significant histological alterations like damage of gill structure as 

epithelial desquamation and loss of lamellar architecture organization, abnormal 

arrangement of cartilage cells, hyperplasia and bending or curling of secondary gill 

lamellae, rupture of pillar cells and capillaries that led to ballooned like lamellae packed 

with erythrocytes aneurism or lamellar telangiectasis were observed epithelial alterations 

as loss of lamellar architecture organization, hyperplasia of secondary gill lamellae with 

partial oedema, and rupture of primary filaments (Fig. 8 A&B). These changes indicate 

toxic stress caused by TMLs accumulation. According to Winkaler et al. (2001), fish's 

response to the harmful substances in water and sediment caused histological alterations. 

Additionally, according to Subashkumar and Selvanayagam (2014), exposure to toxins 
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causes an increase in certain histological alterations in fish gills, such as hyperplasia, 

epithelial lifting, and fusion of lamellae, which leads to respiratory disruption and fish 

death. Various researchers, including Handy and Maunder (2009), Wu et al. (2010), 

Gomes et al. (2011) and Rajkumar et al. (2016), have interpreted the gills tissue damages. 
 

      

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

Fig. 5. A: Photomicrograph of the histological features of the muscle fibers of S. rivulatus showing muscles 

bundles (MB); spaces (S), between muscle bundles; N, nucleus of the muscle bundle; disintegrated fibers 

(arrow) (Hx &E; 100 X). B: Higher magnification Photomicrograph showing the histological features of 

the muscle fibers of S. rivulatus muscles bundles (MB); increasing inter muscular spaces (IMS) between 

muscle bundles; nucleus (N) of the muscle bundle; and disintegrated fibers (arrow) (Hx &E; 400 X) 
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Fig. 6. A: Photomicrograph of the histological features of the liver of S. rivulatus showing severe 

degeneration of hepatocytes giving highly accumulation of large vacuoles were recorded (Hx &E; 100 

X), B: Higher magnification Photomicrograph of the histological features of the liver of S. rivulatus 

showing congested blood vessels (C), aggregation of melanomacrophages (M), and severe degeneration 

of hepatocytes giving highly accumulation of large vacuoles (V) with increase of inflammatory cells, 

necrotic cells (N) were noticed (Hx &E; 400 X) 
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Fig. 7. A: Photomicrograph of the histological features of the intestine of S. rivulatus showing severe 

damage of Mucosa layer (M) complete atrophy of muscular layer (ML) and necrotic areas (N) were 

observed (Hx &E; 100 X) B: Higher magnification Photomicrograph of the histological features of the 

intestine of S. rivulatus showing severe damage of Mucosa layer (M) complete atrophy of muscular 

layer (ML) and necrotic areas (N) were observed (Hx &E; 400 X) 
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Fig 8: A: A Photomicrograph from gills S. rivulatus group showing: abnormal gill structure, loss of 

lamellar architecture organization, hyperplasia of secondary gill lamellae with partial oedema (arrow), 

rupture of primary filaments (black arrowhead). (Hx &E; 100 X), B: higher magnification 

Photomicrograph from gills  S. rivulatus group showing: severe damage of gill structure, epithelial 

desquamation and loss of lamellar architecture organization, abnormal arrangement of cartilage cells 

(green arrow), hyperplasia and bending or curling of secondary gill lamellae (arrow), rupture of pillar 

cells and capillaries that led to ballooned like lamellae packed with erythrocytes aneurism or lamellar 

telangiectasis (black arrow head) were observed. (Hx &E; 400 X) 
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CONCLUSION 

 

This study presents a detailed evaluation of HMLs bioaccumulation in various tissues 

of S. rivulatus, highlighting tissue-specific accumulation trends, inter-metal relationships, 

and potential health risks. The results revealed the muscles had the lowest levels of HMLs, 

while the liver and gills had the highest levels, as well as the highest levels of iron and 

aluminium. Bioaccumulation and biota-sediment factor analyses confirmed the role of 

muscle as a de-concentrator and emphasized the accumulation of specific elements like Cu, 

Zn, B, and Ni in metabolically active organs. Histopathological examination confirmed 

toxic stress in exposed fish, with clear alterations in muscles, liver, intestines, and gills. 

Human health risk assessment models indicated no significant non-carcinogenic risks 

across age groups. However, children showed elevated carcinogenic risks from Cr, As, and 

Ni, exceeding the recommended thresholds. Finally, this research emphasizes the need for 

ongoing environmental monitoring, enhanced pollution regulation, and raising public 

health awareness to minimize exposure from seafood intake. 
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