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Introduction

The marine environment plays a crucial role as a primary food source and a vital driver

of the global economy (Shenoi, 2024). However, industrialization and urbanization have

had detrimental impacts on the marine ecosystem. The discharge of a burgeoning list of

chemical pollutants from these sources leads to adverse alterations in the physicochemical

and biological components of the ecosystem. These changes directly or indirectly impact

the ecological equilibrium of the environment, ultimately affecting human beings (Batvari

Dass et al., 2008). The escalating pollution levels, especially in nearshore coastal areas, have

emerged as a critical global concern due to population growth and industrial activities near

coastlines, oil spills, and excessive discharge of nutrients, which have continually led to the

deterioration of water quality, significantly harming marine flora and fauna (Yuvaraj et al.,

2018; Kumar et al., 2022; Jha et al., 2022).

Among innumerable pollutants arising from various anthropogenic activities, heavy

metals, in particular, pose a significant threat to marine ecosystems because of their toxicity,

persistence, bioaccumulation and biomagnification in the food chain, as extensively

discussed in the recent scientific literature (Jha et al., 2019, 2021; Pandey et al., 2021,

2022; Koduvayur et al., 2022; Sathish Kumar et al., 2023; Verma et al., 2024; Pandey et al.,

2024). These studies have thoroughly examined the sources, fate and transport, toxicity,

mode of action, and bioaccumulation of metals in coastal environments. Metals have been

found to adsorb from water columns onto particle surfaces and settle into sediment,

accumulating in marine organisms’ tissues (Zaynab et al., 2022). Research has shown

evidence of metal contamination in seawater, sediments, and their bioaccumulation in

coastal and estuarine ecosystems, underscoring the widespread impacts of metal pollution

in marine environments (Jayaprakash et al., 2015; Otchere, 2019; Pandey et al., 2021).
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Toxicological studies have revealed various harmful effects of metal

contamination, including neurotoxicity, immunodeficiency,

osteoporosis, kidney failure, and potential implications for

reduced fertility (Rzymski et al., 2015).

Heavy metals typically enter fish through the gills and digestive

system before spreading to other organs via the bloodstream

(Chevreuil et al., 1995). Certain metals have a higher affinity for

specific organs and accumulate in higher concentrations in those

organs (Rainbow, 2002). For instance, Cd tends to accumulate in

high levels in the liver and kidneys (Campenhout et al., 2004), Cu in

the liver, and Zn has a higher accumulative affinity with fish

muscles, skin, and bones (Olsson et al., 1998). Notwithstanding

that, long-term exposure to metal pollution generally leads to their

accumulation in the muscles, whereas during short-term exposure,

muscles are not the primary site of accumulation (Shalini et al.,

2021). Moreover, the bioavailability of these metals to fish depends

on environmental conditions, types of pollutants, location, feeding

patterns, age, size, sex, habitats, and trophic level (Asuquo et al.,

2004). The presence of these metals in marine organisms and their

subsequent bioaccumulation as they progress through the food

chain poses a significant threat to the ecosystem and the animals

that rely on them, including humans. In recent years, there has been

a growing interest in the nutritional and medicinal benefits of

marine-based food, mainly fish, leading to increased consumption

(El-Moselhy et al., 2014). Fish is the most widely consumed type of

seafood in India, and the accumulation of heavy metals in fish

presents a significant risk to human health. Beyond being a vital

source of protein, fish also harbor substantial amounts of essential

minerals, vitamins, and fatty acids. Predators at the top of the

aquatic food chain typically exhibit elevated levels of heavy metals

due to their ability to accrue these substances from water,

sediments, and food sources (Medeiros et al., 2012; Zhao et al.,

2012). The widespread occurrence of these metal and the vital

importance of fish in the global seafood market have generated

considerable interest among scientists worldwide in examining the

metal levels present in these aquatic species (Raja et al., 2009).

Ennore Port is situated at the northeastern part of Chennai City

in Tamil Nadu on the Eastern Coastal Plains, along the Coromandel

Coast in the Bay of Bengal, 2.6 km north of Ennore Creek. The

port’s location on the thermal equator zone ensures minimal

seasonal temperature fluctuations, with summer temperatures

between 38–42 °C and winter temperatures dipping to 18–20 °C.

This area is characterized by a hot and humid climate for most of

the year, under the influence of a tropical wet and dry climate. The

northeast monsoon significantly impacts the region’s weather

patterns, bringing most of the annual rainfall of approximately

1400 mm between September and December and occasional

cyclonic events. The last two decades have witnessed substantial

development in Ennore and the wider Chennai metropolitan area,

posing significant environmental threats to the local aquatic

ecosystems. A major contributor to the pollution in Ennore

Creek, which demarcates the port from Ennore town, is the

discharge of wastewater effluents, leachates, and chemicals,

primarily from petroleum refining industries in the city’s north.

Additionally, a coal-fired thermal power station near the creek
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contributes to the pollution through its effluent discharge (Vasanthi

et al., 2013). The environmental impact of such activities is further

exacerbated by heavy metal pollutants in the Ennore fishing harbor,

a hub for industrial activities, including thermal power generation,

oil refining, and fertilizer production. The main environmental

concerns for the Ennore coast include oil spillages and the

accumulation of industrial sludge in the marine environment. The

population of the Ennore region was recorded to be around 40,000,

according to the 2011 census data, highlighting the human

dimension of the environmental challenges faced by this area.

With that background, this study focuses on analyzing the

concentration of heavy metals such as Copper (Cu), Chromium

(Cr), Aluminum (Al), Zinc (Zn), Cobalt (Co), Mercury (Hg), Lead

(Pb), Nickel (Ni), Iron (Fe), Cadmium (Cd) and Manganese (Mn)

in different organs of commonly consumed fish species - Indian Oil

Sardine (Sardinella longiceps), Indian Mackerel (Rastrelliger

kanagurta), and Red Snapper (Lutjanus campechanus) from the

Ennore fishing port, Chennai. The selected species were identified

due to their ecological significance and economic relevance. Fish

can bioaccumulate high concentrations of contaminants,

occasionally surpassing established regulatory thresholds. This

bioaccumulation phenomenon is intricately linked to the trophic

positioning of particular fish species at the apex of the aquatic food

web (Chahid et al., 2014). Consequently, assessing the chemical

quality of marine organisms, particularly regarding their heavy

metal concentrations, is crucial for safeguarding human health

(Tuzen, 2009). These metals encompass both essential trace

elements and non-essential toxicants, providing a balanced

assessment of the nutritional and contamination status of

commercially important marine fish species. Furthermore, their

inclusion allows for comprehensive monitoring of anthropogenic

impacts on marine ecosystems, particularly in Indian coastal waters

with significant industrial and urban influences. The objectives

addressed here are (1) to assess the metal concentration in

different organs, such as gills, liver, intestine, and muscle, and (2)

to compare the metal concentration in organs vis-à-vis fish species.

These fish species have diverse feeding habits, and their

consumption of organisms in which heavy metals can accumulate

warrants attention to potential human health risks (Shah et al.,

2019; Hakimelahi et al., 2020; Switzer et al., 2015).
Materials and methods

A total of 15 fish specimens (15×4 organs = 60 samples)

belonging to three species—Sardinella longiceps, Rastrelliger

kanagurta, and Lutjanus campechanus were collected from the

Ennore landing center (Latitude: 13°13’55.84”N; Longitude: 80°

19’42.49”E). According to standard protocols, the samples were

immediately transported to the laboratory in an icebox for further

processing and species verification. In the laboratory, each

specimen’s total length and body weight were recorded.

Subsequently, the fish were dissected through the anal opening

using sterile dissection tools (knife and forceps) to extract selected

tissues, namely: (1) muscle, (2) liver, (3) intestine, and (4) gills. The
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dissected tissues were placed in pre-labelled, pre-acid-washed

Falcon tubes and stored at −20 °C until further analysis, following

the procedure outlined by Koduvayur et al. (2022). All reagents used

were of analytical grade, and solutions were prepared using Milli-Q

water (Elix UV5 and Milli-Q system, Millipore, USA). Teflon and

polypropylene containers were pre-cleaned by soaking in 5% nitric

acid (HNO3) for 24 hours, then thoroughly rinsed with Milli-Q

water and dried before use. For heavy metal analysis, 1 gram of

dried tissue was digested at 140 °C with 5 mL of concentrated nitric

acid (Suprapur®, Merck) in a microwave digestion system (Anton

Paar), by the standard digestion procedure described by APHA

(American Public Health Association) (2005). After digestion, the

resulting clear solution was transferred into centrifuge tubes and

diluted to a final volume of 10 mL with Milli-Q water (resistivity:

18.2 MW·cm), as per the method by Cortada and Collin (2013).

Trace element concentrations were quantified using inductively

coupled plasma mass spectrometry (ICP-MS; Agilent 7500). To

ensure data reliability, certified reference materials (CRM),

procedural blanks, and sample replicates were included in the

analysis, following the quality control measures described by Jha

et al. (2019). The analytical accuracy and precision were validated

by comparing the measured values against certified values for NIST

CRM QC3163 (seawater), with mean ± standard deviation results.

Metal concentrations in fish organs were expressed in ppm.
Data analysis

The data generated for metals from fish tissues were subjected to

descriptive statistics such as mean and range to summarize the metal

concentration in different fish species and their respective organs. The

normality of the data was assessed using the Shapiro-Wilk test, and

data transformation was applied where necessary to meet the

assumptions of parametric tests. A one-way analysis of variance

(ANOVA) test was conducted to assess the significant differences (a
= 0.05) among various organs and species of fish. Box whisker plots

were created, and the relationship between metal concentrations in

different organs of the fish was analyzed. Multivariate statistical

techniques were applied to explore further the metal distribution

patterns and underlying factors influencing metal accumulation.

Principal Component Analysis (PCA) was conducted on the

normalized dataset to gain insights into the distribution of metals

and the key components affecting the dataset. Before PCA, the Kaiser

Meyer Olkin (KMO) criterion was used to establish sample adequacy,

whereas Bartlett’s Test of Sphericity was used to check whether

variables are significantly correlated. Hierarchical clustering was

performed using Ward’s method, and squared Euclidean distances

from the normalized dataset to measure the dissimilarity matrix.
Results and discussion

The overall metal concentration in fish samples revealed notably

high levels of iron (Fe) and aluminum (Al) across all examined organs,

with Fe ranging from 4.05 to 4717.2 ppm and Al from 0.52 to 2663.81
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ppm. Among these, iron stands out due to its essential role in

numerous physiological and metabolic functions. According to the

World Health Organization (1989), adequate Fe intake is crucial for

maintaining human health. However, excessive iron accumulation can

pose health risks, particularly for individuals with conditions such as

hemochromatosis or other iron overload disorders. In contrast, Al,

despite being one of the most abundant metallic elements in the

Earth’s crust, lacks a defined biological role (Zhong et al., 2018).

Nevertheless, increasing evidence has linked Al exposure to

neurotoxicity and its potential involvement in neurodegenerative

diseases, including Alzheimer’s disease (Huat et al., 2019; Bryliński

et al., 2023).

The elevated concentrations of Fe and Al in fish tissues may

stem from both natural geological sources and anthropogenic

influences, such as industrial discharges, mining operations, and

agricultural runoff, which can enhance the mobility and

bioavailability of these metals in aquatic ecosystems. In contrast

to these findings, mercury (Hg) was consistently below the limit of

quantification (BLQ) across all sampled tissues. Mercury,

particularly in its methylated form, is one of the most toxic heavy

metals and poses severe risks to both human and ecological health

(Compeau and Bartha, 1985; Pandey et al., 2024). The absence of

detectable Hg concentrations in the samples could be interpreted as

a positive indication for suitability of fish consumption by human.

The overall mean concentrations of metals in the studied fish

species were ranked as Fe (525.23 ppm) > Al (275.57 ppm) > Zn

(29.12 ppm) > Mn (5.87 ppm) > Cu (3.92 ppm) > Cr (1.49 ppm) >

Ni (0.99 ppm) > Co (0.25 ppm) (Supplementary Table S1). Toxic

metals such as Cd, and Pb were present at very low concentrations.

Interestingly, these metals were often below the limit of

quantification in most of the samples. Cd and Pb reached

maximum concentrations of 1.19 ppm and 2.95 ppm,

respectively. The concentrations of heavy metals, including Pb

and Cd, detected in the samples were evaluated against

international safety guidelines for human consumption.

According to the World Health Organization (WHO) and the

Food and Agriculture Organization (FAO), the maximum

permissible limits in edible tissues are as follows: Lead (Pb): 0.3

mg/kg, Cadmium (Cd): 0.05–0.1 mg/kg, and Mercury (Hg): 0.5 mg/

kg for methylmercury in fish (Codex Alimentarius Commission,

2024). In our analysis, the concentration of Hg was found to be

below the limit of quantification. Although the overall maximum

concentrations of Cd and Pb may have exceeded permissible limits,

the mean concentration of Cd and Pb in muscle tissue (edible part)

was 0.047 ± 0.05 and 0.084 ± 0.04 ppm, respectively, which

remained below the established limits. The observed pattern of

metal concentration in fish samples is consistent with previous

research along the southeast coast of India (Koduvayur et al., 2022;

Samantara et al., 2023). The frequency of BLQ values further

supports the idea that the contamination from these metals is

relatively low in the study area, with Co being BLQ in 49 out of

60 samples, Pb in 34, and Cd in 32. The sporadic detection of these

metals at low concentrations has significant implications for food

safety and human health. It suggests that consuming these fish

species does not pose a substantial risk of heavy metal toxicity.
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Among the three Fishes, the relative concentration of all the

metals, except Al, Fe, and Zn, was higher in Snapper. The Al, Fe,

and Zn concentrations were higher in Sardines. In contrast, all

metals’ concentrations were lower in Mackerel (Figure 1). The

observed differences in metal accumulation could be attributed to

species-specific factors such as habitat preference, feeding habits,

metabolic rate, and detoxification mechanisms (Canli and Atli,

2003; Dural et al., 2006). The significantly higher Al, Fe, and Zn

accumulation in Sardines may be linked to their feeding behavior

and trophic position, as these metals are commonly associated with

planktonic food sources and sediment exposure (Romeo et al.,

1999). In contrast, Mackerel’s general lower metal concentrations

suggest a reduced bioaccumulation capacity. The one-way ANOVA

test showed that except for Ni and Co, all the metals showed

significant variation between fish species – Cu (F(2,57) = 6.787, p =

0.002), Cd (F(2,57) = 7.435, p = 0.001), Pb (F(2,57) = 3.946, p = 0.025),

Zn (F(2,57) = 8.107, p = 0.001), Mn (F(2,57) = 3.508, p = 0.037), Al (F

(2,57) = 3.626, p = 0.033), Fe (F(2,57) = 3.537, p = 0.036), Cr (F(2,57) =

3.337, p = 0.043) - which further reinforce the influence of

interspecific differences on metal uptake (Supplementary Table

S2A). Despite collecting from the same environment, the

significant differences in metal concentration between fish species

can result from differences in gill morphology, metal-binding

protein expression, and dietary intake (Romeo et al., 1999). The

lack of significant variation in Ni and Co concentrations across

species suggests a more uniform bioavailability or homeostatic

regulation mechanisms that control their accumulation (Heath,

1995). Nickel and cobalt play physiological roles in fish, such as

enzyme cofactor activity and vitamin B12 synthesis, which could

explain their stable concentrations across species (Ragsdale, 2009;

Bagheri et al., 2024).

Among the organs, the muscles, which are the edible part of the

fish, consistently showed lower concentration regardless of the fish

species, which aligns with previous studies indicating that muscle

tissues have limited metal-binding capacity due to lower metabolic

activity and reduced affinity for metal storage (Canli and Atli, 2003).

Meanwhile, the liver and intestine are organs with higher metal

accumulation, which could be attributed to their crucial roles in

metal metabolism, detoxification, and excretion (Romeo et al.,

1999). The finding (Supplementary Table S1) aligns with the

previous studies where the higher concentration of metals in the

liver has been linked to its role in metabolism (Bawuro et al., 2018).

One-way ANOVA results revealed significant organ-specific

differences in the accumulation of metals in the sampled fish

species. Statistically significant variation (p < 0.05) was observed

for Ni (F(3,56) = 7.837, p = .000), Cu (F(3,56) = 6.861, p = .001), Cd (F

(3,56) = 5.893, p = .001), Pb (F(3,56) = 3.502, p = .021), Mn (F(3,56) =

12.918, p = .000), Co (F(3,56) = 12.667, p = .000), Al (F(3,56) = 13.136,

p = .000), Fe (F(3,56) = 14.060, p = .000), and Cr (F(3,56) = 14.774, p =

.000), indicating strong organ-level differentiation in

bioaccumulation patterns (Supplementary Table S2B). Zinc

showed the lowest variability and did not reach statistical

significance (F(3,56) = 2.553, p = .065), suggesting a more uniform

distribution across organs. The organ-specific significant differences

in metal concentration can be linked to the physiological role of
Frontiers in Marine Science 04
each metal (El-Moselhy et al., 2014), with essential metals

preferentially accumulating in metabolically active tissues such as

the liver and gills. However, the absence of significant variation in

Zn concentration across organs suggests a more uniform

distribution, likely due to its essential role in various physiological

functions, including enzyme activation, cellular signaling, and

structural stability of proteins (Al-Yousuf et al., 2000).

Principal Component Analysis (PCA) was performed on the

dataset to assess the distribution of metals in different fish organs

(Figure 2A). The KMO test (0.73) and Bartlett’s Test of Sphericity (c2

= 891.54, p = 0.001) revealed that the dataset is adequate and variables

are significantly correlated, indicating that PCA results are reliable.

The PCA showed two principal components with eigenvalues >1. The

first principal component (PC1) accounted for 53.3% of the variance.

The second principal component (PC2) explained 25.9%, with the

first two PCs cumulatively capturing 79.2% of the dataset’s total

variability. This high cumulative variance suggests that the majority

of the data structure can be visualized effectively within a two-

dimensional space, facilitating a clear interpretation of metal

distribution patterns across the organs. Notably, the gills exhibited

clustering near the origin, which implies a balanced metal

composition, where no single metal overwhelmingly influences the

overall metal profile in this organ. This could suggest that the gills

may regulate a range of metals within the fish’s body without

preferential accumulation of any particular element. The intestine,

in contrast, demonstrated a broad distribution along PC1, reflecting a

strong association with metals such as Fe, Al, Cr, Mn, and Ni. This

widespread data indicates that the intestine is more variable in its

metal content, likely due to its role in metal absorption and the

influence of dietary intake or environmental exposure. The liver,

central to metal detoxification and storage, was predominantly

positioned along PC2, suggesting a significant correlation with Pb

and Cu. The association of the liver with these metals may reflect its

involvement in metabolic processes, where Pb is typically absorbed

and stored. At the same time, Cu is integral to enzyme systems and

metabolic functions (Bawuro et al., 2018). Muscles formed a compact

cluster near the origin, suggesting minimal variability in metal

accumulation. This indicates that the bioaccumulation of metals

has less influence on muscle tissue due to the lower metabolic

activity or reduced metal storage capacity than other organs, such

as the liver or intestine (Zhang et al., 2017).

The hierarchical cluster analysis of metals in different organs of

fish revealed that gills and muscles exhibit the highest similarity in

terms of metal accumulation (Figure 2B). The gills, as the primary

site of respiration and direct interaction with the surrounding

aquatic environment, are known to accumulate metals from

waterborne exposure (Shah et al., 2020). The clustering of the

liver with the gills-muscles group suggests a moderate level of

similarity, likely due to its central role in metal detoxification and

storage. The liver is well-recognized for its function in metal

metabolism, including biotransformation, sequestration, and

excretion. Metallothioneins and other detoxifying enzymes in

hepatic tissues allow the liver to accumulate and regulate metal

concentrations, leading to a distinct but related clustering pattern

(Al-Yousuf et al., 2000).
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In contrast, the intestine was identified as the most distinct

organ in terms of metal accumulation, joining the cluster at the

highest distance. This unique positioning suggests that the intestine

accumulates metals in a manner substantially different from the

other organs. One possible explanation is the direct ingestion and
Frontiers in Marine Science 05
absorption of metal-contaminated food and sediments, leading to

localized accumulation patterns that differ from those observed in

gills, muscles, and liver. The role of the intestine in digestion and

metal absorption, coupled with variations in metal-binding affinity

and transport mechanisms, could contribute to its distinct
FIGURE 1

Box-whisker plots for selected metal variables in different fish samples (A) Ni, (B) Cu, (C) Zn, (D) Mn, (E) Al, and (F) Fe. In each plot, the median is
represented by the central point, the interval is defined by the rectangle (i.e., 25% and 75% percentiles), and the range is indicated by the whisker
(*: extreme outlier; ◦: mild outlier). Different fish organs (Gil, Gill; Int, Intestine; Liv, Liver; Mus, Muscle).
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clustering (Kraal et al., 1995). These findings align with previous

studies indicating that metal accumulation patterns vary across

organs due to exposure route, metabolic activity, and detoxification

mechanisms (Dallinger et al., 1997; Romeo et al., 1999).

Considering that this Ennore is a well-frequented fishing harbor,

continuous monitoring is crucial to evaluate metal levels, develop

effective strategies to protect marine ecosystems, and aid in coastal

conservation and sustainable management of fisheries (Murugan

et al., 2005; Vijayakumaran et al., 2005; Kumar et al., 2009; Jha et al.,

2017). Future research should investigate the specific metal-binding

mechanisms in each organ, the impact of environmental factors on
Frontiers in Marine Science 06
metal bioaccumulation, and the potential health risks for aquatic

organisms and their predators within the food chain.
Conclusion

The study highlights significant variations in metal

concentrations across different fish species and organs, with Fe

and Al being the most abundant metals detected. The lower

concentration of toxic metals such as Pb, and Cd suggest minimal

contamination, reinforcing the safety of consuming these fish
FIGURE 2

(A) PCA biplot with confidence ellipses showing metal concentration patterns across fish organs. (B) HCA dendrogram illustrating organ-wise
clustering based on metal profiles.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1634855
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Dinesh Kumar et al. 10.3389/fmars.2025.1634855
species. Species-specific differences in metal accumulation indicate

that Snapper accumulates higher concentrations of most metals,

while Sardines show elevated Fe, Al, and Zn, and Mackerel exhibits

the lowest metal levels. These variations are likely influenced by

dietary habits, habitat, and metabolic factors. The organ-specific

analysis further reveals that the intestine accumulates Fe, Al, and

Cr, the liver is associated with Pb and Cu, and muscles show

minimal metal variability, supporting their role in metal

detoxification and storage. Statistical validation through ANOVA

and PCA confirms significant variations in metal distribution, with

PCA explaining 79.2% of the total variance, emphasizing the

distinct roles of fish organs in metal metabolism. Overall, the

findings suggest that while metal contamination in these fish

species remains within safe limits, ongoing monitoring is essential

to assess potential risks from environmental pollution and

anthropogenic activities.
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