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Introduction: Fish consumption can be a primary pathway for human exposure

to toxic metals such as, Cd, As, Hg, and Pb. Even at relatively low concentrations,

long-term exposure to these metals might result in accumulation levels leading

to toxicity. Therefore, monitoring their concentrations in fish regularly is crucial

to ensure consumer safety. We aimed to measure the concentrations of As, Cd,

Hg, and Pb in di�erent fish and canned fish samples and to compare the results

with permissible exposure limits to assess potential human health hazards.

Methods: Thirteen di�erent fish species and eight canned fish samples were

collected from local markets at Ramallah city, Palestine. Following microwave-

assisted digestion, a high-resolution inductively coupled plasma-mass

spectrometer (HR-ICP-MS) was used to measure the concentrations of

these metals in the digested samples.

Results and discussion: The ranges of average metal concentrations [expressed

in µg/g dry weight (dw)] in the 13 tested fish species were as follows: As (0.03–

54.27), Cd (<limit of quantitation (LOQ)-0.11), Hg (<LOQ-0.18), and Pb (0.02–

0.07). In canned fish samples, the average concentrations were as follows: As

(1.68–5.65), Cd (0.02–0.12), Hg (<LOQ–0.20), and Pb (0.02–0.07). Health risk

assessment based on estimated daily intake (EDI), target hazard quotient (THQ),

and carcinogenic risk (CR), indicated no cancer and non-carcinogenic health

risk. Although, our results pointed to no possible health risk associated with these

metals from fish and canned fish intake, environmental and human exposure

assessment should be sustained for long-term food security.

KEYWORDS

toxic, metals, microwave assisted digestion, environmental exposure, risk assessment

Introduction

Living organisms need trace amounts of some metals, such as cobalt, copper, iron,
manganese, molybdenum, vanadium, strontium, and zinc, but excess amounts are usually
detrimental. Although many metals are non-toxic to living organisms under certain
conditions, they can be toxic in certain forms at high doses (Barakat, 2011). Measuring

Frontiers in Sustainable FoodSystems 01 frontiersin.org

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2025.1591035
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2025.1591035&domain=pdf&date_stamp=2025-05-21
mailto:dqadah@birzeit.edu
https://doi.org/10.3389/fsufs.2025.1591035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsufs.2025.1591035/full
https://orcid.org/0000-0002-6498-6433
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Gazzawi et al. 10.3389/fsufs.2025.1591035

metal concentrations in representative samples is crucial prior
to assessing their toxicity. Metals are non-biodegradable,
environmentally persistent, and can bio-accumulate and bind to
short carbon chains (Edelstein and Ben-Hur, 2018).

Metals can disrupt cellular activities including growth,
proliferation, differentiation, damage–repair processes, and
apoptosis. When ingested in excessive amounts, they can combine
with biomolecules, such as proteins and enzymes, to form
stable bio-toxic compounds, thereby mutilating their structures;
consequently, this may prevent their biological functions (Duruibe
et al., 2007).

Seafood and processed seafood are considered rich sources of
healthy vitamins, proteins, omega-3 fatty acids, selenium, calcium,
andminerals, all of which are important for human health (Kalantzi
et al., 2016; Yasmeen et al., 2016; Zhang et al., 2017). Almost
all elements that are considered essential for the maintenance of
normal physiological functions are found in seafood (Tanaskovski
et al., 2016). The American Heart Association recommends two
servings of fish per week as part of a healthy diet (Neff et al., 2014).
Therefore, monitoring the levels of metals in commercial fish and
canned fish regularly is crucial to ensure consumer safety.

This study is of crucial importance to human health, both at
the national and international levels as it evaluates exposure to a
complex mixture of metals in a common food source worldwide.
Health authorities should be notified of such results to regulate
human exposure to these metals.

Materials and methods

Chemicals and reagents

All reagents and solutions were prepared using water obtained
from a Milli-Q water purification system (Millipore). All chemicals
used for sample preparation were of analytical reagent grade
or higher purity. Nitric acid (HNO3, VWR, electronic purposes
“e.p.”) was further purified by sub-boiling distillation. Prior to
use, all reagent containers underwent a strict cleaning procedure
as described by Qadah et al. (2023) to prevent unnecessary
contamination. They were filled with a 50% “1:1” mixture of
concentrated HNO3 and hydrochloric acid (HCl, VWR, pro-
analyse “p.a.”) and left for at least 48 h, subsequently rinsed with
Milli-Q water, and placed in a 20–30% (v/v) HNO3 bath. After 24 h,
they were thoroughly washed with Milli-Q water and stored in a
clean plastic box at room temperature.

Sample collection

A total of 13 fish species and eight canned fish (six tuna and
two sardine cans) samples were collected from local markets in
Ramallah city (Table 1, Supplementary File 1) on 10 February 2022.
These samples were selected following the recommendations of
experts at the Palestinian Ministry of Agriculture in Ramallah city.
Based on their experience, these fish and canned fish are the most
popular for consumption among local Palestinian residents. For all
fish samples, three specimens of average size available in the market
at the time of sampling were collected, except for salmon fish, for

TABLE 1 Average concentrations (expressed in µg/g dw ± 95% C.I., n =

3), and percent recoveries of As, Cd, and Hg measured in the certified

reference material (ERM-BB422, fish muscle), and percent recovery of Pb

obtained for three replicates of composite dry fish tissue samples spiked

at 1.00µg/g dw.

Element Measured
average ±

%95C.I. (n = 3)

Certified
average ±
uncertainty

%
Recovery

As 11.348± 1.957 12.7± 0.7 89.4

Cd 0.0073± 0.0014 0.0075± 0.0018 93.3

Hg 0.574± 0.0555 0.601± 0.030 95.5

Pb 0.899± 0.0415 1.00∗ 89.9∗

∗% Recovery of Pb was calculated following the analysis of three replicates of composite dry

fish samples spiked at 1.00µg Pb/g dw.

which ∼1.0 kg of filet was collected because it is “mostly” sold as a
pre-cut filet rather than a whole fish. The fresh fish samples were
placed immediately in polyethylene (PE) bags, kept in an insulated
box filled with ice, and transported to the Chemistry laboratory at
Birzeit University, where they were washed with deionized water
and stored at −20◦C until needed. For canned fish samples, three
replicates of each type were collected and stored in a clean, dry place
at room temperature until needed for treatment.

Sample pretreatment

The fish samples were washed with deionized water to remove
adsorbed salts from the skin before cutting. The skin and bones
were separated from the muscle tissue. Fish cans were opened,
and excess oil was manually drained (as effectively as possible
by squeezing the oil through a piece of porous fabric) from the
fish tissues. Composite tissue samples were taken from the whole
fish and canned fish, then homogenized using an electric food
processor equipped with hard-plastic blades. Each homogenized
sample was then divided into three portions and stored in pre-
cleaned polyethylene plastic vials at −20◦C: (i) ∼15 g portion
for the determination of moisture and dry mass contents; (ii)
∼100 g portion for ICP-MS analysis; and (iii) the remaining portion
stored as backup. After freezing at −20◦C for at least 48 h, the
100 g portion samples were shipped frozen to the laboratories of
the Biology Department at An-Najah University (Nablus city),
where they were freeze-dried using a lyophilizer. The dried tissue
samples were then shipped to the laboratories of the SPHERE
group (Systemic Physiological and Ecotoxicological Research) at
the University of Antwerp, Belgium, for further analysis.

Moisture and dry mass contents

Moisture and dry mass contents in fish and canned fish
were determined following the standard hot air method of the
Association of Official Analytical Chemists (AOAC, 2019). In short,
three replicates of wet samples were dried at 105◦C to a constant
weight using a hot air oven. The weight loss was used to calculate
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the moisture content of the samples, and the dry mass content was
then calculated as 100 – %moisture.

Sample digestion and analysis

In the SPHERE lab, fish samples were transferred to pre-
cleaned 80mL microwave digestion vessels. From each sample,
three replicates of approximately 0.20 g were weighed using a
Mettler AT261 DeltaRange R© (±0.001 g) sensitive balance and
placed in the digestion vessels. To each vessel, 4mL of ultra-
pure concentrated HNO3 (69%, ICP-MS reagent grade) was added.
The samples were then allowed to digest at room temperature for
24 h under a fume hood, and then 400 µL of high-purity grade
hydrogen peroxide (H2O2, 29 %) was added to each vessel. The
samples were left open for 30min, and then closed. Subsequently,
the samples were digested using a SP-Discover Microwave (CEM,
USA) following a method slightly modified from the standard
method described by Mataba et al. (2016). In this regard, digestion
was accomplished by heating the vessels from room temperature
to 200◦C at a ramping rate of 5.0◦C/min, held isothermal at
200◦C for 5min. Maximum microwave power was set at 300
Watts, and the pressure inside the digestion vessels increased
steadily; the fish tissues were considered fully digested when the
pressure in the vessels reached a plateau (typically below 400
psi). When digestion was completed, the samples were diluted
to 50mL with highly purified water obtained from Millipore
Milli-Q R© (Integral 3 Water Purification System, Merck KGaA,
Darmstadt, Germany). The system is fitted with a Q-POD R©

Element unit, which is an additional point-of-delivery purifier
designed to deliver ultrapure water, specifically dedicated to HR-
ICP-MS analysis. Prior to metal analysis, the sample solutions were
further diluted to bring the acid concentrations to 2–3% (v/v). For
quality assurance/quality control (QA/QC) and method validation
purposes, three replicates of standard reference fish material
(ERM-BB422, European Union Joint Research Center, JRC-IRMM,
Geel, Belgium), and three method blanks were subjected to the
same microwave digestion procedure and processed for analysis
alongside the fish samples. Measured metal concentrations were
compared with the corresponding values reported in the certificate
of analysis (COA).

Toxic metal analysis

Analysis of As, Cd, Hg, and Pb in the sample solutions
was performed using HR-ICP-MS in cold plasma mode (Thermo
Scientific Finnigan Element 2, Waltham, MA, USA), with
an instrumental detection limit of 0.001 µg/L, as described
by Rodriguez-Levy et al. (2022). For quantification of metal
concentrations, a series of calibration standards were prepared
by diluting high-purity ICP-MS multi-element standard solutions
obtained from Agilent Technologies (Santa Clara, CA, USA). For
additional QA/QC purposes, an external water sample Standard
Reference Material (SRM-1643f, National Institute of Standards
and Technology “NIST”, Gaithersburg, MD, USA) was also
analyzed at the beginning, middle, and end of the analysis. The use

of a NIST standard in this case was to validate the accuracy and
precision of the instrument during metals analysis. In the results
section, concentrations were first calculated and reported in µg/g
dry weight (dw), and then in µg/g wet weight (ww) to calculate
the various health risk assessment parameters described in the
following subsections.

Human health risk assessment of toxic
metals

Under conditions of regular consumption, it is important to
assess the metal pollution index, estimated daily intake (Elnabris
et al., 2013), target hazard quotients (THQ), and hazard index (HI)
of toxic metals from fish consumption (Bogdanović et al., 2014;
Zhelyazkov et al., 2018), and compare these with the values of the
recommended daily dietary allowance (RDA) and the provisional
tolerable daily intake (PTDI) suggested by some international
food safety organizations, such as the Food and Agriculture
Organization (FAO) of the United Nations (UN) and the World
Health Organization (WHO) (FAO/WHO, 1999, 2003, 2009).

Metal pollution index

The metal pollution index (MPI) was calculated to assess metal
pollution using Equation 1 below as described by other workers
(Usero et al., 2005; Abdel-Khalek et al., 2016):

MPI = (CM1×CM2×CM3× . . .×CMn)
1/n (1)

where CM1 is the concentration of the first metal, CM2 is the
concentration of the second metal, CM3 is the concentration of
the third metal, and CMn is the concentration of the nth metal,
all expressed in µg/g wet weight (ww) in the tissue sample of a
particular species.

Estimated daily intake

Estimated daily intake (EDI) was calculated based on the metal
concentrations in fish and daily fish consumption. Equation 2 was
used to calculate EDI as described by the USEPA (2000a, 2010) and
other workers (Wei et al., 2014; Varol et al., 2017; Sarker et al.,
2020):

EDI=
(Cn x IGr)

Bw
(2)

where Cn is the concentration of metal in the selected fish muscle
tissues (µg/g ww), IGr is the expected ingestion rate (8.22 g/day
according to the Palestinian Ministry of Agriculture in the West
Bank, and 11.66 g/day according to the Directorate General of
Fisheries at the Palestinian Ministry of Agriculture in the Gaza
Strip), and Bw is the body weight (70 kg was used) as reported by
USEPA (2008).
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Target hazard quotient

Target hazard quotient (THQ) was estimated by the ratio of
EDI to the oral reference dose (RfD). A ratio value <1 implies
non-significant risk effects (Baki et al., 2018). Equation 3 was used
to calculate THQ as described in other studies (Baki et al., 2018;
Traina et al., 2019; Sarker et al., 2020):

THQs = (Ed×Ep×EDI/At×RfD)×10−3 (3)

where Ed is the exposure duration (65 years) as described by
USEPA (2008), Ep is exposure frequency (365 days/year), RfDs
are the reference doses in mg element per kg per day, based on
0.0003, 0.001,0.0005, and 0.004 mg/kg/day for As, Cd, Hg, and
Pb, respectively, as followed in other studies (Wang et al., 2005;
Baki et al., 2018), and At is the average time for non-carcinogenic
elements (Ed×Ep).

Hazard index

Hazard index (HI) values in the tested fish samples were
calculated using Equation 4 shown below as described by other
workers (Yi et al., 2011; Orajiaka-Uchegbu et al., 2020):

HI=
∑

n
i=0THQ (4)

where THQ is the estimated risk value for individual metals. When
the HI value is > 1, the non-carcinogenic risk effect is considered
high for “potentially” exposed consumers (Dadar et al., 2017; Fakhri
et al., 2017).

Carcinogenic risk

Carcinogenic risk (CR) was calculated to assess potential cancer
cell development in fish or canned fish consumer’s body over a
lifetime due to long-term exposure to “potentially toxic” metals
(Zhong et al., 2018). The acceptable range of the CR limit is 10−6

to 10−4 as reported in other studies (Li et al., 2013). Equation 5,
followed by other workers, was used to assess CR (Cao et al., 2014;
Vu et al., 2017):

CR=
Ed x Ep x EDI x CSF

AT
x 10−3 (5)

where CSF is the oral slope factor of a particular carcinogen
(mg/kg/day); CSF values are available only for As (1.5), Pb (0.0085),
and Cd (6.3) (USEPA, 2000a,b, 2010).

Data analysis

Descriptive statistics to calculate average, range, standard
deviation, median, and 95% confidence interval (C.I.) were
performed usingMicrosoft Excel (Microsoft Office, 2019). No other
statistical analyses were conducted. Chart plots (shown in Figures 1,
2) were prepared using GraphPad Prism 9 software.

Results and discussion

Method validation and quality assurance

The average concentrations of the four toxic metals with
their corresponding 95% confidence interval (C.I.). and the
certified values with their uncertainties are shown in Table 1.
The calculated percent recoveries (% recovery = (measured
concentration/certified concentration) × 100) were within
acceptable values, i.e, 89%, 93%, 96%, and 90% for As, Cd, Hg, and
Pb, respectively. It should be noted that the certificate of analysis
(COA) did not include a certified value for Pb; therefore, three
replicates of composite dry fish tissue samples spiked at 1.00 µg
Pb/g dw were processed and measured following the same method
to calculate the % recovery of Pb.

Concentrations of toxic metals in fish

The average concentrations of toxic metals in 13 fish species
(expressed in µg/g dw) are shown in Table 2, Figure 1. Average As
ranged from 0.03 to 54.27 (mean of 0.83), Cd from < LOQ to 0.11
(0.05), Hg from < LOQ to 0.18 (0.04), and Pb ranged from 0.02 to
0.07 (0.04). The highest mean concentrations of As and Hg were
measured in morjan fish (54.3 and 0.18µg/g dw, respectively), the
highest level of Cd was found in mesht fish (0.11µg/g dw), and
the highest values of Pb were detected in mesht and hamour fish
samples (both were 0.07µg/g dw). The lowest concentration of As
was measured in striped bass fish (0.03µg/g dw), the lowest levels
of Cd were found in malleta and sultan ibrahim fish samples (both
were 0.002µg/g dw), the lowest Hg contents were those detected in
locus and catfish samples (both were 0.002µg/g dw), and the lowest
Pb concentrations were found in striped bass, locus, and mackerel
fish samples (all were 0.02µg/g dw). The high concentrations of Cd
and Pb in mesht fish were quite surprising because mesht fish is
raised in local farms at Jericho city or imported from fish farms in
neighboring countries. Careful investigation is needed to determine
the source of potential metal contamination in mesht fish from
these farms.

As concentrations (expressed in µg/g dw, Table 2) in the fish
samples of our study were much higher than those reported by
Belivermiş et al. (2016) in a study conducted in Türkiye, where
As concentrations ranged from 5.30 to 18.30µg/g dw (mean of
9.30µg/g dw, n = 20). Ustaoglu and Yüksel (2024) reported an
average As concentration of 0.163µg/g ww in four different fish
species in a recent study conducted in Türkiye. The mean As
content in the 13 tested fish samples (2.071µg/g ww, Table 2)
was about 13 times higher than that of Ustaoglu and Yüksel. The
California Environmental Protection Agency (CEPA, 1995–97) set
1.0µg/g ww as the maximum permissible concentration (MPC)
for As in edible fish; thus, As levels (when expressed in µg/g ww,
Table 2) in 3 out of the 13 tested fish samples exceeded the MPC
of California state and also exceeded the FAO (1983) MPC for As
(1.0µg/g ww). Namely, those were morjan fish (14.46µg/g ww),
malleta fish (1.99µg/g ww), and sultan ibrahim fish (7.32µg/g ww).
However, because As concentrations reported herein represent
total arsenic, one should be cautious when interpreting these
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FIGURE 1

Average concentrations of toxic metals in 13 fish species expressed in µg/g dw (± 95% confidence interval “CI”, n = 3).

results. Recent studies suggested that the majority of As in fish
is present as arsenobetaine (AsB), which is considered non-toxic
to humans (Hoy et al., 2023). For example, Krishnakumar et al.
(2016) reported total As content ranging from 11 to 134µg/g
dw in Arabian Gulf seafood, with ∼70% of which being AsB,
while the inorganic arsenic (iAs) fraction was <2%. Kalantzi
et al. (2017) studied As speciation in 12 different fish species
collected from Greek coastal zone, where the total As levels varied
between 11.8 and 62.6µg/g dw with the AsB fraction accounting
for 67–95% of it. Moreover, Ustaoglu et al. (2024) estimated
that iAs makes up to 10% of total As concentration. Therefore,
measuring the concentrations of all possible As species, organic
and inorganic, is a crucial step in health risk assessment associated
with potential As contamination. Conducting such a speciation
analysis was beyond the scope of our study simply because we
lack the necessary instrumentation and infrastructure to do so at
Birzeit University.

The maximum permissible concentration (MPC) of Cd in the
muscle meat of fish ranges from 0.05 to 0.25µg/g ww as specified
by the EU Commission Regulation (2023), and 0.50µg/g ww as
described by FAO/WHO (2011). In our study, the concentrations
(expressed on a wet weight basis, µg/g ww) of Cd detected in all 13
fish samples (Table 2) were below the threshold limits set by the EU
and FAO/WHO. Two similar studies conducted in Saudi Arabia on
similar fish species, the first was conducted by Alturiqi and Albedair
(2012), where Cd concentrations ranged from 1.17 to 4.25µg/g dw;
while the second was conducted by Younis et al. (2021), where Cd

concentrations ranged from 3.00 to 5.10µg/g dw for five different
fish species collected from Jeddah coast. The Cd concentrations
measured in the 13 fish species of this study were lower compared to
those reported by Alturiqi and Albedair (2012) and those reported
by Younis et al. (2021). Moreover, Al-Weher (2008) measured the
concentrations of Cd, Cu, and Zn in three fish species (Oreochromis

aureus, Cyprinus carpio, and Clarias lazera) collected from the
Northern Jordan Valley. Mean Cd concentrations ranged between
0.02 and 0.24 (median of 0.14µg/g dw); Cd concentrations in fish
measured in our study were within the range reported by Al-Weher
(2008).

Concentrations of Hg varied among the 13 tested species,
with the highest level in morjan and the lowest in locus (Table 2,
Figure 1). These Hg concentrations were comparable to those
reported by Alturiqi and Albedair (2012), where Hg concentrations
measured in farmed fish samples collected from Saudi Arabian
markets ranged from 0.014 to 0.055µg/g dw. It should be noted,
however, that Hg concentrations (when expressed in µg/g ww,
Table 2) in the 13 tested fish samples were below the maximum
permissible concentrations of Hg in fish (0.50 and 0.5-1.0µg/g ww)
described by FAO/WHO (2009, 2011) and the EU Commission
Regulation (2023), respectively.

The concentrations of Pb in the 13 tested fish samples also
varied, with the highest level in mesht and the lowest in locus
(Table 2, Figure 1). The average concentrations of Pb in this study
(0.02–0.07,mean of 0.04µg/g dw) were lower than those reported
by: (i) Younis et al. (2021), where Pb concentrations ranged
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FIGURE 2

Average concentrations of toxic metals in eight canned fish samples expressed in µg/g dw (± 95% CI, n = 3).

from 0.70 to 0.80µg/g dw; (ii) Aytekin et al. (2019), where Pb
levels varied between 22.18 and 62.75µg/g dw in different tissues
of Penaeus semiculatus collected from the coast of Iskenderun
Gulf (Türkiye); and (iii) Abarshi et al. (2017), who reported Pb
contents of 0.20 to 0.50µg/g dw in some organs of fish samples
collected from Bonny River, Nigeria. It should be noted that Pb
concentrations (when expressed in µg/g ww, Table 2) measured in
all fish samples of the present study were lower than the maximum
acceptable levels of Pb (0.3 and 0.5µg/g ww) set by the EU
Commission Regulation (2023) and WHO (1996), respectively.

Concentrations of toxic metals in canned
fish

The average concentrations of toxic metals in eight canned fish
samples (expressed in µg/g dw) are shown in Table 3, Figure 2, and
were as follows: As concentrations ranged from 1.68 to 5.65 (mean
of 3.69), Cd levels from 0.02 to 0.12 (0.05), Hg concentrations varied
from < LOQ-0.20 (0.01), and Pb contents from 0.02 to 0.07 (0.03).
The highest concentrations were those of As, while concentrations

of Cd, Hg, and Pb were “relatively” low and comparable in
the eight canned fish samples under investigation. The highest
concentrations (in µg/g dw) of the four tested toxic metals were as
follows: As in Lazeza tuna cans (5.65), Cd in Al warda Al hamra
sardine cans (0.12), Hg in Arizona tuna cans (0.20), and Pb in
Americana sardine cans (0.075). The lowest levels of these toxic
metals were as follows: As in Al warda Al hamra sardine cans
(1.68), Cd in Arizona tuna and Americana sardine cans (0.02), Hg
in Americana sardine (0.001) and Al warda Al hamra sardine cans
(0.002), and Pb found in Lazeza tuna (0.024) and Fatafeat tuna
cans (0.022).

The highest concentrations of Cd and Pb were detected in
Al warda Al hamra sardine and Americana sardine cans. These
high Cd and Pb concentrations were also quite surprising because
sardines are supposed to be “relatively” much less contaminated
with metals or organic pollutants, especially when compared to
tuna canned fish due to several reasons. First, the size of sardine
fish is much smaller than that of tuna fish and all other fish species
investigated; second, the lifespan of sardine fish is much shorter
compared to that of all examined fish species; third, consequently,
the weight and fat content of sardine fish aremuch less than those of
all fish species tested in this study.We expected to find higher metal
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TABLE 2 Average concentrations of toxic metals expressed in dry weight (µg/g dw ± 95% C.I., n =3) and wet weight (µg/g ww) bases along with average

percentage of dry mass in the 13 fish species.

Name As Cd Hg Pb As Cd Hg Pb Dry massa

(µg/g dw) (µg/g dw) (µg/g dw) (µg/g dw) (µg/g ww) (µg/g ww) (µg/g ww) (µg/g ww) (%)

Mesht 0.10± 0.01 0.11± 0.03 0.12± 0.02 0.07± 0.00 0.021 0.023 0.027 0.015 21.6

Morjan 54.27± 3.01 0.03± 0.01 0.18± 0.02 0.04± 0.01 14.462 0.007 0.047 0.011 26.6

Lavrak 2.92± 0.53 0.01± 0.00 0.05± 0.01 0.04± 0.01 0.921 0.003 0.016 0.012 31.5

Salmon 0.81± 0.07 0.05± 0.00 0.02± 0.01 0.04± 0.01 0.342 0.021 0.008 0.017 42.4

Danes 0.83± 0.12 0.06± 0.02 0.06± 0.01 0.04± 0.01 0.291 0.020 0.020 0.013 35.1

Malleta 6.23± 1.38 <LOQ∗∗ 0.05± 0.01 0.04± 0.01 1.986 <LOQ 0.017 0.012 31.9

Sultan Ibrahim 27.27± 3.12 <LOQ 0.02± 0.01 0.06± 0.01 7.318 <LOQ 0.006 0.016 26.8

Striped bass 0.03± 0.01 0.06± 0.01 0.01± 0.00 0.02± 0.00 0.007 0.014 0.002 0.005 25.1

Locus 0.23± 0.06 0.01± 0.00 <LOQ 0.02± 0.00 0.060 0.003 <LOQ 0.004 26.1

Hamour 0.06± 0.01 0.01± 0.00 0.04± 0.01 0.07± 0.01 0.017 0.003 0.012 0.021 29.4

Bakala 3.48± 0.39 0.06± 0.01 0.02± 0.00 0.04± 0.01 0.666 0.012 0.003 0.008 19.1

Mackerel 5.75± 1.30 0.10± 0.02 0.06± 0.00 0.02± 0.00 0.750 0.013 0.008 0.003 13.0

Catfish 0.19± 0.05 0.06± 0.01 < LOQ 0.06± 0.01 0.088 0.028 <LOQ 0.027 47.4

Meana 7.86 0.04 0.05 0.04 2.071 0.012 0.013 0.013

LOD∗ (ng/kg) 2.56 0.78 1.16 0.67

LOQ∗∗ (ng/kg) 7.77 2.37 3.51 2.03

∗LOD, limit of detection (calculated as 3 x standard deviation of blank), ∗∗LOQ, limit of quantitation (calculated as 10 x standard deviation of blank).
a Mean of means of all 13 fish samples.

accumulations in the six tuna canned samples compared to those
accumulated in the two sardine canned samples. Since the opposite
trendwas observed, further investigations are needed to identify the
sources of metal contamination in sardine cans marketed in local
markets in Ramallah city.

On a wet weight basis, concentrations of As in the eight
canned fish samples ranged from 0.745 to 1.933µg/g ww (Table 3).
Concentrations in six of the eight tested canned fish samples
exceeded the MPC of As (1.0µg/g ww) described by CEPA (1995–
97) and FAO (1983), suggesting that based on total As content,
only two of the eight tested canned fish brands are safe for human
consumption. However, this conclusion might be misleading due
to the discussion presented earlier regarding As speciation. Only a
small fraction (≤10%) of total As content in fish is inorganic, as
mentioned earlier, while most of it is present in different organic
arsenical compounds, which are “non-toxic” (Krishnakumar et al.,
2016; Kalantzi et al., 2017; Hoy et al., 2023; Ustaoglu et al., 2024).
Therefore, upon calculating the fraction of iAs as 10% of the total
As concentrations shown in Table 3, one might conclude that all
eight tested canned fish are safe for consumption.

In two similar studies conducted on canned fish samples
collected from Lebanese and Iranian markets, Korfali and Abou
Hamdan (2013) reported Cd concentrations ranging from 0.021
to 0.645µg/g dw (n = 14), while Hosseini et al. (2015) reported
Cd concentrations ranging from 0.00 to 0.37µg/g dw (n = 30).
We observed that the Cd concentrations measured in canned fish
in the present study were generally lower than those reported by
the two studies mentioned above. In another study performed on
canned fish samples in Türkiye, Tuzen and Soylak (2007) reported

Cd concentrations ranging from 0.06 to 0.25µg/g dw (n = 4); the
Cd concentrations measured in canned fish in the present study
were also lower than those reported by Tuzen and Soylak.

The concentrations of Hg measured in our canned fish samples
were relatively lower than those reported by Korfali and Abou
Hamdan (2013), where Hg concentrations ranged from 0.025 to
0.395µg/g dw (n = 14) in a study conducted in Lebanon, which
was mentioned earlier.

A comparison of the concentrations of the four toxic metals
measured in the fish and canned fish samples of the present
study, as well as those reported by similar studies conducted in
other neighboring and non-neighboring countries, is shown in
Supplementary Files 2 and 3 (Tuzen and Soylak, 2007; Al-Weher,
2008; Hilal and Ismail, 2008; Islam et al., 2010; Obeid et al., 2011;
Alturiqi and Albedair, 2012; Mahalakshmi et al., 2012; Korfali and
Abou Hamdan, 2013; Hosseini et al., 2015; Belivermiş et al., 2016;
Zohra and Habib, 2016; Abarshi et al., 2017; Al-Qadasy et al., 2018;
Keshavarzi et al., 2018; Popovic et al., 2018; Aytekin et al., 2019;
Kowalska et al., 2020; Younis et al., 2021). The differences in the
concentrations of some toxic metals observed when comparing
our results with those of some of these studies, as we described
and discussed earlier, could be attributed to various reasons,
such as: (i) the history of contamination of the water, suspended
particulate matter (SPM), and sediments where the tested fish
species lived; (ii) possible variations in the age, weight, length, and
fat content among the fish and canned fish samples investigated
in these studies; and (iii) variations in environmental factors, such
as water pH, dissolved oxygen, dissolved carbon, total organic
carbon in SPM and sediments, and redox potential of sediments.
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TABLE 3 Average concentrations of toxic metals expressed in dry weight (µg/g dw ± 95% C.I., n =3) and wet weight (µg/g ww) bases along with average

percentage of dry mass in the eight canned fish samples.

Commercial
name

Type As (µg/g
dw)

Cd
(µg/g
dw)

Hg
(µg/g
dw)

Pb (µg/g
dw)

As (µg/g
ww)

Cd
(µg/g
ww)

Hg
(µg/g
ww)

Pb (µg/g
ww)

Dry
massa

(%)

Americana Sardine 4.66± 1.20 0.02± 0.00 <LOQ 0.07± 0.02 1.933 0.005 <LOQ 0.000 41.4

Al warda Al
hamra

Sardine 1.68± 0.33 0.12± 0.02 <LOQ∗ 0.04± 0.00 0.745 0.028 <LOQ∗ 0.001 44.2

Al Ameed Tuna 3.19± 0.57 0.03± 0.01 0.01± 0.00 0.03± 0.01 1.550 0.002 0.014 0.005 48.5

Arizona Tuna 4.18± 0.87 0.02± 0.00 0.20± 0.06 0.03± 0.00 1.527 0.005 0.007 0.075 36.6

Heinz Tuna 2.80± 0.52 0.07± 0.02 0.02± 0.00 0.03± 0.01 1.000 0.005 0.025 0.005 35.8

Lazeza Tuna 5.65± 1.30 0.08± 0.01 0.01± 0.00 0.02± 0.00 1.911 0.003 0.028 0.002 33.8

Fatafeat Tuna 2.54± 0.52 0.04± 0.01 0.01± 0.00 0.02± 0.00 0.907 0.001 0.015 0.002 35.8

Marina Tuna 4.54± 0.79 0.05± 0.01 0.07± 0.01 0.03± 0.00 1.626 0.004 0.019 0.023 35.8

Meana 3.66 0.05 0.04 0.03 1.400 0.007 0.021 0.014

LOD∗ (ng/kg) 2.56 0.78 1.16 0.67

LOQ∗∗ (ng/kg) 7.77 2.37 3.51 2.03

∗LOD: limit of detection, ∗∗LOQ: limit of quantitation.
aMean of means of all 8 canned-fish samples.

These factors could lead to significant differences in the physical
and chemical behaviors of the studied metals, thus affecting their
potential uptake, bioaccumulation, and biomagnification by the
fish species under consideration. It is important to note that
investigating the variations of these factors to assess their impact on
the concentrations of toxic metals in fish and canned fish samples
was beyond the scope of this study.

Comparison with international dietary
standards and guidelines

The mean concentrations of the four toxic metals measured in
the fish samples of the present study, along with maximum
permissible concentrations (MPC) described by several
international organizations such as WHO, EU, and FAO, are
shown in Table 4. The results revealed that the concentrations of
the analyzed toxic metals were lower than the MPC established
by all three international agencies, except for As. Estimated daily
intake (EDI), target hazard quotient (THQ), and carcinogenic risk
(CR) were analyzed to interpret potential effects on public health.

Health risk assessment (consumption
safety)

Metal pollution index (MPI)
The Metal Pollution Index (MPI), which compares total

metal contents in the muscles of the examined fish or canned
fish, was used to assess the degree of metal contamination
in the fish or canned fish samples under investigation. As
shown in Supplementary File 4, calculated MPI values (based on
concentrations in µg/g ww) for the 13 tested fish species ranged
from 0.004 to 0.086 (median of 0.021, n = 13). Although the

TABLE 4 Comparison of the average concentrations of toxic metals

(expressed in µg/g ww) measured in fish samples from this study with the

maximum permissible concentrations (MPC) in fish muscles (µg/g ww) set

by various international organizations.

Organization As Cd Hg Pb Reference

This study 2.071 0.012 0.013 0.013 This study

WHO 0.50 0.50 WHO, 1996

Joint FAO/WHO 0.50 2.00 FAO/WHO, 2011

FAO/WHO 0.50 0.50 FAO/WHO, 2009

EU -∗ 0.05–0.250 0.5–1.0 0.30 EU Commission
Regulation, 2023

CEPA 1.00 CEPA, 1995–97

FAO 1.00 FAO, 1983

-∗Not available.

MPI calculated for bakala fish was the third highest among the
other fish species, the potential risk associated with consuming
this particular fish species is much higher compared to that
associated with consuming any of the other studied species,
simply because bakala fish is the cheapest among all fish types
available at Ramallah markets, making it affordable for most
local consumers.

For the canned fish samples, as shown in Supplementary File 5,
calculated MPI values (based on concentrations in µg/g ww)
ranged from 0.012 to 0.045 (median of 0.027, n = 8). The lowest
MPI values were found in the two sardine canned fish samples
(Al warda Al hamra and Americana), suggesting that sardine
canned fish might be safer than tuna canned fish. Generally
speaking, tuna canned fish (regardless of the brand) is very
popular in the markets of Ramallah (and other Palestinian cities);
it is consumed regularly by most families. Thus, the potential
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TABLE 5 Estimated daily intake (EDI, µg/kg bw/day) of toxic metals

calculated to asses potential hazard e�ects in local fish or canned fish

consumers at the city of Ramallah, Palestine.

Species As Cd Hg Pb

Danes 0.0342 0.0024 0.0023 0.0015

Bakala 0.0782 0.0015 0.0004 0.0010

Catfish 0.0103 0.0033 0.0001 0.0032

Salmon 0.0402 0.0025 0.0010 0.0020

PTDI∗ 1.00 0.228 3.57

∗PTDI values of Hg, Pb and Cd were based on the data suggested by The Joint FAO/WHO

Expert Committee on Food Additives (FAO/WHO, 2011).

health hazards associated with the consumption of tuna canned
are likely greater than those resulting from sardine canned
fish consumption.

Estimated daily intake
As mentioned earlier, the average quantity of fish consumed by

a 70 kg person per day is 8.22 g in the West Bank and 11.66 g in
the Gaza Strip. Therefore, the mean of both averages (i.e., that of
the West Bank and that of the Gaza Strip) was calculated (9.94 g
per day per person) and used to determine the EDI values using
Equation 2. As shown in Table 5, EDI values (expressed in µg/kg
bw/day) were first estimated for the most commonly consumed
fish species in Ramallah city markets, particularly bakala fish,
Danes fish, catfish, and salmon. EDI values for the four analyzed
metals were as follows: As 0.0103–0.0782, with the highest value
found in bakala fish; Cd 0.0015–0.0033, with the highest value
found in catfish; Hg 0.0001–0.0023, with the highest value found
in Danes fish; and Pb 0.001–0.0032, with the highest value found
in catfish. The EDI values for Cd, Hg, and Pb were all below
the provisional tolerable daily intake (PTDI) (FAO/WHO, 1999,
2003, 2011). However, these EDI values should be interpreted with
caution. While it is permissible to use any fish or canned fish
sample with an EDI value lower than PTDI for edible purposes,
this does not imply that no negative health effects may arise from
their consumption.

For As, we could not find any PTDI value in the literature,
but it is well documented that exposure to potentially toxic metals,
such as, arsenic through the ingestion of food or drinks, could
result in acute or long-term intoxication (Yüksel et al., 2023).
It is important to note that EDI values for As were calculated
using total concentrations rather than those of iAs. To achieve
a better risk assessment of exposure to As through food, one
should differentiate between the levels of organic and inorganic
forms present. Thus, without confirming the fraction of iAs in
the samples under investigation through a speciation study, the
actual risk associated with potential As contamination cannot
be assessed.

As shown in Table 6, EDI values were also calculated, but this
time using the average concentration of each metal in all studied
samples (13 fish and eight canned fish). EDI values ranged from
0.001 for Cd to 0.258 µg/kg bw/day for As, and ascended in the
following order: As> Hg> = Pb>Cd. While EDI values of Cd,

TABLE 6 Estimated daily intake (EDI, µg/kg bw/day) calculated using the

average concentrations of toxic metals in all 21 studied samples, along

with the provisional tolerable daily intake (PTDI) and the recommended

daily dietary allowance (RDA) as suggested by WHO and joint FAO/WHO

(in µg/kg bw/day).

Metal/
metalloid

Average
concentration
(µg/g ww)

EDI RDA PTDI∗

As 1.816 0.258

Cd 0.01 0.001 1.000

Hg 0.016 0.002 30 0.228

Pb 0.013 0.002 250 3.570

∗PTDI values of Hg, Pb, and Cd were based on the data suggested by The Joint FAO/WHO

Expert Committee on Food Additives (FAO/WHO, 2011).

Hg, and Pb did not increase when the data from all 21 samples
were pooled, the As EDI value increased by a factor of six (from
an average of 0.041 to 0.258). It should be noted that EDI values of
Cd, Hg, and Pb were lower than both recommended daily dietary
allowance (RDA) and provisional tolerable daily intake (PTDI)
values of the Joint FAO and WHO Expert Committee for Food
Additives (FAO/WHO, 1999, 2003, 2011). Once again, because
the EDI of As was calculated based on total concentrations, the
actual risk associated with potential As contamination could not
be assessed without conducting a speciation study. Unfortunately,
the necessary instrumentation and infrastructure to do so are not
available in the Palestinian territories.

Target hazard quotient (THQ)

The target hazard quotient (THQ) is considered one of
the reasonable parameters for the risk assessment of metal
contamination and accumulation that might result from
consuming contaminated fish (Cao et al., 2014). The threshold
limit of THQ is 1.0, as suggested by USEPA (2008, 2010), while a
THQ value <1.0 implies non-significant risk effects (Baki et al.,
2018).

The THQ values of As, Cd, Hg, and Pb shown in
Supplementary File 6 were calculated for all 21 samples (i.e., fish
and canned fish). All of them were below 1.0, except for two values
of As (6.85 for morjan fish and 3.46 for sultan ibrahim fish). These
values might be lower if much of the As is present in non-toxic
organic forms.

Hazard index (HI)

For the risk assessment of multiple metals contamination in
fish, the total hazard index (HI) was employed; this approach takes
all calculated THQ values into account. While THQ values were
calculated for each of the four toxic metals (As, Cd, Hg, and Pb)
separately, HI values were calculated for all of them collectively.
Any HI value higher than 1.0 suggests that the corresponding fish
species or canned fish might not be safe for human consumption.
All HI values (Supplementary File 6) were lower than 1.0 for all
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fish and canned fish samples, except for morjan fish (HI = 6.86)
and sultan ibrahim fish (HI = 3.466). This was because their
corresponding As THQ values were also high (6.85 and 3.46,
respectively). These two high HI values might be lower if much of
the As is present in non-toxic organic forms. Therefore, based on
these THQ and HI results, no non-carcinogenic health risk effects
should be expected.

Carcinogenic risk (CR)

Generally, a CR value above 10−4 is considered unacceptable,
whereas a CR ranging from 10−4 to 10−6 is regarded as
an acceptable carcinogenic risk, and a CR value below
10−6 is considered negligible (Li et al., 2013). As shown in
Supplementary File 7, the CR values of As, Cd, and Pb were below
10−6 for all 21 samples, suggesting no cancer health risk effects
should be expected.

Conclusions and recommendations

Concentrations of all four toxic metals measured in this
study, except for As, were below the MPC for fish consumption
as proposed by the WHO in 1996 and the EU in 2023. As
concentrations in three fish species (out of 13 studied species) and
in six canned fish samples exceeded theMPCs approved by the FAO
in 1983 and by CEPA between 1995 and 1997. Although As levels
in these nine samples exceeded the permissible limits, the actual
risk to public health might be lower if much of the As is present in
non-toxic organic forms. Thus, a follow-up As speciation study is
needed in future research.

Careful investigation is needed to determine the source
of potential metals contamination in locally raised mesht fish.
Further investigations are needed to identify the sources of metal
contamination in sardine cans marketed in local markets in
Ramallah city. Although the concentrations of most tested toxic
metals were lower than the MPCs of WHO, FAO, and EU, this does
not mean that all canned fish products available to the public in
Ramallah city are safe for human consumption.

The calculated EDI values were lower than the RDA and PTDI
levels, suggesting no lifetime health risk. In addition, the THQ, HI,
and CR data indicated that the introduction of the toxic metals
under investigation through fish and canned fish would not pose
a significant health risk.

Future human biomonitoring studies are needed to better
correlate environmental exposure with human biological
assessment and to link this exposure with acute and chronic
adverse effect biomarkers that could represent this complex
mixture of exposure in the human food chain.
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(2016). Elemental analysis of mussels and possible health risks arising from their
consumption as a food: the case of Boka Kotorska Bay, Adriatic Sea. Ecotoxicol.
Environ. Saf. 130, 65–73. doi: 10.1016/j.ecoenv.2016.04.007

Traina, A., Bono, G., Bonsignore, M., Falco, F., Giuga, M., Quinci, E. M., et al.
(2019). Heavy metals concentrations in some commercially key species from Sicilian
coasts (Mediterranean Sea): Potential human health risk estimation. Ecotoxicol.
Environ. Saf. 168, 466–478. doi: 10.1016/j.ecoenv.2018.10.056

Tuzen, M., and Soylak, M. (2007). Determination of trace metals
in canned fish marketed in Türkiye. Food Chem. 101, 1378–1382.
doi: 10.1016/j.foodchem.2006.03.044

USEPA (2000a) Guideline for Assessing Chemical Contaminant Data for use in
Fish Advisories, vol. I: Fish Sampling and Analysis (3 edn). Washington, DC: Office
of Water. U.S. Environmental Protection Agency, (Document No. EPA 823-B-00007.
November 2000).

USEPA (2000b) Methodology for Deriving Ambient Water Quality Criteria for the
Protection of Human Health (EPA-822-B-00-004). Washington, DC: USEPA.

USEPA (2008) Integrated Risk Information System. Washington, DC: United States
Environmental Protection Agency. Available online at: https://www.epa.gov/iris
(accessed 5 May, 2020).

USEPA (2010) Risk-Based Concentration Table. Available online at: http://www.epa.
gov/reg3hwmd/risk/human/index.htm (accessed October 18, 2022).

Usero, J., Morillo, J., and Gracia, I. (2005). Heavy metal concentrations in
molluscs from the Atlantic coast of southern Spain. Chemosphere 59, 1175–1181.
doi: 10.1016/j.chemosphere.2004.11.089

Ustaoglu, F., Kabir, M. H., Kormoker, T., Ismail, Z., Islam, M. S., Taş, B., et al.
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