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A B S T R A C T

The present study investigated accumulation of petrogenic polycyclic aromatic hydrocarbons (∑39PAHs) in the
livers and muscles of three coral-reef fish (50 specimens) from the Persian Gulf, Kharg Island (Iran), specifically
Lethrinus microdon (n = 18), Lutjanus argentimaculatus (n = 17), and Scomberomorus guttatus (n = 15). For all
fish, PAHs originated mostly from petroleum and combustion sources. Concentrations of ∑39PAHs were 1004
ngg−1 freeze-dried weight (fdw) and 1390 ngg−1 fdw for liver and muscle, respectively. The biota-sediment
accumulation factor of 20,181 and equivalent concentrations of ∑PAHs (liver) were highest for L. argentima-
culatus. Most of the abundant PAHs identified were low molecular weight (LMW-PAH) (liver > muscle) with
2–3 aromatic ring. Results for the human health risk assessment concluded the probability of PAHs intake via
fish consumption was considerable in this area (lifetime cancer risk (ILCR) > 1 × 10−5; hazard quotients
(HQs) > 1; hazard index (HI) ≈6; the excess cancer risk (ECR) > 1 × 10−6) and, therefore, comprehensive
management and long-term monitoring is needed.

1. Introduction

Aquatic environments worldwide are increasingly contaminated by
different pollutants (Ranjbar Jafarabadi et al., 2019; Ranjbar
Jafarabadi, Mashjoor, Mohamadjafari Dehkordi, Riyahi Bakhtiari, &
Cappello, 2020). Polycyclic aromatic hydrocarbons (PAHs) have been
attracting attention for decades, since these compounds are associated
with risks for environmental and public health. These hazardous hy-
drophobic bio-compounds have two or more aromatic rings and are
found ubiquitously in aquatic environments (Miao, 2015). PAHs can
enter into the environment via diverse anthropogenic sources, in-
cluding defective combustion of wood, coal, or petroleum benzine, ship
loading/unloading, sewage sludge, municipal waste water discharge,
runoff, and atmospheric precipitation (Santana et al., 2018; Mahugija &
Njale, 2018; Cerrillo, Vieira, Ochoa-Gaona, de Jong, & Serrano, 2019).
The adverse human health effects, cytotoxicity, genotoxicity/muta-
genicity and carcinogenicity, are related to source and tissue con-
centrations (WHO, 1998). However, the International Programme on
Chemical Safety (IPCS), FAO/WHO Expert Committee on Food Ad-
ditives (JECFA), and the Scientific Committee on Food (SCF) might
have been under evaluating PAHs by using site-specific ‘‘eco-

monitoring’’ approaches. Based on the US Agency for Toxic Substances
and Disease Registry (ATSDR) hazard priority list, toxic properties of
PAHs depend on the numbers of rings.
PAHs are characteristically hydrophobic with high octanol/water

partition coefficients (Kow/log Kow), low water solubility, and are a
significant environmental concern due to their persistence, toxicity,
teratogenicity, and bio-accumulation (Abdel-Shafy & Mansour, 2016).
Overall, they can affect the growth, metabolism, and survival rate of
organisms (Honda & Suzuki, 2020). Humans may be exposed to PAHs
via several pathways. Dietary exposure to chemical contaminants,
particularly seafood, is a major source of PAH that impact human
health (Mahugija & Njale, 2018). However, in many parts of the world,
seafood is an indispensable food source, because it contains high-
quality protein, ω-3 fatty acids, vitamins, and minerals (Ferrante et al.,
2018). Iran’s Fisheries Organization (IFO) reported that consumption of
fish per annum per capita is 11 kg (IFO, 2019). But, in the Northern
regions of the Persian Gulf (Iranian Kharg coral Island/Bushehr pro-
vince), due to limitations in local transportation, consumption of fish
and shellfish is a part of the daily diet (FAO, 2015). The quality of
seafood is, however, dependent on the marine environment, which can
also affect consumer health indirectly (Ferrante et al., 2018).
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Biomagnification of PAHs through the food chain (PAH troph) can
affect negatively the health and productivity of the marine environment
and, eventually, the health of who consume these marine organisms as
food. Consumption of PAHs is associated with increased rates of cancer,
birth defects, and mutations (Moorthy, Chu, & Carlin, 2015). Rapid
increase in human population, industrialization, and coastal develop-
ment, and increased pollution, particularly with oil-based pollutants,
have considerable implications for the sustainability and utilization of
marine resources including those around Kharg Island (Iran). However,
investigation of PAHs in the environment and seafoods from Kharg Is-
land are scarce (Mirvakili & Hadjizadeh Zaker, 2014; Mirza et al.,
2012). Considering increasing environmental pressures on the unique
ecosystems around this Island, seafood contamination by PAHs, parti-
cularly fish, could be expected to affect adversely the health of com-
munities who consume these resources locally. Therefore, the objec-
tives of the present study were to 1) estimate rates of contamination in
three fish species, Smalltooth emperor (Lethrinus microdon), mangrove
red snapper (Lutjanus argentimaculatus), and Indo-Pacific king mackerel
(Scomberomorus guttatus), 2) identify plausible sources of PAHs around
the Island, and 3) assess the implications for human health risks.

2. Materials and methods

2.1. Sampling

Fish were collected from local fishermen in July 2015 at the main
fishing dock and fish market of Kharg Island (Fig. 1). Kharg Island (29°
15′ N, 50° 20′ E) is located in the Northwest of the Persian Gulf, 35 km
south of Ganaveh Harbor in Bushehr Province (Iran). The Island is the
most important Iran’s primary oil export terminal in the Persian Gulf
(http://www.iotco.ir/en/oilterminals/kharg).

2.2. Fish, sediments and seawater sampling

Three species of fish were collected from local fishermen between
July 2015, including L. argentimaculatus (n = 17, weight: 7.81–10.82
Kg, length: 71.34–184.21 cm), L. microdon (n = 18, weight: 4.57–6.70
Kg, length: 36.84–83.47 cm), S. guttatus (n = 15, weight: 4.19–5.47 Kg,
length: 55.63–72.81 cm). The fish were washed with fresh water and
packed in bags (on ice) before transfer to the laboratory of Tarbiyat
Modares University (Tehran, Iran). Once in the lab, muscle and liver
tissues were collected, freeze-dried, ground, sieved, and stored at
−20 °C until further analysis. Surface sediment (0–5 cm) and top layer
seawater (0–40 cm) samples (n = 5) were collected from each sampling
site. Surface sediment sampling was performed using a Van Veen grab
sampler (Riddle, 1989).

2.3. Reagents

PAH standards were purchased from Sigma-Aldrich Chemie GmbH
(Schnelldorf-Germany). n-hexane, methanol, dichloromethane,
acetone, chloroform, potassium hydroxide pellets, and silica gels
(63–230 mesh) were purchased from Merck Inc., Darmstadt and
Augsburg, Germany. All reagents were of analytical grade and
Millipore-Q water (purified by Millipore Milli-Q® Water System,
Bedford, MA, USA) were used throughout.
Lipid content from PAHs-contaminated fish was determined ac-

cording to the procedure described in Bandowe et al. (2014) using di-
chloromethane. Quality control (QC) and quality assurance (QA) were
performed as described in previous works (Ranjbar Jafarabadi et al.,
2017; Ranjbar Jafarabadi et al., 2019). For each individual PAH con-
gener, the limit of quantification (LOQ) of analytical methods was de-
termined by sample amounts and procedural blanks. In addition, the set
of samples was subjected to forth GC–MS runs to specify PAHs. Then,
the relative percent difference (RPD) of forth samples was measured to
produce a specified signal-to-noise ratio (S/N) or/and quantification

limits. For all PAH congeners (Table S1), LOQs ranged from 0.02 to
0.1 ng g−1 fdw. The relative percent difference (RPD) of forth samples
were<7%. For each PAH, detection limits were> 3 and quantification
limits (factor of 10 for LOQ) ranged from 0.02 to 0.33 ng g−1 fdw, and
0.03–3.10 ng g−1 fdw, respectively.

2.4. Bioaccumulation factor

For PAHs and other hydrophobic organic compounds, bio-accumu-
lation factors (BAFs) and bio-concentration factors (BCFs) are com-
monly defined as the ratio of tissue (Table S1) to water (Table S2) (BCF)
(Eq. (1)) or the ratio of tissue to sediment (Table S2) (BAF) (Eq. (2))
(Ranjbar Jafarabadi et al., 2018; Yakan, Focks, Klasmeier, & Okay,
2017; Loh, Yim, Ha, & Kim, 2017). In addition, other researchers have
expressed the biota–sediment accumulation factor (BSAF) (Eq. (3)),
which is useful for normalizing the lipid and organic carbon in bioac-
cumulation. The formulae can be written as follows:

=BCF tissue
water

[ ]
[ ] (1)

=BAF tissue
sediment
[ ]
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=BSAF tissue
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sediment
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[ ]
( )

/ [ ]
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where the mass of tissue and sediment are based on the freeze-dried
weight (fdw) and dry sample weight (dw) (parts per billion/million
[ppb/ppm]), respectively, foc is the fraction of organic carbon in sedi-
ment (dwg.g−1), and f(lip) is the fraction of lipid in tissue (fdwg.g−1).
However, for sediment–water partitioning or tissue steady-state, several
other factors can affect each of these bioaccumulation factors such as
elimination rates, variable uptake, reduced bioavailability, and in-
sufficient time.

2.5. Human health risks assessment

In order to have a comprehensive human health risks assessment,
the potency equivalent concentration (PEC) (Nisbet & LaGoy, 1992),
daily dietary intake (DDI) (Shi et al., 2016), lifetime cancer risk (ILCR)
(Xia et al., 2010), chronic daily intake (CDI) (Yang, Lang, & Li, 2014),
target hazard quotient (THQ) (USEPA., 2000), hazard index (HI)
(USEPA., 2000), screen value (SV) (Fairey et al., 1997), and excess
cancer risk (ECR) (Bandowe et al., 2014) were calculated. In order to
understand the impacts of dietary intake of PAHs through seafood, to
quantify the carcinogenicity of other PAHs relative to BaP, and to es-
timate BaP-equivalent concentration (BaPeq), the toxic equivalency
factors (TEFs) were applied. This estimation expresses the environ-
mental levels of other PAHs compared to BaP. The potency equivalent
concentrations (PEC) of total PAHs were described as BaPeq (Vuorinen
et al., 2006).
To the estimation of non-carcinogenic risk through ingestion and

dermal adsorption, HQ was applied. Value of HQ < 1 indicates low or
no significant adverse effects (human safety-health). HQ > 1 indicates
the potential negative impacts (human health risk) (Frédéric & Yves,
2014).

2.5.1. PEc
The general equation for estimating PEC (ng-TEQ.g−1) of 30 total

PAHs in each fish sample is as follows:

= ×PEC C TEFi i (4)

where Ci is estimated concentration (ng g−1) of PAH congeners (i) in
fish tissue and TEFi is the toxicity equivalence factor of i congeners
relative to that of Banzo (a) pyrene (BaP). The TEF data for PAH con-
geners, obtained from the Nisbet and LaGoy (1992).
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2.5.2. Ddi
The estimated absolute daily intake (ADI, μg.day−1) and relative

daily intake (RDI, μg/(kg BW day)) for local adults who consume fish
were calculated applying equations (5) and (6):

= ×ADI C IR (5)

= ×RDI C IR BW/ (6)

where C (μg.g−1) is measured for the concentration of PAHs in the
muscle of fish, IR (g.day−1) is the intake rate of fish, and BW (kg) is
local adults body weight (Shi et al., 2016).

2.5.3. Life time cancer risk (ILCR)
The ILCR for dietary exposure to PAHs was estimated applying

equation (7) and (8) (Xia et al., 2010). For ILCR assessment, a public
screening criterion of 1.0E-06 was applied as a carcinogenic risk level to
humans.

= × × × ×ILCR ED EF EDI SF CF AT/ (7)

= ×EDI CR C BW/ (8)

where CF is the conversion factor (1.0E-06 mg.ng−1); SF is the oral
cancer slope factor of BaP (geometric mean of 7.3 mg.kg−1.day−1); EDI
is the estimated daily intake of PAH exposure for human (ng.kg−1 body
weight (BW) day−1); EF is the exposure frequency (365 days.yr−1); ED

is estimated the exposure duration for 43 adults per year; AT is the
average lifespan for carcinogens (25500 days); CR is the consumption
rate of fish (38.9 g.day−1) (NBSC, 2008), and BW is the average body
weight of consumers (70 kg for adults).

2.5.4. CDi
To estimate the rate of contaminant intake, the mean concentration

of environmental contaminants exposure, and variables of the exposed
population were applied. The general equation for chemical intake is:

= × × ×
×

CDI CW IR EF ED
BW AT (9)

where the CDI is chronic daily intake by ingestion (mg.(kg.day)-1), ED is
exposure duration (years), EF is exposure frequency (days. Year-1), IR is
ingestion rate (L.day−1), CW is a chemical dose in water (mg. L-1), AT is
averaging time (days), and BW is body weight (kg) (Yang et al., 2014).

2.5.5. THq
THQ is defined as the ratio of exposure to the toxic element and the

reference dose (RfD) which is the highest level at which no adverse
health effects are expected. THQ describes the non-carcinogenic health
risk posed by exposure to a contaminant. If the ratio is< 1, then non-
carcinogenic effects are not expected. If the ratio is equal or> 1, then
adverse health risks could be experienced (Chien et al., 2002). The THQ

Fig. 1. Map of study area, Kharg Island, Persian Gulf, Iran.
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was determined according to the method provided in the United States
Environmental Protection Agency (US EPA) methodology based on the
Region III risk-based concentration table (US EPA, 2000). To calculate
the dose, standard exposure assumptions were acquired from US EPA
integrated risk analysis (US EPA, 2000).
THQ is calculated by the following Eq. (10):

= × × ×
× ×

×THQ EFr EDtot IFR C
RFDo BWa ATn

10 3 (10)

where EFr is exposure frequency (365 days. Year−1), EDtot is the ex-
posure duration (70 years, average lifetime), IFR is the food ingestion
rate (kg/day), C (μg.g−1) is PAH dose, RFDo (mg.kg−1.day−1) is the
oral reference dose, BWa is the adult body weight (kg), and ATn is the
average time for non-carcinogens (it is equal to EFr × EDtot) (days).

2.5.6. Hi
To estimate the total potential effects of more than one PAH, the

sum of THQs for each individual PAH was computed and indicated as a
hazard index (HI) (USEPA, 2000). The HI assumes that the consumption
of a particular food type would result in simultaneous exposure to
several potentially toxic elements. HI is calculated by the following Eq.
(11):

= + + + +HI THQ THQ THQ THQn1 2 3 (11)

Value of HQ < 0.2 for any given pathway is generally regarded
that the risk is acceptable; conversely, HI < 1.0 is represented as ac-
ceptable (Canada, 2004). If the purpose of the research is the pre-
liminary assessment of the quantity of risk, exposures associated with
an HQ = 0.2 will be deemed negligible (CCME, 1996; OMEE, 1996;
Canada, 2004). Value of HQ > 0.2, or the HI > 1 indicates the risk
assessment should either be refined and/or risk management should be
undertaken.

2.5.7. Sv
To have a comprehensive estimation, the obtained results from the

PEC values were compared with an SV for carcinogenic PAHs. The
general equation for estimating SV is as follows (Fairey et al., 1997):

= ×SV RL SF BW FDC[ / ]/ (12)

where SV is estimated the screening value (μg.g−1), RL is the highest
acceptable risk level (dimensionless), BW is body weight (kg), SF is the
USEPA oral slope factor (mg.g.day)-1, and FDC is fish daily consumption
(g.day−1).

2.5.8. Ecr
Excess cancer risk (ECR) can be estimated in terms of incremental

probability of developing cancer over a lifetime of total exposure to
potential carcinogen to humans. It was estimated according to Eqs. (13)
(Bandowe et al., 2014).

= × × ×
×

ECR Q TEQBaP IR ED
BW AT (13)

where ED is the exposure duration average time (70 years), TEQ BaP is
the toxic equivalence quotient that weights the toxicity relative to that
of Benzo(a)pyrene (7.3 mg.kg−1.day−1), IR is ingestion rate
(mg.kg−1.day−1), AT is the average life span for carcinogens
(25500 days), and BW is the average adult body weight (70 kg).

2.6. Risk assessment by Monte Carlo simulation approach

The Monte Carlo Simulation (MCS) (EPA, 1997) was applied to
probabilistic health risk assessment (PRA) based on the quantity of the
uncertainties and variabilities in the distribution of the input data.
Microsoft Excel was used to create MCS model without uncertainty,
then, by using the Easy-Fit Professional software (Version 5.5) and the

Fig. 2. Mean concentration (ng g-1fdw) of
(a) the sum of 39 PAHs (∑39PAHs), (b)
∑16PAHs, (c) parental PAHs (∑PPAHs), (d)
methylated PAHs ((∑MPAHs), and (e) lower
molecular and higher molecular PAHs
(LMW, HMW-PAHs) in muscle and liver
tissues of three fish (L. argentimaculatus, L.
microdon, and S. guttatus) in Kharg Island.
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spreadsheet-based application @RISK software (Version 7.6), the
complete risk assessment model was performed. The analyzed Monte
Carlo parameters are summarized in Table 2.

2.7. Statistical analysis

In the present investigation, all data are reported as mean ± SE. All
reported concentration for tissues is indicated by the abbreviation fdw
(freeze-dried weight) and for abiotic samples by the abbreviation dw
(dry weight). Σ39PAHs is the sum of all PAH congeners concentrations.
ΣLMWs is the sum of all Low Molecular Weight (LMW) PAHs with 2–3
ring, whereas, ΣHMWs is defined as the sum of all High Molecular
Weight (HMW) PAHs with 4–6 ring. Σcarcinogenic–PAHs is defined as
the sum of B(a)A, B(k)P, B(a)P, Chr, D(ah)A, BP, In (1,2,3-c, d)P. For
normality and equality of variance, Shapiro–Wilk test on residues with
1% risk and Levene test with 5% risk, were carried out, respectively.
One-way non-parametric ANOVA (Kruskal-Wallis test) and its post-hoc

test (analogous to Bonferroni–Dunn’s test) were also applied
(p < 0.05) for non-normal distribution. By using one-way ANOVA
followed by Tukey’s HSD test, significant differences in average con-
centrations with respect to species and fish parts were tested. Pearson's
correlation analysis was performed to examine the relationship be-
tween the PAH congeners. By categorizing the PAHs into three groups:
LMW-PAH (2–3 ring PAHs), medium molecular weight PAHs (MMW-
PAH) (4 ring PAHs) and HMW-PAH (5–6 ring PAHs), comparisons
among fingerprints were conducted. All statistical analyses were com-
puted by utilizing the R statistical programming environment.

3. Result

3.1. Lipid content and concentration of ∑39PAHs in muscle and liver

Total fat content in the muscles of fish varied between 7.13 and
9.52% fdw (L. microdon), 4.31 to 6.92% fdw (S. guttatus) and 9.51 to

Fig. 3. The PAH parents and their isomers diagnostic ratios for identifying source appointment in three edible fish tissues (muscle and liver) of Kharg coral Island,
Iran, Persian Gulf.
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13.62% fdw (L. argentimaculatus). In the livers, total lipids content
varied from 7.32 to 8.96% fdw in S. guttatus, 10.67 to 14.65% fdw in L.
microdon, and 12.72 to 17.34% fdw in L. argentimaculatus. The mean
doses of total PAHs (∑39PAHs) in liver and muscle were 1004 and
1390 ng g−1 fdw in L. argentimaculatus, 891 and 1121 ng g−1 fdw in L.
microdon and 726 and 954 ng g−1 fdw in S. guttatus, respectively (Fig. 2;
Table S1).
Significant differences between species were observed (p < 0.05).

The minimum doses were calculated in the S. guttatus, whereas the
highest were observed in L. argentimaculatus and L. microdon. Similar to
∑39PAHs, LMW-PAHs accumulation was different between the species
studied (p < 0.05). Average doses of LMW-PAHs ranged from

642 ng g−1 fdw in muscle to 861 ng g−1 fdw in the liver in L. argen-
timaculatus, from 496 (muscle) to 611 ng g−1 fdw (liver) in L. microdon,
and from 379 (muscle) to 570 ng g−1 fdw (liver) in S. guttatus. A similar
trend with lower concentrations was recorded for HMW-PAHs.

3.2. Identification of PAH contamination sources

In our study, InP/(InP + Bghi) and BaA/(BaA + Chr) varied from
0.05 to 0.47 and 0.02 to 0.27, respectively. Ant/(Ant + Phe) ranged
from 0.02 to 0.27 and Flu/(Flu + Pyr) varied between 0.18 and 0.57.
This indicated that PAHs originated mostly from petroleum and com-
bustion sources. To complete the source identification, the ratio of the

Fig. 4. Relationship between log BCF and log Kow (a = muscle, b = liver), log BSAF and log Kow (c = muscle, d = liver), and log lipid-normalized PAHs constant
(e = muscle, f = liver) in three edible fish (L. argentimaculatus, L. microdon, and S. guttatus) in Kharg coral Island, Iran, Persian Gulf.
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sum of the all methylated phenanthrenes
(3 M−Phe + 2 M−Phe + 9Mphe + 1 M−Phe) to phenanthrene was
also calculated. It varied from 1.35 to 6.2 in our study area, confirming
the strong petrogenic signature of PAHs. However, it was observed that
the mean ratios of Flu/Pyr in the species studied were< 1.0 with values
varied from 0.56 to 1.3 for both tissues. Phe/Ant was>10, varied
between 10.3 and 17, signing to the dominance of petroleum and bio-
mass combustion originated PAHs (CO-PAHs). If LMW/HMW<1 for
all fish samples (Fig. 3), again suggesting petrogenic sources for PAHs
in the samples. Furthermore, CO-PAHs/∑39PAHs ratios for tissues
ranged between 0.4 and 0.82, reflecting the combustion of petroleum.
The results of Pearson correlation analysis between the PAH con-

geners in muscles and livers in studied fishes revealed that the positive
correlations between LMW-PAHs (r > 0.87), in particular Naph and
Phe (r = 0.92), except DBT, and HMW-PAHs (r > 0.74) especially
DahA and BaP (r = 0.80), except BeP, and BbF. These stronger corre-
lations between LMW-PAHs and HMW-PAHs implied that their analo-
gous sources, whereas for HMW-PAHs seem that there are both pyro-
genic and petrogenic origins. The pyrolytic originated PAHs (Pr-PAHs)
are dominated by HMW- PAHs; while those of the petrogenic originated
PAHs (Pt-PAHs) are characterized by LMW-PAHs.

3.3. Distribution and mechanism of bioaccumulation of deleted PAHs in
tissues

Calculated BSAFs for individual PAHs were overall high (9613 for S
guttatus, 13,192 for L microdon and 20,181 for L argentimaculatus)
(Fig. 4c,d). Mean BSAF values showed significantly variation (One-way
ANOVA, p < 0.05). In all surface sediments samples, with increasing
log Kow (p < 0.05), especially for PAHs with log Kow > 5, BSAF
decreased. Similar to BSAF, the maximum and minimum calculated BCF
was observed in L. argentimaculatus (liver: 8.06; muscle: 7.57) and S.
guttatus (liver: 7.65; muscle: 7.16) (Fig. 4 a, b). Values of Log BCF de-
monstrated a positive linear correlation to log Kow (p < 0.05). This
linear relationship demonstrated an essentially passive process based on
partitioning between PAHs freely dissolved in pore water and the li-
pophilic phase of the organism.

3.4. Health notion regarding fish consumption

The result of PECs analysis of ∑39PAHs in three species of edible fish
of Kharg Island were above the safety human consumption guidelines of
2.6 ng g-1ww (Fig. 5a). The maximum values of PEC were found in the
liver of L. argentimaculatus and L. microdon. If ILCR is ≤ 1 × 10-5,
carcinogenic risks will be essentially negligible, but, if ILCR > 1 × 10-
5, then the risk assessment should either be refined and/or a risk
management should be undertaken. In this study, ILCR was> 1 × 10-5

documenting high potential risk for cancer for local adults who con-
sume fish. Maximum levels of ILCR are detected in the liver and muscle
of S. guttatus (Fig. 5b). Additionally, values of HQ > 1 were found for
all measured PAHs indicating potential negative effects on residents’

health.
The highest HI values were similar in all three fish species, while the

lowest values were found in L. microdon (Fig. 5c). According to EPAs
recommendations for SV, BW and CR values used were 70 kg and
142.4 g.day−1, respectively (USEPA., 2000). However, for Kharg Is-
land, CR has been estimated at 55.1 g.day−1 (Nozar et al., 2013).
Therefore, SV for Kharg Island is 1.89 ngg−1. Comparison of the ob-
tained B(a)Peq and calculated SV for Kharg local consumers revealed
that the studied reef seafood contained B[a]P equivalents higher than
SV, therefore vigorous effort to strengthen risk management is needed.
The results of ECR values from PAHs from fish consumption are re-
presented in Table 1. Compared to the screening criteria for carcinogen
risk proposed by the EPA, all the samples exceeded the acceptable risk
level of 1 × 10−6 above which, consequences are expected to occur.

3.5. Uncertainty analysis

Cumulative probability distribution curve and health risk estimation
histograms from the MCS for the consumption of L. argentimaculatus, L.
microdon, and S. guttatus from the Kharg coral Island are showed in
Fig. 6, which reflects the highest toxicological dietary risk for these
three reefs edible fish. Based on the probabilistic risk analysis of the
Monte-Carlo simulation, all health indices presented a positive effect,
but ADD of L. argentimaculatus is the greatest one followed by the
carcinogenic risk of L. microdon, and S. guttatus (Table 2). Although, for
the uncertainties of the PAH-exposure risk parameters, the results of the
MCS presented no positive effect for ADD of L. microdon, and S. guttatus,
but, L. microdon had the highest hazard quotient in this area (Table 2).

4. Discussion

Aquatic environments are increasingly polluted worldwide which
can impact not only marine life but human health. In Kharg Island, the
doses of ∑39PAHs in L. argentimaculatus were higher than another spe-
cies and among 39 PAH congeners analyzed, the 2-Methylphenanthrene
(2MeP) and Dibenz [a,h]anthracene (BahA) were found to be the pre-
dominant PAHs (liver > muscle) (Table S1). These results could be
due to different reasons such as metabolism kinetics, lipid content,
bioaccumulation rate, size, and age (Pointet & Milliet, 2000; Agency for
Toxic Substances and Disease Registry (ATSDR), 1995). The values
obtained for MAC of BaP, and PECs of total PAHs in all species studied
were higher than the European Union standard value for BaP
(0.0049 mg/kg) as an indicator of PAHs-carcinogenesis in fish muscle
meat (European Union & Regulation, 2006). Regarding EC re-
commendation 1881/2006 for maximum admissible concentration of
BaP in fish muscle (2 ng/g ww), in all species studied muscle tissues was
not a target tissue for PAHs accumulation, which is consistent with
previous BaP-exposure tests showing that doses of PAHs in liver can be
100 times more than in muscle (Varanasi & Stein, 1991). In the case of
lipophilicity of PAHs to accumulate in lipids from fish/tissue, there
were previous related studies that reported the liver and muscle tissue

Fig. 5. Calculated PEC (a), ILCR (b), and HI (c) in muscle and liver tissue of fish studied (L. argentimaculatus, L. microdon, and S. guttatus) in Kharg coral Island,
Persian Gulf, Iran.
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of mangrove red snapper (L. argentimaculatus) contained relatively high
level of docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and
arachidonic acid (ARA) (Ogata et al., 2004) that may be caused to lipid
peroxidation (LPO). Most of the PAHs identified in coral fish of Kharg
Island were of LMW. The presence of LMW-PAHs could be due to their
higher solubility in the aqueous medium than the HMW-PAHs, which
can increase their bioavailability to fish or other aquatic organisms
through absorption, adsorption, and ingestion (Agency for Toxic
Substances and Disease Registry (ATSDR), 1995).
In Iran and the Arab Gulf States, the consumption of L. argentima-

culatus, L. microdon, and S. guttatus is very popular due to the high-
quality of the meat and is sold fresh daily on the market. Fish stock of
these three species are thought to be overfished in the Persian Gulf (Al
Zeyoudi & Al Dhaheri, 2019; Anulekshmi et al., 2018; Al-Abdulrazzak,
Zeller, Belhabib, Tesfamichael, & Pauly, 2015). This event indicates
that balancing between nutritional value and eco-health risks of these
three species of fish for the consumption of the local community is a key
issue and challenging field in fisheries legislation.
The presented results are in agreement with previous studies

showing that the most abundant PAHs in seafood are LMW-PAHs (∑2-3
aromatic rings PAHs) (Zelinkova and Wenzl, 2015). HMW-PAHs (∑4-7
aromatic rings PAHs) have more carcinogenic risks than PAHs with
lower ring systems (International Agency for Research on Cancer
(IARC), 2010). The six PAH isomer pair ratios indicated that PAHs
originated mostly from petroleum and combustion sources such as in-
dustrial wastewater discharges, shipping oil spills, land runoff, riverine
inputs, port activities, fishing boats, waste incineration, Island sewage
drainage discharges and diffuse atmospheric fall out. Such a strong
petrogenic signature of PAHs confirmed by the abundance of LMW-
PAHs is reported in most marine environment, industrial countries, and
zones historically containing coal/oil tar production, processing and
operations (Ranjbar Jafarabadi et al., 2017; Uno et al., 2017).
In the liver, PAH residues were higher than muscle. This difference

results from various factors including the nutrition and metabolism rate
of these fish, time of exposure and fat tissues (Rose et al., 2012). All fish
analyzed contained detectable amounts of BaP that are used as marker
for screening carcinogenic risks of PAHs in human food. Additionally,
the significant levels of some of PAHs (Table S1) commonly found were
lower than in the other tissues analyzed (Shappell et al., 2003), which
may be attributed to high liver metabolic activity in these fish. In fish,
liver tissue is a good proxy for fish contamination levels, because major
contaminants are first absorbed by the digestive system and then re-
leased into the liver for biotransformation and detoxification
(Lazartigues et al., 2010). In the liver detoxification pathways (phase I),
PAHs can be oxidized to epoxides and hydroxylated by bio-
transformation enzyme systems that typically involve a cytochrome
P450 monooxygenase enzymes (P450s/CYP). During phase II of hepatic
PAHs metabolism, to facilitate excretion of toxic and unstable products,
these secondary metabolites are quickly converted to ionic compounds
such as glucuronides or sulfates that dissolved in water and excretion
occurs via the bile or urine. But when the level of the PAHs con-
tamination and its metabolites is very high, the healthy metabolic
function of liver is disrupted. This could lead to a short-term accumu-
lation of LMW-PAHs in lipid-rich liver before being metabolized
(Nwaichi & Ntorgbo, 2016) or induce hepatic cell damages/liver
failure, which caused to release a high percentage of unmetabolized
PAHs into the other tissues, including the muscle. By increasing the
levels of waterborne PAHs and PAH-metabolites in the liver, GSH
content and the ratio of GSH/GSSG is increased to protect against ROS
and to maintain the normal function of cells (Zhu et al., 2013).
The result of BSAFs analysis of PAH congener showed that this index

was high, but significant differences between species were observed.
BSAF decreased with increasing log Kow, especially for PAHs with log
Kow > 5, in all surface sediments sample. Observing this variation with
log Kow reflects stronger affinity of PAHs compound to organic carbon
associated with sediments and increasing their hydrophobic propertiesTa

bl
e
1
(c
on

tin
ue

d)

Fi
sh
sp
ec
ie
s

Py
r

Ba
A

Ch
r

Bb
F

Bk
F

Ba
P

D
ah
A

Bg
hi
P

I(
1,
2,
3c
d)
P

0.
01
±
0.
00

0.
00
01
±
0.
0-

0
0.
01
±
0.
00

0.
00
1
±
0.
00

0.
13
±
0.
03

0.
13
±
0.
05

–
0.
01
±
0.
00

N
ap
ht
ha
le
ne
(N
ap
),
A
ce
na
ph
th
en
e
(A
ce
),
Fl
uo
ra
nt
he
ne
(F
l)
,
Ph
en
an
th
re
ne
(P
he
),
A
nt
hr
ac
en
e
(A
nt
),
Fl
uo
re
ne
(F
lu
),
Py
re
ne
(P
yr
),
Be
nz
o(
a)
an
th
ra
ce
ne
(B
aA
),
Ch
ry
se
ne
(C
hr
),
Be
nz
o(
b)
flu
or
an
th
en
e
(B
bF
),
Be
nz
o(
k)

flu
or
an
th
en
e
(B
kF
),
Be
nz
o[

a]
py
re
ne
(B
aP
),
di
be
nz
o[

a,
h]
an
th
ra
ce
ne
(D
ah
A
),
Be
nz
o[

g,
h,
i]
pe
ry
le
ne
(B
gh
iP
),
In
de
no
[1
,2
,3
-c
d]
py
re
ne
(I
(1
,2
,3
cd
)
P)
,h
az
ar
d
in
de
x
(H
I)
.N
A
no
t
av
ai
la
bl
e/
N
D
no
t
de
te
rm
in
ed
(–
).

A. Ranjbar Jafarabadi, et al. Food Chemistry 329 (2020) 127035

9



Fig. 6. Cumulative probability analysis for risk assessment via consumption of L. argentimaculatus, L. microdon, and S. guttatus caught from the Kharg coral Island,
Persian Gulf, Iran.
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which may considerably mitigate the PAH bioavailability to fish (Rust
et al., 2004). It could be inferred that such high values of BSAF may not
depend on the PAHs metabolism in fish or to the major origin of PAHs
(Thorsen et al., 2004) but with pyrolytic PAHs being suggested as less
available than petrogenic PAHs. Regarding the risk of PAHs-bio-uptake,
marine-derived feeds such as fish are chemical-contaminants’ carriers
from the aquatic environment to edible fish tissues for human con-
sumption, that easily undergo food-chain enrichment. It is apparent
from Fig. 4 that the BCF values for the partitioning of PAHs showed a
strong correlation with their log Kow (octanol–water). Considering that
LMW-PAHs with 5 < log Kow < 8 at low metabolic transformation
rates(mtr) (log kmtr ≤ 1.25 day−1 normalized to 10 g tissue weight)
(Khairy et al., 2019) could be net accumulated in aquatic food, there is
a concern about the ability of PAHs-type pollutants and other lipophilic
oiled products to magnify in fish tissues. The present results confirmed
that doses of PAH congener in muscles of fish were positively correlated
with values of log Kow in all fish sampled. It is suggested that the main
physiological mechanism for PAHs-bioaccumulation in reef fish is in
equilibrium between the alkyl/parent-PAHs doses in the fish tissues and
water/sediment. However, exposure to environmental contaminants is
usually not an exposure to a single compound but to a mix of PAH-
components that can be metabolized by a single or several pathways
(Abdel-Shafy & Mansour, 2016). PAHs and their metabolites can cause
public concern due to their immune-toxicity and carcinogenicity. This
was the case in this study. Indeed, the human health risk assessment
conducted using BaP toxicity (a biomarker of ILCR, HQ, HI, and ECR) in
Kharg Island, Iran, indicated a high carcinogenic potential risk of PAH
contamination with coral-reef fish consumption. Similar findings were
reported by Tongo et al. (2018) for high carcinogenic potency of BaP in
humans from PAH-exposed consumption of mullet fish Mugil cephalus
(0.0049 mg kg−1), prawn Penaeus monodon (0.0047 mg kg−1), and crab
Uca tangeri (0.0038 mg/kg). Furthermore, it has been reported that
PAH, when metabolized to the diol epoxides of BaPDE (benzo[a]
pyrene-7,8-diol-9,10-epoxide), may react with DNA through the BaPDE
binding with nucleophilic centers of exocyclic amino groups of purines,
thus inducing DNA adducts or other genotoxic damage (Abdel-Shafy &
Mansour, 2016). However, there is limited ecotoxicological information
about health risk assessment of PAHs through dietary components (Xia
et al., 2010) and mechanisms of PAH induced immune-suppression or
genetic alterations are still unclear. Some regulatory agencies set a
standard for quantitative risk assessment of PAHs (especially for BaP) in
food, because BaP is the only PAH for which toxicology data network
(TOXNET) are sufficient for derivation of a cancer potency factor (CPF)
among all known other PAHs that may cause cancer. The European

Commission's Scientific Committee on Food (SCF) in their assessment of
the 33 PAHs have identified 15 PAHs with carcinogenic and genotoxic/
mutagenic properties (Wenzl et al., 2006). In the present study, the
MAC of BaP is 5 ng g−1 ww, which is> 8 times higher than that of BaP
doses in most of the samples we collected. In addition, the PECs of
∑39PAHs in all fish species studied were higher than human health SV
(2.6 ng g−1 ww). Therefore, accurate assessment of the possible dan-
gers of PAHs in Kharg reef food-groups is necessary and this will guide
to choose a well PAHs remediation strategy.
From the view of the biomathematical modeling of Monte Carlo, the

order of multiple health risks in studied edible fish was basically con-
sistent with human carcinogenic health hazard values retrieved from
the International Toxicity Estimates for Risk Assessment (ITER) data-
base (http://www.iter.tera.org). Coherently, a comparison between the
risk parameters related to the contaminants in the sea diet, and prob-
ability model revealed that some toxicity indices, such as RfD and CSF,
are not constant in the computing of MCS, and it might have an ef-
fective on the distribution functions of toxicity values for PAHs com-
pounds. From this perspective, the possibility of PAHs-contamination
occurrence in Kharg Island should be reduced by performing specific
environmental monitoring and fisheries management authorities.

5. Conclusion

In the current study, the doses and origin of PAHs and risks attri-
butable to PAH dietary intake were investigated in fifty edible coral fish
from Kharg Island, Persian Gulf, Iran. Most of the fish samples were
contaminated with petrogenic originated PAHs (Pt-PAHs). The con-
centrations of ∑39PAHs in liver tissue of L. argentimaculatus were higher
than other fish. These results could be due to different reasons such as
metabolism kinetics, lipid content, bioaccumulation rate, size, and age.
Pearson correlation revealed positive correlations between the LMW-
PAHs (r > 0.87), in particular Naph and Phe (r= 0.92) and among the
HMW-PAHs (r > 0.74) especially DahA and BaP (r = 0.80). These
positive correlations among LMW- PAHs, and HMW-PAHs indicates
their similar origin. Compared to the screening criteria recommended
by the EPA, the carcinogen risk of PAHs in all samples exceeded ac-
ceptable levels above which consequences are expected to occur.
Comprehensive management plans to mitigate the situation are needed
urgently.

Table 2
Monte Carlo parameters for deterministic and probabilistic health risk approaches via consumption of L. argentimaculatus, L. microdon, and S. guttatus caught from the
Kharg coral Island, Persian Gulf, Iran.

Fish species Parameters Distribution Mean SD Min Max Uncertainty range

L. argentimaculatus CSF Log-normal 2.641 3.299 −10.984 11.309 21.8%−28.2%
RfD Log-normal 0.069 0.093 −0.219 0.348 18.2%−24.2%
ADD Log-normal 0.032 0.003 0.022 0.042 100%
HQS Log-normal 0.635 0.338 −0.267 1.708 2.2%−5.6%
Cancer risk Log-normal 0.063 0.102 −0.251 0.331 23.6%−28.2%

L. microdon CSF Log-normal 2.355 2.885 −5.026 10.279 20.2%−27.4%
RfD Log-normal 0.081 0.096 −0.177 0.415 17.2%−26.8%
ADD Log-normal 0.031 0.001 0.026 0.036 0%
HQS Log-normal 0.738 0.001 0.732 0.743 0%
Cancer risk Log-normal 0.075 0.111 −0.271 0.409 23.2%−30.8%

S. guttatus CSF Log-normal 2.431 3.068 −7.258 12.115 19.8%−27.6%
RfD Log-normal 0.072 0.091 −0.250 0.411 18.6%−25.8%
ADD Log-normal 0.030 0.002 0.024 0.036 0%
HQS Log-normal 0.680 0.265 −0.130 1.599 0.4%−1.4%
Cancer risk Log-normal 0.034 0.053 −0.119 0.204 23.2%−28.6%

Note: In this study, the indices of RfD and CSF are not-constant according to the computing of Monte Carlo.
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