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ABSTRACT: The profile of steroid congeners was evaluated in Caspian seals Pusa
caspica by age, sex, and tissue-specific bioaccumulation, and compared with that of
abiotic matrices (seawater, surface sediment, and suspended particulate materials,
SPMs) from Miankaleh Wildlife/Gorgan Bay, (Caspian Sea, Iran). To identify the level
of human fecal contamination,∑25 sterol congeners were measured in all abiotic/biotic
samples, revealing coprostanol, a proxy for human feces, as the most abundant sterol
(seawater: 45.1−20.3 ng L−1; surface sediment: 90.2−70.3 ng g−1 dw; SPMs: 187.7−
157.6 ng g−1 dw). The quantification of ∑25 sterols in seals followed the order of brain
> liver > kidney > heart > blood > spleen > muscle > intestine > blubber > fur, and in
both sexes coprostanol level (8.95−21.01% of ∑25s) was higher in blubber and fur,
followed by cholesterol in brain, liver, kidney, heart, and blood, cholestanone in
intestine and muscle, and β-sitosterol in spleen. Though no age/sex differentiation was
observed, the mean concentration of ∑25s was higher in male than females and pup.
Different diagnostic ratios revealed sterols originating from human and nonhuman sewage sources. Findings pinpoint the urgent
necessity to investigate the ecotoxicity of fecal sterols in mammals, and consequent implications for human health.

1. INTRODUCTION

Considering the increase in population in the world and
consequent higher amounts of wastewater, the demand for
maintaining water quality and pollution control is one of the
most important challenges worldwide.1 It is necessary that an
accurate identification is made of waste load allocations from
point/nonpoint sources such as land-use changes and human/
animal/plant wastes that remarkably contribute to the
contamination, oxygen depletion, and finally deterioration of
water and sediment quality in seas, rivers and lakes, which can
critically challenge the sustainable aquatic resources manage-
ment. In aquatic environments, the conceptual model of
dynamics of organic matter (OM)2 plays important roles in
bioavailability, distribution, and toxicity of pollutants in sewage
sludge.3,4

Sewage pollution (including feces, urine, and laundry waste)
is one of the main causes of declining water quality and
increased risk of infectious diseases in aquatic ecosystems.5−7

For an effective control of environmental pollution, simulta-
neous analysis of total coliforms and Escherichia coli in water
serves as a conventional method for detection of fecal
contamination.8 However, there are many chemical/molecular
biomarkers (i.e., sterols and stanols) for source tracking and
tracing anthropogenic inputs, and for predicting the fate of
fecal pollution in natural environments.9−11

Fecal sterols and stanols, unsaturated steroid alcohols, are
ubiquitous stable organic compounds with a fused ring

structure. In aquatic systems, due to their hydrophobic nature,
sterols are easily transferred from aqueous to organic phases,
which are resistant to degradation in the environmental
matrices, that is, sediments, suspended particulate materials
(SPMs), and water,12−15 and can also effect on metabolic and
reproductive potential of aquatic organisms, that is, marine
mammals.16 Sterols and their ratios (human/animal and plant
steroids) have been used as reliable chemical markers to source
assignment of long-term contamination of natural OM (e.g.,
fecal pollution), to the health state of current and past
environmental systems as well as indicators of the level of
sewage treatment and/or human interference.17,2,9,15

Sterol biomarkers are based on the high specificity of some
steroid compounds to feces of humans/higher vertebrates (it
depends on their diet), microbial contamination of their
gastrointestinal tract (presence/absence of anaerobic micro-
flora), and subsequent bacterial biosynthesis/biohydrogenation
products of reduction sterols to stanols.2,9,18 Coprostanol (5β-
cholestan-3β-ol) (constitute ∼40−60% of the total sterols),
epicoprostanol (5β-cholestan-3α-ol), cholesterol, 24-ethyl-
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coprostanol, campesterol, sitosterol, and sitostanol have been
widely used as main sterol markers of sewage pollution, and
their steroid ratios are generally assigned to distinguish the
origin of sterols.18 In aquatic systems, sterols and stanols can
also be used as ideal indicators to trace specific sources.
Indeed, coprostanol is a dominant sterol in humans and higher
vertebrates feces;19 epicoprostanol is strongly related to human
sewage, livestock/poultry waste, and anaerobic treatments on
wastewater;18,20 cholesterol is an essential structural compo-
nent in eukaryotic cell membrane lipids and a dominant sterol
in marine organisms such as zooplankton and invertebrates;21

phytosterols such as campesterol, sitosterol, and stigmasterol
are predominant sterols in terrestrial vascular higher plants
(terrigenous OM), and campesterol and β-sitosterol can be
found in ruminant organisms (cows and sheep) feces.22 Since
the absolute sterols levels are not reliable enough as indicators
of fecal contamination, different sterol-based ratios are usually
applied for the assessment of sewage contamination.22,23,9

In aqua-inland systems such as wetlands, dynamics of OM
and water/sediment chemistry is still challenging due to the
complexity of anthropogenic contamination and the diverse
resources.24 Nonetheless, the current knowledge on sewage
sludge rate to wetlands and their prominent negative impacts
on the environment in multiple scales are still limited.25,26

Miankaleh Peninsula, located at the southeast of the Caspian
Sea, is a protected region of Iran (area of about 263 mi2), and
one of the richest ecosystems in West Asia. Based on the cut
off the long and narrow Miankaleh wetlands from the Caspian
Sea by brackish water of semienclosed Gorgan Bay as an
elongated barrier system, it is vulnerable to eutrophication,
persistence of industrial pollution, longer water residence
times, and also land degradation.27 In the recent years, the
number of migratory animals such as birds and marine
mammals has significantly fallen due to extensive fishing and
hunting, and decline of the water quality of Miankaleh
wetlands.27 Consequently, marine mammals in high trophic
levels, such as the Caspian seal Pusa caspica, through the food
chain are exposed to fecal contaminants, toxins, and other
sources of pollution that can be biomagnified in their tissues.
In this line, phocids could be considered as bioindicators to
screening pollution in aquatic ecosystems.32−34 The objectives
of the current study were to quantify the profile of steroid
congeners in endangered Caspian seals (as biota) by age (adult
and pup), sex, and tissue-specific bioaccumulation, and
compare the sterols patterns with three environmental
compartments (seawater, surface sediment, and SPMs; as
abiotic) to evaluate the status of fecal contamination and
possible risk in the Iranian coastal waters of the Caspian Sea.
To the best of our knowledge, this is the first report assessing
the occurrence, uptake, distribution, and sources of sterols in
Miankaleh Wildlife/Gorgan Bay, Iran.

2. MATERIALS AND METHODS
2.1. Sampling and Field Analysis. Ten Caspian seals P.

caspica (males, females, and pups) killed or severely injured in
fishing nets were anesthetized and captured from the coast of
Miankaleh Peninsula (southeast Caspian Sea, 36°52′11″ N −
53°13′08″ E, Iran) during the feeding and fatting season in
October−December 2017. From each individual, blubber, fur,
brain, liver, kidney, heart, spleen, blood, muscle, and intestine
were grossly dissected and then frozen at −20 °C for chemical
analysis. Surface sediments (0−5 cm, n = 8 per site), seawater
(0−40 cm, n = 8 per site) and SPM (4 L from each seawater

sample; n = 8 per site) samples were gathered at five locations
(ST) along the coastal waters of Gorgan Bay, Iran (Supporting
Information (SI) Figure S1), as described previously.35,36 The
water quality index (WQI) was also assessed. Additional details
on field and experimental analyses are provided in the SI.

2.2. Chemical Analysis. Freeze-dried and sieved (<2 mm)
samples (sediment, tissue, and SPMs), spiked with an internal
standard (IS) solution containing coprostanol-d5, epicopros-
tanol-d5, cholesterol-d4, and cholestanol-d5, were subjected to
Soxhlet extraction following previously published procedures.37

Sterols analysis was carried out on an Agilent 7890A GC-
coupled with Agilent Technologies 5975C quadrupole mass
spectrometer and a fused silica capillary DB-5MS column.
Helium (99.995% purity) was used as the carrier gas and the
analysis was performed in a selective ion monitoring (SIM)
mode. Only peaks with a purity >65% were considered for
analysis. Quantification was according to the response factors
of authentic standards relative to 5α-cholestane, applied as the
IS. The analytical laboratory quality assurance/quality control
(QA/QC) was performed.36 The QA sample results met
established laboratory limits of detection (MLODs) and limits
of quantification (MLOQs).38 See SI for more details.

2.3. Sterol Ratios. Twenty-three different sterol-based
diagnostic ratios with the discriminative reference values used
in the literature (SI Table S1) were herein calculated from the
concentration of sterols identified in the biotic/abiotic
samples. See SI for more details.

2.4. Statistical Analyses. Sterol concentrations, expressed
as mean, were on a dry weight (dw) basis for all samples. One-
way ANOVA (Levene’s test for equality of variance) was
applied to demonstrate the statistical significance (p < 0.05) in
∑25 sterols among different abiotic and biotic samples. To
estimate significance, a post hoc was performed utilizing the
least significant difference (LSD). To analyze data, multivariate
analyses were applied, that is, Pearson correlation analysis
(PA) to recognize the degree of interconnection between the
sterol congeners in abiotic and biotic samples; Two-way
hierarchical cluster (heatmap) to exhibit the relations among
all samples using the Gplots package in R software; and
Principal component analysis (PCA) to reveal the plausible
sources of sterols in sediments, seawater and SPMs. Data
analyses were carried out in OriginPro (Version: 2019b, 9.65),
house developed R-software (R Development Core Team,
Vienna, Austria), and CANOCO 4.5 (Microcomputer Power,
Inc.). See SI for more details.

3. RESULTS AND DISCUSSION
3.1. Bulk Parameters of Surface Water. Water quality

parameters39 are presented in SI Table S2, and show slight
variations of pH (6.95−7.17), dissolved oxygen (DO) (7.21 to
7.65 mg L−1), electrical conductivity (EC) (2428.0−2497.5
μS/cm), and turbidity (133.8−154.2 NTU), among surface
seawater from the sampling sites. Based on the sampling time,
pH was neutral in all sites with small increases of about 0.2
units; EC was highest, due to the dominating soluble salts,
mineralization and hardness in inflow and surface runoffs inlet
to the Gorgan Bay in the wet season; and DO level tended to
be higher (by up to 5 mg L−1 in the winter) and support the
rich variety of life, whereas the differences for all tested
parameters were not significant and small (p > 0.05) (SI Table
S2). However, other factors such as biological oxygen demand
(BOD), chemical oxygen demand (COD), nitrate (NO3

−1),
and phosphate (PO4

−3) showed significantly lower levels at
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ST5 compared to ST1 (SI Table S2). Their concentrations
(ST1→ ST5) were 83.04−69.42 mg/L, 103.80−86.77 mg/L,
6.95−4.74 mg/L, and 2.09−1.71 mg/L, respectively (SI Table
S2), that may be attributable to the raise in population density
in the eastern coastal area of Gorgan Bay (especially ST1, ST2,
and ST3), increased soil erosion and discharge of sewage
effluent and household wastewater into the bay.27,29 This
wastewater contains a high level of BOD (>100 ppm), COD,
nitrate, and phosphate and may determine contamination by
OM and nutrients that contribute to eutrophication and
reduction in BOD and COD of Miankaleh wetland and
Gorgan Bay aquatic ecosystem.40 In addition, the N and P
input could be attributed to the improved ion exchange41 and
even to sterol compounds sinking between the sediment
environment and the adjacent water. However, this result
suggests that the Gorgan Bay is contaminated by biodegrad-
able OM, which level was higher than the surface water quality
standards.42,43 Of course, these parameters can be affected by
the sampling time and the pattern of water circulation into the
Gorgan Bay. Under the Ramsar wetland type classification,44

Miankaleh wetland and Gorgan Bay are identified as A-
permanent shallow marine waters with an average depth of 4 m
at low tide and the highest rainfall in December (with a mean
precipitation of 450−800 mm/year). Therefore, this indicates
that the chemo-biological properties of seawaters and nutrients
are directly controlled by the hydrography of the Gorgan Bay,
which water masses circulation has a counterclockwise pattern
due to the Coriolis effects.45,46 Moreover, satellite imagery
(2006−2016) also confirmed that land-use change and
increased agricultural fields and settlements (up to 59%)
happened in the Gorgan Bay watershed,27 determining the
discharge of agricultural waste in the area as probably the main
cause of water quality decline. According to our results, the
Department of Environment in Iran also reported that the
aggregate ecoregions of PO4

−3 and NO3
−1 in the bay in 2016

were approximately higher than EPA criteria and the
probability of a hypertrophic state was of 65%, raising serious
concerns about Gorgan Bay.44,47

3.2. Sterol Composition, Quantification, and Distri-
bution in Abiotic Matrices. Human/vertebrates and plant
sterol compounds were detected in all sediments, seawater, and
SPMs as markers for the assignment of sources and
composition of OM from sewage in the Gorgan Bay (SI
Figure S2). A total of 25 sterol compounds were detected with
similar patterns in abundances in the three environmental
compartments from all sites (SI Figure S2). Overall, a
significant difference among stations was found in ∑25s (p
< 0.05), with the maximum values in all the three groups
observed at ST1 compared to the other STs in the range of
833.91 ng L−1 (seawater), 1667.81 ng g−1 dw (surface
sediment), and 3469.05 ng g−1 dw (SPMs) (SI Figure S2).
ST1 is near to the waterway between the Caspian Sea and
Gorgan Bay and it has become the convergent points of
various wastewaters containing sterols from the Caspian Sea
receiving waters. Indeed, the average water discharge from the
Caspian Sea at the bay entrance is 35 m3/s and the rate of
water and sediment discharge from the watershed systems to
the bay are 500 m3/s and 3.5 mt/y, respectively.45 Also, ST1 is
affected by the water counterclockwise rotation in the bay,
resulting in the discharge and accumulation of sewage
pollutants (including sterols/stanols) from all coastal waters
around this region to the exit point of the bay. On the contrary,
the minimum ∑25s level was found in seawater, sediment and

SPMs of ST5 (near to Miankaleh wetlands) (SI Figure S2).
When silt+clay% > 50%, the lowest concentration of sterols
occurs,48 as it is the case of ST5 with 52% of silt+clay.49 In
addition, the sedimentological features of Gorgan Bay and its
adjacent areas indicate that the grain-size distribution of
sediments in the bottom of the bay is associated with the sterol
accumulations,48 since it is in the mud (i.e., silt and clay,
particle sizes <63 μm) to sand (a sieve size >63 μm) range,
with sand content increasing eastward, and the mean value of
30% OM in sediments of Gorgan Bay that decreases toward
the inlet of the bay.50 In view of time, the high level of sterols
observed herein during the wet season (December) indicates
the influence of the seasonal movement of river runoff and
agricultural/domestic wastewater (containing sterols) from
residential/local areas into the bay watershed system.12

The most abundant sterols (as % of ∑25s), with a constant
ratio in all samples from each environmental compartment per
site, were the fecal sterol coprostanol (5.41%), followed by
cholestanol (4.29%), cholesterol (4.23%), cholestanone
(4.16%), stigmastanol and β-sitosterol (4.14%), and 24-
ethylcoprostanol and 24-ethylepicoprostanol (4.09%) (SI
Table S3). Also, coprostanol, cholestanol, fucosterol, stigmas-
tanol, and β-sitosterol showed the highest concentrations in all
seawater, sediment and SPMs samples/STs (peaks in SI Figure
S2). In all abiotic matrices, the quantities of ∑25s and relative
abundance of each sterol congeners as biomarkers of human
feces (i.e., cop and ep-cop) and plant sterols (sito-a, β-sito and
24-e-cop) or ubiquitous sterols (chol-a), decreased from ST1
to ST5, likely due to the hydrographical features of the Gorgan
Bay and wastewater circulation (SI Figure S2). This suggests
that natural phytosterol/zoosterol (marine and terrestrial/
riverine) sources and/or sewage appear to have been
transported to the bay water column and currents prior to
deposition in the sedimentary bed. Noteworthy, ST1 is close to
the main sources of sewage discharge in the east of Gorgan
Bay, such as aquaculture and seafood processing factories in
Turkmen port. Due to the high consumption of nutrients and
fertilizers, effluents containing large amounts of organic/
inorganic compounds and minerals are combined with high
levels of oxygen demand.51 Indeed, these load of farming
wastewater effluents, urban/agricultural wastewater, and
sources of fermentation of wood and refining of paper
pulp,52 are the major contributors to a variety of steroid
compounds, whereas other sites in the bay are low to
moderately polluted by fecal material. Moreover, these
biomarker profile results are consistent with a semiclosed
area, dried up in Gorgan Bay by lowering sea level in the
multiple past years, decreasing dredging and increasing
dynamic reorganization of river basins, increased sewage
pollution and household wastewater by advanced population
density in coastal area (especially ST1, ST2, and ST3) via
deforestation of Caspian Hyrcanian forests,53 which provide
large amounts of steroid−organic matter input to the Gorgan
bay and create predominance of critical condition.
Spatial variation in the level of fecal sterols herein reported,

especially coprostanol (seawater: 45.1−20.3 ng L−1; surface
sediment: 90.2−70.3 ng g−1 dw; SPMs: 187.7−157.6 ng g−1

dw) is comparable to literature data of other bay regions
worldwide such as in the southwest Gulf of Mexico (100−168
ng g−1 dw),54 Santos Estuary (42.8 ng g−1 dw) and the Sao
Sebastiao Channel (6.9−21.7 ng g−1 dw) in Brazil,55 and
Macao Estuary, southern China (150−280 ng g−1 dw).56

However, the mean concentration of coprostanol in Gorgan
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Figure 1. continued
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Bay is lower than that found in the Kuwait Bay (29−2420 ng
g−1 dw),57 Black Sea Ukraine (170−2600 ng g−1 dw) and
Black Sea Russia (54−5400 ng g−1 dw),58 Babitonga Bay,
Brazil (30−6080 ng g−1 dw),59 and Venice Lagoon, Italy (40−
4410 ng g−1 dw).60 Nonetheless, in many of these areas the
high levels of coprostanol are affected by the sampling site,
short/long-term or acute/chronic nature of outfall close to
intertidal sediments, and distance from the main point-source
of sewage outfalls.57

The highest level of coprostanol is expected as a proxy for
human-feces (anthropogenic sources), microbial reduction
synthesis from cholesterol, feces of marine mammals (whales
and seals), bird guano, and other terrestrial mammalian
animals (cats or livestock).61,62 Although this mammalian
metabolite of cholesterol (coprostanol) is one of the main
components of omnivorous feces,63 it is also present at trace
amounts in marine plant materials.64 From a diagnostic point
of view, detectable concentrations of sewage contamination
occur when the level of coprostanol is >100 ng g−1 dw, but
other reports defined >500 ng g−1 dw,65 and/or >700 ng g−1

dw,66 the threshold of sewage contamination. However, there
is no consensus with respect to coprostanol in the sediments
that is indicative of sewage contamination, although it was
suggested <10 ng g−1.67 Based on these threshold values,
coprostanol levels in seawater, surface sediment, and SPMs
from Gorgan Bay and Miankaleh wetlands were >10 ng g−1

and <500 ng g−1, therefore indicating that Gorgan Bay regions
are not significantly affected by sewage, yet.
Epicoprostanol, as one of the hydrophobic sterols,67 was also

detected in seawater (31.6−20.3 ng L−1), surface sediment
(63.3−49.4 ng g−1 dw), and SPMs (131.7−110.7 ng g−1 dw).
It is a biomarker of the level of treated fecal material in sewage
since in digested sludge samples it is commonly converted
from coprostanol by intensive microbial communities or from
cholesterol during anaerobic sewage treatment,20 but it is not a
major human fecal sterol.68 Its low presence is consistent with
the untreated/bulk wastewater found in the Gorgan Bay

Among dominant sterols, cholestanol (seawater: 35.8−16.1
ng L−1; surface sediment: 71.6−55.8 ng g−1 dw; SPMs: 148.9−
125.0 ng g−1 dw) was detected in sewage-contaminated
samples of Gorgan Bay, and it is a biomarker of human sterols
and plant material. This sterol was followed by the levels of
terrestrial/marine plant/algae-derived sterols congeners,69 such
as fucosterol (seawater: 33.8−15.2 ng L−1; surface sediment:
67.7−52.8 ng g−1 dw; SPMs: 140.9−118.4 ng g−1),
stigmastanol (seawater: 34.5−15.5 ng L−1; surface sediment:
69.1−53.9 ng g−1 dw; SPMs: 136.9−115.0 ng g−1 dw), and β-
sitosterol (seawater: 34.5−15.5 ng L−1; surface sediment:
69.1−53.9 ng g−1 dw; SPMs: 143.7−120.7 ng g−1 dw).
Additionally, municipal pollution associated with terrestrial
OM can also be found as other plant sterols source in this area
(SI Figure S2), revealing the possible input of river-derived
OM to Gorgan Bay. However, accurate assignment of the
source-specificity of these sterol compounds to their
terrestrial/riverine-derived OM is still limited and requires
the evaluation of ratios between selected sterols.
As shown in SI Figure S2, the levels of ∑25s and their

hydrophobic congeners adsorbed onto SPMs were higher than
the other two eco-compartments (surface sediment and
seawater), but the composition of sterols is similar, maybe
due to spatial and temporal variations effects. As SPMs in the
Gorgan Bay and Miankaleh wetlands were detected in the
rainy season, consistent with upstream river water and increase
in coastal regime flow in the southeast of the bay, this could
result in more degraded OM in the SPMs, leaching of
subsurface watershed soils and remobilization of autochtho-
nous production on the surface sediments,70 with reduced
sinking time for fecal particulate sterols due to the develop-
ment of large particles. However, the solubility of steroids
depends on the particle sizes distribution (percentage of fine
particles), the presence of ionic suspending agent such as
seasonally anoxic coastal salts (negative relationship between
salinity and levels of sterols in SPMs),71,72 surface charge and
steric stabilization of the colloidal particles73 and difference

Figure 1. Quantification of 25 sterol congeners detected in various tissues (A1-J1) of P. caspica and their total sterols compounds (A2−J2), based
on age-sex, male (M), female (F), and pup (P), from the southeast Caspian Sea environments. Concentration is the average pixel intensity. ∑25s
data (A2-J2) are expressed mean ± SE (n = 10) *p < 0.05.
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between the proportion in situ conversion of Δ-stenols to
5α(H)-stanols in SPMs across the oxic−anoxic interface zone
in the water column to sediment−water interface zone.74 The
SPMs during the wet season had significantly higher
concentrations and lower assimilation efficiency and therefore,
due to the steroid biochemistry, higher SPMs could dilute
sterols and improved their hydrophobic relationship with the
sewage particles, which is coincident with the preferentially
SPMs associated with phytosterols overloaded.54 However, a
comparative monitoring of sterols as resistant biomarkers to
ecological stress75 in dry season is necessary for future.
3.3. Tissue-Specific Uptake and Bioaccumulation of

Sterols in Caspian Seal As Biotic Matrices. Caspian seals
as sea-dwelling top predators can be exposed to human-
associated fecal contamination through trophic transfer in food
webs.76 Seals eat (2−3 kg/day) a varied diet consisting of
crustaceans (as deposit feeder in contact with sewage) and fish,
that is, tuna (as water-pollutants accumulators), and get water
(containing fecal sterols) through drinks.76,77 The diet sterol
composition to identify fecal zoosterol and phytosterol-specific

contamination in this species remains unknown. For this
purpose, the capacity of Caspian seals to tissue-specific
bioaccumulation of animal/plant sterols from sewage in the
southeast Caspian Sea was herein investigated. The results of
quantification in % of ∑25s in various tissues of P. caspica is
plotted in SI Figure S3, which followed the order of brain
(39.58%) > liver (15.13%) > kidney (12.19%) > heart (9.55%)
> blood (6.64%) > spleen (6.51%) > muscle (4.33%) >
intestine (3.68%) > blubber (1.50%) > fur (0.84%). However,
when expressed as a concentration of total sterols depending
on the age/sex (male (M), female (F), and pup (P)), it
showed M-brain > F-brain > M-liver > M-heart > F-liver > M-
kidney > P-liver > F-kidney > M-blood > P-kidney > F-spleen
> F-heart > M-spleen > F-blood > M-intestine > P-heart > P-
spleen > F-muscle > F-intestine > P-blood > P-muscle > M-
blubber > M-fur > F-blubber > P-brain > P-blubber > F-fur >
P-fur (Figure 1; Figure 2B). The concentrations and
composition of 25 sterol congeners varied in different tissues
of P. caspica (Figure 1). In both males and females, tissue levels
of coprostanol (8.95−21.01% of ∑25s) were highest in the

Figure 2. Dendrogram of hierarchical cluster analysis to distinguish the sources of the fecal sterols according to abiotic (A, seawater, surface
sediment, and SPMs) and biotic (B, Caspian seal tissues) systems, in the southeast Caspian Sea, Iran.
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blubber, fur and P-brain, followed by cholesterol (6.88−
14.96% of ∑25s) in brain, liver, kidney, heart, and blood,
cholestanone (0.60−3.18% of ∑25s) in the intestine and
muscle, and finally β-sitosterol (0.69% of ∑25s) in the spleen
(SI Table S4), whereas plant sterols constituted 0.32−11.45%
of ∑25s in various tissues (SI Table S4). This tissue-specific
cholesterol signature is consistent with that of other aquatic
organisms, that is, Atlantic salmon,78 zebrafish,79 rainbow
trout,80 herring,81 oysters,82 brown shrimp,81 and some
shellfish species.83 However, sterols composition in tissues of
marine species depends on the dietary sources, metabolism,
season and time, geographical location, and depth of the
sea,84−87 and any change in their composition has marked
effects on cell membranes.88

In seal diet, fish and crustaceans are the major sources of
lipid compounds as cholesterol and desmosterol (C27 sterols),
ecdysteroids, docosahexaenoic acid (DHA), and arachidonic
acid (AA).89−91 Cholesterol has an important role in lipid
microdomain formation, stabilizing, permeability, and fluidity
of membranes,90 and its uptake in cells can be from exogenous
(milieu) and endogenous (de novo synthesis) routes.92

Cholesterol and its precursor desmosterol (des) are the main
animal sterols, and in mammals des is ≤10% of cholesterol and
total sterols,91 as herein reported in Caspian seal tissues with
des content of 2.03% of total sterols (SI Table S4). Because of
the significant correlation between des and DHA and AA
contents,91 herein the animal and plant origins of sterols in
Caspian seal tissues were evaluated. For the determination of
animal sterol contents, R22 (chol-e/des) ratio was used (SI
Table S1).91,92 Pending on tissue/age/sex, R22 had the highest
levels in liver and kidney (M = F = P; 14.42) > brain (M = F >
P; 6.03) > blubber and fur (F = P; 5.73) > heart and blood (M
= F = P; 5.21) > spleen (M = F = P; 4.89) (SI Table S4).
Therefore, liver and kidney showed the highest levels of
cholesterol, which may damage tissues because the excess of
free cholesterol could be toxic to cells.90

In contrast, among individual phytosterols (i.e., β-sitosterol,
sitostanol, campesterol, brassicasterol, stigmasterol, fucosterol),
β-sitosterol was the most abundant in Caspian seal tissues. For
the determination of plant sterol contents, R23 (chol-e/β-sito)
ratio was applied (SI Table S1),91 showing its highest levels in
liver and kidney (M = F = P; 3.03) > muscle (M > F = P; 2.50)
> intestine (M = F = P; 1.50) > blubber, and fur (M = F = P;
1.20) (SI Table S4). Overall, the plant sterol contents in seal
tissues were lower than animal sterol contents. To the best of
our knowledge, no data on the rate of plant/animal sterol
intake in seals have been reported so far. However, the lipid
composition of blood in Young elephant seals Mirounga
augustirostris and harp seals Pagophilus groenlandicus showed
that cholesterol esters, free cholesterol, and the plasma neutral
lipids were the major components in blood of these
mammals.93 Thus, there is still debate about the effects of
long-term variability in animal sterols intake upon the health
and wellbeing of seals.
Some tissue-specific tendency can be observed in P. caspica

to the fecal sterols profiles (Figure 2B), which may affect the
regulation/deregulation of cholesterol homeostasis and a
variety of bioactive sterols in seal tissues.94,95 In the adipose
tissue blubber, the concentration and percentage of each
congener in the sterol profiles of male, female, and pup were
similar, with the highest concentrations of cop > chol-a > chol-
e > chol-a-one > stig-a ≈ β-sito. The most significant (p <
0.05) differences were found in coprostanol in male (max:

55.18 ng g−1dw; 12.82% of ∑25s) and pup (max: 37.79 ng
g−1dw; 21.01% of ∑25s) seals, with the higher ∑25s recorded
in male blubber (Figure 1A1, A2; Figure 2B; SI Table S4).
Seals acquire organic pollutant, that is, fecal sterols through
their environment/diet and accumulate them in lipid-rich
tissues, that is, brain and fat/blubber, as a thick layer of fat
under their skin. Here, levels of pollutant bioaccumulation vary
across % tissue lipid content (blubber thickness variation),
species of seals, age and sex.96 Noteworthy, in Caspian seal
adipose tissue the mean level of ∑25s as organic lipophilic
pollutants was lower than in brain and liver (Figure 2B), and in
blubber it was higher in pup than adult (Figure 1A2). The
negative correlation between pollutant concentration and
thickness of blubber in Caspian seals may be because during
the postweaning fast (spring season), the blubber layer in the
body of seals is thinner than after their breeding and moulting
periods and, due to the magnification of pollutants in their
bodies, seals may face higher health risk.32

In fur, the composition of sterol congeners depending on the
age/sex was similar to the blubber, with the dominant sterols
similar to what observed in the abiotic samples, likely due to
the direct contact of skin and fur of the Caspian seals with their
surrounding contaminated environment. The most significant
(p < 0.05) difference in sterol congeners was found in
coprostanol in male (max: 37.79 ng g−1dw; 9.50% of ∑25s)
and female (max: 24.96 ng g−1dw; 21.01% of∑25s) seals, with
the higher ∑25s recorded in male fur (Figure 1B1, B2; Figure
2B; SI Table S3). Therefore, the high coprostanol levels,
typical of fecal-pollution and recorded in all the abiotic
matrices (SI Figure S2), were also found in seal fur and
blubber indicating a first tissue protection of seals to exposure
to Caspian sea fecal contamination. Similar results for human
fingerprint were reported for coprostanol and 24-ethyl-
coprostanol in oysters C. gigas.82

In brain, the sterols profiles of male and female were similar,
with the dominant concentrations of chol-e > β-sito > chol-e-
one > fuc > din > stig-e, whereas in pup brain the sterol
composition was similar to that of fur and blubber. The most
significant (p < 0.05) differences were found in cholesterol
(male, max: 1889.36 ng g−1dw, 13.81% of ∑25s; female, max:
1139.16 ng g−1dw, 13.81% of ∑25s) and β-sitosterol (male,
max: 1844.16 ng g−1dw, 13.48% of ∑25s; female, max:
1111.91 ng g−1dw, 13.48% of ∑25s) for male and female, and
in coprostanol for pup (max: 37.03 ng g−1dw; 21.01% of
∑25s), with the higher∑25s recorded in male brain (Figure 1
C1, C2; Figure 2B; SI Table S3). For the high cholesterol
content in brain, some regulatory mechanisms were hypothe-
sized that reduce neuronal cholesterol biosynthesis by sirtuin 2
(SIRT2) deacetylase-dependent inhibition,97 up-regulate target
genes for cholesterol efflux, and secrete the excess oxidized
cholesterol across the blood-brain barrier into the circula-
tion.98−100 This event might favor the accumulation of excess
cholesterol into blood and it may explain the similarity in sterol
composition of seal blood and brain. The high presence of
plant sterols, that is, β-sito, fuc, din, and stig-e, indicated that
unlike dietary cholesterol, phytosterols can accumulate in seal
brain101

In liver, the composition of 25 sterols was similar in seal
adult and pup, with the highest concentrations of chol-e >
chol-a-one > chol-e-one > fuc > din >5α-chol-a. Cholesterol
concentration was significantly (p < 0.05) highest in male
(max: 457.24 ng g−1dw; 14.96% of ∑25s), female (max:
368.16 ng g−1dw; 14.96% of ∑25s) and pup (max: 306.93 ng
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g−1dw; 14.96% of ∑25s), with the higher ∑25s recorded in
male liver (Figure 1. D1, D2; Figure 2B; SI Table S3).
Conversely to other tissues where cholesterol is mainly
incorporated into membranes, in liver it is stored as
exchangeable cholesteryl ester in the hepatic sterol ester
pools to rapidly be transported into plasma at the desired time,
and biliary excretion and the bile/liver ratios are the main
factors affecting the deposition of sterols in liver.102 Since
zoosterol was more accumulated in liver than phytosterols, a
large extent of plant sterols are likely excreted by seal biliary
secretion, which is mediated by specific phytosterols trans-
porters solely expressed in hepatocytes and enterocytes that
suppress liver accumulation of plant sterols.103 Because
mammalian cells are not endogenous phytosterol synthesizers
and can not regulate plant sterol homeostasis, phytosterol
absorption is linked to cholesterol uptake regulated mecha-
nisms and its excretion occurs through mechanisms that
oxidize plant sterols.104,105 Conversely, in liver liposomal
membrane, electrostatic interaction between liver sterol carrier
protein 2 (SCP2) and negatively charged membranes enhance
cholesterol intermembrane transfer.106 Nonetheless, liver is
less important as a sterol biosynthesis site, and a large amount
of sterols is locally synthesized within each extrahepatic tissue.
In kidney, the sterol profiles based on seal age/sex were

similar to liver, with significantly (p < 0.05) highest
concentrations of cholesterol in male (max: 426.51 ng
g−1dw, 14.96% of ∑25s) and female (max: 336.62 ng g−1dw,
14.96% of ∑25s), and the higher ∑25s recorded in male
kidney (Figure 1E1, E2; Figure 2B; SI Table S3). Accordingly,
Pradas et al.107 documented in rat that the cholesterol levels
were higher in kidney, followed by liver, in respect to sterol/
steroid metabolism, but the cholesterol precursors and
derivatives were significantly higher in liver.
In heart, the composition of sterols depending on seal age/

sex was similar to brain, with significantly (p < 0.05) high
proportion of cholesterol (max: 309.49 ng g−1dw; 12.44% of
∑25s) and β-sitosterol (max: 284.99 ng g−1dw; 11.45% of
∑25s) in male, and with the higher ∑25s recorded in male
heart (Figure 1F1, F2; Figure 2B; SI Table S3).
In spleen, the composition of sterols depending on seal age/

sex was dominated by β-sito > chol-e > chol-a > chol-e-one >
fuc > stig-e. The most significant (p < 0.05) differences in
sterol congeners were in the levels of β-sitosterol (max: 165.74
ng g−1dw; 12.18% of ∑25s) and cholesterol (max: 146.24 ng
g−1dw; 10.74% of ∑25s) in female, with the higher ∑25s
recorded in male spleen (Figure 1G1, G2; Figure 2B; SI Table
S3). β-sitosterol and cholesterol are the typical Δ5-sterols for
plant material and animal tissues, respectively, in the
environment.108 Any dysfunction in the metabolism/trans-
porters/carriers of cholesterol, oxysterols and sterol inter-
mediates in vital organs could cause pathophysiological settings
as cancers and diseases.101,109 Therefore, pathological studies
need to be performed in seals to provide more complete
insights on these data and evaluate the risk levels of tissue
sterol profiles.
Blood sterol profiles of seals by age/sex were similar to brain

and heart, with the most significant (p < 0.05) differences in
sterol congeners observed in cholesterol (max: 244.50 ng g−1

dw; 12.44% of ∑25s) and β-sitosterol (max: 225.14 ng g−1dw;
11.45% of ∑25s) in male, with the higher ∑25s recorded in
male blood (Figure 1H1, H2; Figure 2B; SI Table S3). Intimal
sterol synthesis is the main source of plasma cholesterol
accumulation in the arterial wall and the conversion of chol-e

to chol-a is applied to the exchange of cholestanol between
blood and tissues.109 Plant sterols are cytotoxic to macro-
phages and may trigger potential risk in plasma. Increased
levels of β-sitosterol induce the production of proinflammatory
cytokines by macrophages, reduce the endotelium dependent
vasodilation, and harden erythrocyte cell membranes,110 which
could be associated with shortened lifespan of seals.
In intestine, the sterol profiles based on seal age/sex were

similar, with the dominant concentrations of chol-a-one > din
> chol-e-one >5α-chol-a. The most significant (p < 0.05)
differences were in male chol-a-one (max: 152.26 ng g−1dw,
18.25% of ∑25s), with the higher ∑25s recorded in male
intestine (Figure 1I1, I2; Figure 2B; SI Table S3). The higher
intestinal absorption of animal sterols, such as cholestanol and
other cholesterol epimers, compared to plant sterols suggests
some selective factors attributable to the high solubility of
cholesterol in micelles and incorporation into chylomicrons
(lipoprotein particles), and then its lymphatic recovery,111 as
well as the biohydrogenation of sterols into stanols by
intestinal microflora,18 and/or lipid interactions functions
triggerring signal transduction pathways to influx the sterols
from mammalian enterocyte to bloodstream.112−114 Accord-
ingly, Sissener et al.78 reported in Atlantic salmon a higher
intestinal absorption of cholesterol compared to campesterol
and brassicasterol, which are phytosterols.
In muscle, the seal sterol profiles by age/sex were similar to

intestine. Cholestanone concentration was most significant (p
< 0.05) in male (max: 216.60 ng g−1dw, 19.22% of ∑25s),
with the higher ∑25s recorded in male muscle (Figure 1J1, J2;
Figure 2B; SI Table S3). Similar findings in sterol composition
were also reported in muscle of fish and shrimp.81,85 The
higher amount of zoosterols, such as cholesterol epimers, in
Caspian seal muscle may be a result of intestinal uptake, biliary
excretion of phytosterols, lipoprotein metabolism, and/or
changes in biosynthesis of cholesterol and sterols throughout
the year.85 Also, tissue distribution of mammalian dietary
cholesterol is evolutionary conserved, and after 24 h most
levels of exogenous cholesterol (45%) are uptaked from the
gastrointestinal system and only 10% from the liver.80,115

Overall, in the distribution and composition of seal tissue
sterols, no age/sex differentiation was observed except for
brain tissue in pup, though the mean concentration of 25 sterol
congeners was higher in male tissues than in females and pup.
Indeed, for marine mammals (seals, sea lions, and walrus),
based on the female capability to modulate their lactation
periods (milk production) and pass their contaminants to
offspring via placenta and milk, it is documented a gender-
related difference in POP levels such as fecal sterols, with their
levels often higher in males than females, with an age-
dependent accumulation.116 Therefore, the composition of
sterols in the diet of Caspian seals and their metabolic effects
in long-term feeding trial by fecal contaminated seafood should
also be assessed in future studies.

3.4. Sterol Ratios. A set of 23 sterol ratios (R1−R23; SI
Table S1) was herein applied to identify the level of human
fecal contamination and differentiate between the sources of
fecal matter (humans and animals) in the aquatic environ-
ment.15 The ratios were classified into three categories: (1)
human, (2) noncertain, and (3) no pollution (SI Table S1),
and were applied to the abiotic (seawater, surface sediment,
and SPMs) and biota (Caspian seals) matrices (SI Table S5).
The ratios R1−R7 were calculated to characterize human vs

nonhuman sewage. Based on R1 (cop/chol-a) ratio, all samples
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were contaminated by sewage.2,18 Similar results for R1 ratio
were reported for oysters fecally contaminated with human
wastewater after short-term exposure in seawater micro-
cosms.82 Moreover, according to the R2 (cop/chol-e) ratio,
abiotic samples elucidated the positive human fecal contam-
ination with a criterion of R2 > 1, showing strong differences
between biogenic inputs and anthropogenic sources2,117 The
R3 (cop/cop+chol-a) ratio with a threshold value of 0.3−0.7
indicated the presence of noncertain sewage in the aquatic
environment of the southeast Caspian Sea.2,65 R4 (cop/ep-
cop) ratio was used to differentiate the human vs other
mammalian feces, and the criterion of R4 < 1.5 revealed high
levels of other mammalian waste input in the southeast
Caspian Sea.2,62 To characterize any potential microbial
treatment sewage by conversion of cop to ep-cop, R4 can be
modified into R5 (cop+ep-cop/cop+ep-cop+chol-a) ratio.2,22

Similar to R4, R5 < 0.7 showed that most of the Gorgan Bay
were contaminated by untreated nonhuman wastewater input.
In contrast to R4, R6 (ep-cop/cop) ratio is considered to be
elucidative of the age of fecal matter and their treatment levels.
R6 > 0.2 suggested that partially untreated nonhuman feces
(such as herbivorous) are dominated at these regions.2,118

Additionally, R7 (cop/(cop+24-e-cop)) ratio was applied to
evaluate the influence of livestock wastes and, since it ranged
from 0.4 (biota) to 0.5 (abiotic), it was associated with the
dominant herbivore manure discharge in this ecosystem, which
was in line with R4−R6.119,61 Discharge of the total animal
manure and cultivated land pollution load and/or substantial
water runoff from the entire cities of the north of Iran may be
the principal factors that affected the quality of rivers/
groundwater in the Gorgan Bay basin.120,121 The ratios of
R7 > 0.06 suggested that all the abiotic/biotic samples had
sterols derivated from anthropogenic sewage, and thus samples
were probably close to the large effluent outlets.2,122 However,
for certain distinction of the human fecal contamination (with
a high concentration of coprostanol), the value of 0.06 in
alignment with the threshold levels of 10 ng g−1 (cop),67 is too
low. Therefore, to be indicative of human-sourced pollution,
the index value of R7 should be >0.06 and it is consistent with
a concentration of 500 ng g−1 (cop).123

In agreement with R7 and high levels of coprostanol
detected, R8 (%cop) > 5−6% showed a human fecal signal in
wastewater in all abiotic samples, but in biota is non-
certain.2,124 Similar to R8, R9 (%24-e-cop) was applied as an
indicator of fecal sterol of ruminants (herbivore)2,18 because
24-ethylcoprostanol is one of the sterols present in much lower
levels in the digested sludge produced by anaerobic
degradation of β-sitosterol.125 Based on R9 < 5−6%, the
presence of fecal sterols of domestic livestock, such as cow and
sheep, was quantified in low concentrations in sludge input. In
this line, to distinguish among different animal feces, and
between herbivore, human, and mixed feces, R10 (cop+ep-cop
+24-e-ep-cop/cop+chol-a) and R11 ((cop/cop+24-e-ep-cop)
× 100) ratios could also be used, respectively.2,23,125 This ratio
could be explained to differentiate between animal (dominated
by 24-e-ep-cop) and human-sourced manure (dominated by
cop).23,126 The ratio of R10 ≥ 1 is indicative of bovine-sourced
feces,2,22 and 38 < R11 < 73 can be attributed to the mixtures
of the herbivore/human feces,2,122 with the dominance of
porcine-originated sterols (51 < R11 < 61).2,126 Similarly,
Harrault et al.82 found the R11 ratio <0.73 for marine oysters
C. gigas, indicative of human pollution. R12 (camp-e+sito-e/
chol-e) ratio was applied to distinguish between pig (R12 >

1.5) and human (R12 < 1.0) feces contamination in soil or
water sample,2,68 and it supported the presence of pig slurry
pollution in the southeast Caspian Sea environment. The sterol
profiles of the manures of cow and poultry are dominated by
campestanol and sitosterol, whereas the manures of pig by
coprostanol. Since cholesterol is an ubiquitous steroid, to
differentiate between the sources of bovine and porcine feces,
R13 (cop+ep-cop/chol-e) ratio was used.2,127 However, the
0.7 < R13 < 3.7 indicated that the certainty of the presence of
porcine-originated sterols in waste discharge is less clear. As
the identification of phytosterol sources through the
degradation of cholesterol to stanol products, R14 (sito-a/
cop) values in the range of 0.2 < R14 < 0.7 illustrated the
proportion of porcine originated stanols in sewage and natural
inputs.2,126 Also, the choice of the R14 ratio has refined the
differentiation between bovine (R14 > 1), and porcine manure
(R14 < 1) and effluent samples (R14 < 1) based on the
distribution of the steroid compounds.126 However, the
observed variation in the phytosterol biomarkers, without
considering the degradation of OM, reflects a credible
descriptor of shifting nutrient status from the Gorgan Bay by
changes in phytoplankton productivity between sediment pore
waters and the overlying water column.128 According to the
reference value of R15 (sito-a/sito-a+24-e-cop+24-e-ep-cop)
and R16 (chol-a/chol-a+cop+ep-cop), all samples investigated
herein did not receive the avian sources of fecal sterols.2,129

Because sitosterol can be microbially degraded to stigmastanol
at anoxia through both eutrophication and incorporation of
excess nutrients from ornithogenic input (guano) into the
bottom sediments.130 Based on the high relative abundance of
coprostanol in the feces of omnivores (humans and other
mammals) compared to herbivores (livestock), which are
dominated by plant sterols such as 24-ethylcoprostanol and 24-
ethylepicoprostanol, R18 ((cop+ep-cop)/(24-e-cop+24-e-ep-
cop)), R19 (ep-cop/(chol-a+cop)), and R20 ((24-e-ep-cop/
24-e-cop)+(ep-cop/cop)) ratios were used for fingerprint diet
or species distinction.119,131 The R18 > 1 confirmed that the
probability of fecal omnivores derivated sterols in abiotic
samples were notably higher than that of the herbivores
counterpart, but for biota samples are noncertain. R19 > 0.1
and R20 > 1.2 ratios gave similar omnivores fingerprints in the
southeast Caspian Sea. Additionally, the R22 (chol-e/des) and
R23 (chol-e/β-sito) ratios were evaluated in Caspian seal
tissues for the determination of animal and plant origins of
sterols, respectively, as discussed in the previous section.
Overall, some of the applied ratios gave positive point-source

inputs of human fecal pollution but in general it was evident
the combination of sterols originating from human and
nonhuman sewage sources for all biotic/abiotic samples (SI
Table S5). In the abiotic matrices, a similar value was
calculated for the diagnostic ratios of sterols in all the three
environmental compartments and their stations, which may be
affected by the hydrography of the Gorgan Bay and uniform
mixture of sterols originating from natural sources and
sewage.65,132 3D scatter plot of the selected ratios R3, R6,
and R2 (SI Figure S4A), and R4, R11, and R18 (SI Figure
S4B), and their relationships, was applied to the space
illustration of the results of the sterol source tracking in the
study area. Regardless, to prevent the continuing trends,
anthropogenic impacts from sewage discharge in this area
require sustainability water quality monitoring programs. Based
on the lack of a reliable quantitative criterion for sterol fecal
fingerprinting in biota samples, in the current study numerous
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literature-based criteria were analyzed and suggested for biota
samples (SI Table S5), even if so far these ratios have only
been used for the environmental matrices (sediments or
water). Despite the use of limited sterol ratios in previous
reports,37,119 there are still discrepancies and large gap in the
values of sterol ratios (R1−R23; SI Table S1) between the
biotic and abiotic samples, suggesting that the determination of
conclusive threshold levels for fecal source tracking by these
indexes in the living specimens requires an overall review and
reconfirmation.
3.5. Multivariate Analysis (PCA, Correlation, and

Cluster Analysis) Of All Abiotic and Biota Sterols
Tested. For discrimination of sterols and their source tracking,
PCA and heatmap of a correlation matrix was applied to the 25
sterol congeners detected in the three environmental compart-
ments (SI Figure S5A and B). PC1 showed positive
correlations (r = 0.84−0.93 in surface sediments, r = 0.84−
0.92 in seawater, and r = 0.83−0.89 in SPMs) among
coprostanol, cholestanol, cholesterol, cholestanone, stigmasta-
nol, β-sitosterol, 24-ethylcoprostanol, 24-ethylepicoprostanol,
and dinosterol, which indicated human sewage pollution and
distinguished between terrestrial and marine/microbial sources
of sterols (SI Table S3; Figure S5B) PC2 had a positive
connection (r = 0.65−0.78 in surface sediments, r = 0.69−0.76
in seawater, and r = 0.70−0.79 in SPMs) to sitosterol,
sitostanol, campesterol, desmosterol, brassicastanol, brassicas-
terol, isofucosterol, 5α-cholestanol, ehydrocholesterol, indicat-
ing low sewage with a biogenic contribution (plant sterol from
terrestrial sources) (SI Table S3; Figure S5B). Factor 2
grouped sites with the higher fecal sterols and indicated sewage
or biogenic contribution,133 since cholesterol in Gorgan Bay
sediments could originate from the biosynthesis by phyto- and
zooplankton, from the diagenetic transformation of cop into
chol-e through sewage by anaerobic microbial reduction/
hydrogenation, and/or from terrestrial enrichment. Conse-
quently, chol-e as an independent marker has some limitations,
thus to estimate the decreases of redox potential in sediments,
cholesterol can be applied in the form of a stanol/stenol ratios.
Therefore, R21 (chol-a/chol-e) < 1.0 indicates anoxic
conditions/microbial reduction, but values of R21 ≈ 1.0
indicate limited oxic and ideal conditions for biosynthesis of
cholestanol, as revealed in this study for all samples (SI Table
S5). Accordingly, PC1 exhibited that chol-a comes from marine
sources, because it has R21 = 1.01 and have close correlation
with chol-e (SI Table S5; Figure S5).133 PC2 also indicated
that phytosterols (stigmasterol and β-sitosterol) can be used as
a sign of correlation between terrestrial OM (TOM) and
marine originated sterols. Although it could be clearly
determined by using campesterol/stigmasterol/β-sitosterol
ratio,133 the evidence of chol-a and chol-e in PC1 confirmed
a contribution in Caspian Sea sources of plants sterols in the
Gorgan Bay and Miankaleh wetlands. Moreover, the
terrigenous input of rivers from the vast and wide green belt
of Caspian Hyrcanian forests seems more effective to change
the sterol composition in this area to some of the sources of
plant sterols.53

A correlation analysis of all the abiotic and biotic samples
from Gorgan Bay was also performed (SI Figure S6). Based on
the correlation matrix heatmap, a positive correlation between
all the water quality parameters except DO and pH, and ST1
and ST2 was observed (SI Figure S6A). In contrast, a positive
correlation between DO and pH, and ST2, ST3, and ST5 was
also recorded. However, the variability in BOD, DO, and pH in

the surface water could be explained by the change in the ratio
of cop/ep-cop.134 A strong positive relationship for the
distribution of the 25 sterol congeners between abiotic and
biotic systems was also observed in dendrograms that indicate
clustering according to sterols concentrations and their
similarities between variables (SI Figure S6B). The positive
relationship was best explained by the significant variability in
coprostanol levels as a common sterol bioindicator.134

Hierarchical clustering analysis (HCA) on the levels of total
sterols was applied to assess similarities between environ-
mentaland biotic variables (Figure 2A), and it split all samples
into two main clusters that are in line with the sensitivity to
coprostanol and cholestanol between abiotic sampling stations
(Figure 2A and SI Figure S7A), and to coprostanol and
cholesterol between various Caspian seal tissues (Figure 2B
and SI Figure S7B). In Figure 2A, cluster I is composed of nine
environmental samples (SPMs-S1−S5, and sed-S1,S2, S4,S5),
where the amount of fecal sterols from terrigenous sources is
significantly high (>75% for Ia (SPMs) and 50% for Ia
(sediment)) and marine sources of sterols are slightly
predominant at Euclidean distance. In this line, the variability
of total sterols concentration in cluster Ia for sediment could
best be explained by the ratio of cop/chol-a (126%), cop/chol-
e+chol-a (63%), and % coprostanol (5.4%) (Figure 2A; SI
Table S5),134 whereas the variability and categorization of total
sterols concentration in cluster Ia for SPMs may be explained
by the close correlation/similarity with sterols ratios of cop/
chol-e (100%) and cop/chol-e+chol-a (63%) (Figure 2A; SI
Table S5). The other marine derivated fecal sterols are
presented as cluster Ib, containing five environmental samples
(sea-S1,S2, sea-S4,S5, and sed-S3), where the proportion of
sterols is also high (>75% for Ib (seawater)) at Euclidean
distance and terrestrial sources of sterols are rather low (Figure
2A).133 Cluster II contained one sampling point (sea-S3) as a
separate branch with less similarity with the other sites, where
the quota of fecal sterols is intolerably low (<0.5% for II
(seawater)), with slightly predominance of terrestrial origi-
nated sterols and a possible peak in concentration of plant
sterols from low sewage with biogenic contribution, which
caused the separation in cluster II. The HCA results are
supported by the PCA results, as shown in Figure 2.
The results of creating a triple dendrogram of hierarchical

tree and clustering of the concentration of total steroidal
compounds to assessing similarities between selected tissues of
the Caspian seals are drawn in Figure 2B. Among the two main
branches I and II, a separate cluster I which built on the
bioaccumulation of steroidal compounds in the lipophilic
tissue, such as brain, blubber, and fur, was substantially
depending on the seal age/sex (male (M), female (F), and pup
(P)). Cluster I contained seven sampling tissues (M, F, P-
blubber and fur, and P-brain) with ∑25s dominated in male
seal blubber (380.8 ng g−1dw; 0.79% of ∑25s) (Figure 2B).
Cluster IIa contained five sampling tissues (M, F, P-intestine
and F, P-muscle) with maximum similarity based on the total
of sterols dominated in female seal muscle (668.9 ng g−1dw;
1.39% of ∑25s) (Figure 2B). Cluster IIb contained 17
sampling tissues age- and sex-dependent, including metabo-
lism-sensitive organs with the same clustering patterns and
showing their close correlation in regulation/deregulation of
cholesterol in seals. As expected, ∑25s dominated in male
brain (12105.7 ng g−1dw; 25.3% of ∑sterols), followed by
other their male tissues in the order of liver, kidney, heart,
blood, and spleen (Figure 2B). As the liver is a metabolic
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protein-rich tissue, cholesterol homeostasis is associated in
general with a liver enzymatic system rather than lipids-rich
blubber. This is consistent with findings on tissue distribution
of perfluoroalkyl acids and their precursors in polar bears Ursus
maritimus and their prey, the ringed seal P. hispida.135

In summary, endangered Caspian seals P. caspica were
herein used effectively to study the effects of fecal pollution on
the uptake and organ distribution of sterols in order to record a
source-specific fingerprint and improve the toxic database for
the Caspian Sea health. Findings from this study revealed that
both the animal originated sterol content and the ratio of
phytosterols affected the tissue sterol composition in the
Caspian seals, with increased cholesterol and its precursor
cholestanol content in most of the vital organs, that is, brain,
liver, kidney, and heart. However, the identification of specific
sources of sterol contamination in seal tissues and their
discrimination from natural counterpart seemed limited. In the
distribution and composition of seal tissue sterols, no age/sex
differentiation was observed, though the mean concentration
of 25 sterol congeners was higher in male tissues than in
females and pup. Overall, by application of different diagnostic
ratios, it was evident the combination of sterols originating
from human and nonhuman sewage sources for all biotic/
abiotic samples. Therefore, findings from this study pinpoint
the urgent necessity to investigate on the ecotoxicity of fecal
sterols in mammals, and on the consequent implications for
human health. Also, it is of high importance to promote
sustainable water quality monitoring programs to prevent the
anthropogenic impact from sewage discharges in marine
environments. Refs 28, 30, 31, 136, 137.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c01479.

(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Alireza Riyahi Bakhtiari − Department of Environmental
Sciences, Faculty of Natural Resources and Marine Sciences,
Tarbiat Modares University, Noor, Mazandaran 14115-111,
Iran; Email: riahi@modares.ac.ir

Authors
Ali Ranjbar Jafarabadi − Department of Environmental
Sciences, Faculty of Natural Resources and Marine Sciences,
Tarbiat Modares University, Noor, Mazandaran 14115-111,
Iran; orcid.org/0000-0001-9106-1981

Sakineh Mashjoor − Department of Marine biology, Faculty of
Marine Science and Technology, University of Hormozgan,
Bandar Abbas, Iran; Marine Pharmaceutical Science Research
Center, Ahvaz Jundishapur University of Medical Sciences,
Ahvaz, Iran

Shirin Mohamadjafari Dehkordi − Department of
Environmental Sciences, Faculty of Natural Resources and
Marine Sciences, Tarbiat Modares University, Noor,
Mazandaran 14115-111, Iran

Tiziana Cappello − Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98122, Italy; orcid.org/0000-0002-7790-
6324

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c01479

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This investigation was supported by the Academy of
Environment Science, Tarbiat Modares University in Tehran,
Iran.

■ REFERENCES
(1) Vorosmarty, C. J.; McIntyre, P. B.; Gessner, M. O.; Dudgeon,
D.; Prusevich, A.; Green, P.; Glidden, S.; Bunn, S. E.; Sullivan, C. A.;
Liermann, C. R.; Davies, P. M. Global threats to human water security
and river biodiversity. Nature 2010, 467 (7315), 555−561.
(2) Derrien, M.; Yang, L.; Hur, J. Lipid biomarkers and
spectroscopic indices for identifying organic matter sources in aquatic
environments: A review. Water Res. 2017, 112, 58−71.
(3) Clarke, B. O.; Porter, N. A. Persistent organic pollutants in
sewage sludge: Levels, sources, and trends. In ACS Symp. Ser.. ACS
Symposium Series Vol. 1048:137−171. 2010;
(4) Farrington, J. W.; Takada, H. Persistent organic pollutants
(POPs), polycyclic aromatic hydrocarbons (PAHs), and plastics:
Examples of the status, trend, and cycling of organic chemicals of
environmental concern in the ocean. Oceanography. 2014, 27 (1),
196−213.
(5) Field, K. G.; Samadpour, M. Fecal source tracking, the indicator
paradigm, and managing water quality. Water Res. 2007, 41, 3517−
3538.
(6) Korajkic, A.; Brownell, M. J.; Harwood, V. J. Investigation of
human sewage pollution and pathogen analysis at Florida Gulf coast
beaches. J. Appl. Microbiol. 2011, 110 (1), 174−183.
(7) Lyons, B. P.; Devlin, M. J.; Abdul Hamid, S. A.; Al-Otiabi, A. F.;
Al-Enezi, M.; Massoud, M. S.; Al-Zaidan, A. S.; Smith, A. J.; Morris,
S.; Bersuder, P.; Barber, J. L.; Papachlimitzou, A.; Al-Sarawi, H. A.
Microbial water quality and sedimentary faecal sterols as markers of
sewage contamination in Kuwait. Mar. Pollut. Bull. 2015, 100 (2),
689−98.
(8) USEPA, U.S. Environmental Protection Agency. Method 1604.
Total Coliforms and Escherichia coli in Water by Membrane Filtration
Using a Simultaneous Detection Technique (MI Medium). Rept. Mo. EPA
821-R-02-024; Environmental Protection Agency: Washington DC,
2002.
(9) Derrien, M.; Jarde,́ E.; Gruau, G.; Pourcher, A. M.; Gourmelon,
M.; Jadas-Hecart, A.; Pierson Wickmann, A. C. Origin of fecal
contamination in waters from contrasted areas: Stanols as microbial
source tracking markers. Water Res. 2012, 46 (13), 4009−4016.
(10) Harwood, J. J. Molecular markers for identifying municipal,
domestic and agricultural sources of organic matter in natural waters.
Chemosphere 2014, 95, 3−8.
(11) Hagedorn, C.; Weisberg, S. B. Chemical-Based Fecal Source
Tracking Methods. Microbial Source Tracking: Methods, Applications,
And Case Studies; Springer: New York, 2011, pp 189−206.
(12) Alsalahi, M. A.; Latif, M. T.; Ali, M. M.; Dominick, D.; Khan,
M. F.; Mustaffa, N. I.; Nadzir, M. S.; Nasher, E.; Zakaria, M. P. Sterols
as biomarkers in the surface microlayer of the estuarine areas. Mar.
Pollut. Bull. 2015, 93 (1−2), 278−83.
(13) Fahrenfeld, N. L.; Del Monaco, N.; Coates, J. T.; Elzerman, A.
W. Fecal Sterol and Runoff Analysis for Nonpoint Source Tracking. J.
Environ. Qual. 2016, 45 (1), 315−22.
(14) Froehner, S.; Sanez, J. Evaluation of potential sewage
contamination by fecal sterol biomarkers adsorbed in natural biofilms.
Environ. Sci. Process. Impacts 2013, 15, 2080−2086.
(15) Furtula, V.; Liu, J.; Chambers, P.; Osachoff, H.; Kennedy, C.;
Harkness, J. Sewage treatment plants Efficiencies in removal of sterols
and sterol ratios as indicators of fecal contamination sources. Water,
Air, Soil Pollut. 2012, 223, 1017−1031.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c01479
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

K

https://pubs.acs.org/doi/10.1021/acs.est.0c01479?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c01479/suppl_file/es0c01479_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alireza+Riyahi+Bakhtiari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:riahi@modares.ac.ir
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+Ranjbar+Jafarabadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9106-1981
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sakineh+Mashjoor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shirin+Mohamadjafari+Dehkordi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiziana+Cappello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7790-6324
http://orcid.org/0000-0002-7790-6324
https://pubs.acs.org/doi/10.1021/acs.est.0c01479?ref=pdf
https://dx.doi.org/10.1038/nature09440
https://dx.doi.org/10.1038/nature09440
https://dx.doi.org/10.1016/j.watres.2017.01.023
https://dx.doi.org/10.1016/j.watres.2017.01.023
https://dx.doi.org/10.1016/j.watres.2017.01.023
https://dx.doi.org/10.1021/bk-2010-1048.ch006
https://dx.doi.org/10.1021/bk-2010-1048.ch006
https://dx.doi.org/10.5670/oceanog.2014.23
https://dx.doi.org/10.5670/oceanog.2014.23
https://dx.doi.org/10.5670/oceanog.2014.23
https://dx.doi.org/10.5670/oceanog.2014.23
https://dx.doi.org/10.1016/j.watres.2007.06.056
https://dx.doi.org/10.1016/j.watres.2007.06.056
https://dx.doi.org/10.1111/j.1365-2672.2010.04869.x
https://dx.doi.org/10.1111/j.1365-2672.2010.04869.x
https://dx.doi.org/10.1111/j.1365-2672.2010.04869.x
https://dx.doi.org/10.1016/j.marpolbul.2015.07.043
https://dx.doi.org/10.1016/j.marpolbul.2015.07.043
https://dx.doi.org/10.1016/j.watres.2012.05.003
https://dx.doi.org/10.1016/j.watres.2012.05.003
https://dx.doi.org/10.1016/j.watres.2012.05.003
https://dx.doi.org/10.1016/j.chemosphere.2013.09.104
https://dx.doi.org/10.1016/j.chemosphere.2013.09.104
https://dx.doi.org/10.1016/j.marpolbul.2015.01.011
https://dx.doi.org/10.1016/j.marpolbul.2015.01.011
https://dx.doi.org/10.2134/jeq2015.06.0312
https://dx.doi.org/10.1039/c3em00025g
https://dx.doi.org/10.1039/c3em00025g
https://dx.doi.org/10.1007/s11270-011-0920-8
https://dx.doi.org/10.1007/s11270-011-0920-8
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c01479?ref=pdf


(16) Tanabe, S. Contamination and toxic effects of persistent
endocrine disrupters in marine mammals and birds. Mar. Pollut. Bull.
2002, 45 (1−12), 69−77.
(17) Antanasijevic,́ D.; Bujagic,́ I. M.; Grujic,́ S.; MilaLausěvic,́ M.
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