
Metabolic Disrupting Effects of Polychlorinated Biphenyls Revealed
by Long-Term Temporal Variations of Lipids in Detritivorous Fish
from the Rio de la Plata Basin
Eric D. Speranza,* Leandro M. Tatone, Maria C. Migoya, and Juan C. Colombo

Cite This: Environ. Sci. Technol. 2021, 55, 12914−12921 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The long-term covariation (2002−2017) of lipids, polychlorinated
biphenyls (PCBs), and sewage tracers was studied in the detritivorous fish
(Prochilodus lineatus) and settling detritus from the Rio de la Plata. Fatty fish from
polluted Buenos Aires area (BA) exhibited a significant decrease of muscle lipids
(71 ± 12 to 29 ± 8.6% dry weight; p < 0.0001), triglycerides (94 to 85%, p <
0.001), and 18 carbon fatty acids (18C-FA: 59 ± 4.8 to 48 ± 1.4%; p < 0.01),
reflecting a reduction of lipid accumulation, largely triglycerides enriched in 18C-
FA, with a concomitant ∼20-times decline of PCBs (∼20 to >1 μg g−1 dw). The
2017 individuals of the BA series converged with leaner and more pristine
northern fish (N), which showed no significant temporal variation (20 ± 10%
lipids, 67 ± 8.7% triglycerides, 41 ± 8.1% 18C-FA, and 0.22 ± 0.42 μg g−1 dw PCB). In contrast, the fecal sterol tracer coprostanol
remained abnormally higher in BA fish muscle with no significant temporal trend (120 ± 102 vs 6.6 ± 10 μg g−1 dw or 4.4 ± 2.8 vs
0.63 ± 1.2% sterols at N). The same pattern was observed in BA settling detritus, i.e., a temporal decrease of PCBs with high, stable
coprostanol concentrations denoting sustained sewage inputs, while northern detritus was enriched in plant sterols. This long-term
covariation of lipids and PCBs in fish muscle from polluted BA converging with more pristine and homogeneous northern specimens
while maintaining a sewage-derived diet provides rare field evidence of the declining effect of PCBs controlling the temporal
variation of muscular lipids in fish.
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■ INTRODUCTION

A growing number of recent studies highlight the importance
of the environmental component underlying metabolic
disorders such as diabetes and other diseases through the
exposure to pollutants that act as metabolic disrupting
compounds (MDC), altering general homeostasis at multiple
levels.1,2 A key consequence of the chronic exposure to MDC
is the disruption of lipid metabolism leading to obesity.3−5

MDC can exert their effects through multiple pathways, such
as endocrine disruption, appetite control, and gene expression,
inducing adipogenesis and lipid accumulation.6−9 Among
them, many organochlorinated compounds, especially the
highly persistent and ubiquitous polychlorinated biphenyls
(PCBs), were recognized as MDC, affecting lipid metabolism
at transcriptional, enzymatic, and hormonal levels in laboratory
experiences.10−14

The potential of PCBs for disruption of lipid metabolism is
of particular interest given their importance as major pollutants
in aquatic ecosystems worldwide, especially in urbanized areas.
In the Rio de la Plata Basin, one of the largest river systems of
the world, the metropolitan area of Buenos Aires is heavily
polluted by urban and industrial discharges, resulting in
massive historical PCB fluxes and buildup in bottom
sediments.15 Due to the high organic content of these

particulate materials, the area nearby contaminated tributaries,
and the main Buenos Aires sewer outfall has been selectively
exploited as the feeding ground by a strict detritivorous fish,
Prochilodus lineatus (Prochilodontidae; Characiformes).16,17

This is the most abundant fish of the basin and has specific
morpho-physiological adaptations to feed on recently settled
flocculent material (suckerlike mouth, two-chambered stom-
ach, numerous pyloric ceca, intestinal mucosal folds, etc.18),
which facilitate the assimilation of anthropogenic organic
matter and the bioaccumulation of the associated hydrophobic
pollutants.19,20 Based on compound-specific maximum daily
doses and fish concentrations, a risk ranking of multiple
xenobotics in this fish highlighted PCBs as the most critical
residues with daily consumption limits as low as 0.1 g day−1, 50
times lower than those calculated based on dioxin concen-
trations.16 In a recent long-term study of PCB contamination
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in this fish, very high concentrations have been reported
coincident with PCB banning in 2001−2002 (∼21 μg g−1 in a
dry weight basis) followed by an exponential decrease, in
agreement with the general reduction of PCB concentrations
in settling material and sediments.21

The lipid composition (lipid content, lipid classes, fatty
acids, and sterols) of P. lineatus from the Rio de la Plata shows
several anomalous features, related to the opportunistic feeding
on anthropogenic organic matter.21,17,22,23 Fish from Buenos
Aires were fattier than their northern, less-polluted counter-
parts and had a distinguishable lipid signature (in terms of fatty
acid and sterol composition). Interestingly, the detailed
analysis of muscle lipids suggested that the PCB content was
one of the main driving factors explaining the distinctive
obesity and fatty acid signature of Buenos Aires fish, suggesting
a positive feedback of pollution-enhanced lipogenesis leading
to facilitated pollutant accumulation in fat depots.20,24,19,16 The
combined analysis of lipids and PCB data of P. lineatus and
settling detritus collected along 15 years in the Rio de la Plata
Basin provides a unique opportunity to test the obesogen
hypothesis with a large data set of field observations, which
includes a significant temporal decreasing trend of PCBs.

■ MATERIALS AND METHODS

In this work, new and unpublished data of P. lineatus and
settling material from the Rio de la Plata Basin have been
added to previously published data to obtain longer, more
representative temporal series (Table S1). P. lineatus was
collected between 2002 and 2017 by local fishermen near the
main sewer outfall of metropolitan Buenos Aires (BA; n = 166)
in the Rio de la Plata estuary and at 10 northern sites along the
Parana ́ and Uruguay rivers (N, n = 506, Figure 1). Only
specimens within the 1500−3500 g body mass range were
processed, amounting up to 81% of the individuals sampled
during the period. For eviscerated fish, total body mass was

calculated using regression equations empirically obtained for
BA and N fish during the study period. After measuring the
standard length and body mass, the body mass index was
calculated as BMI = 100ML−3, where M is the body mass, in
grams, and L is the standard length, in centimeters. A portion
of dorsolateral muscle was excised and wrapped in aluminum
foil, and the content of the cardiac stomach (a storage chamber
without digestive activity and thus representative of the
diet25,18) was collected when available. Samples were
immediately refrigerated, transported to the laboratory, and
stored at −20 °C until analysis. Settling particles were collected
with fixed sediment traps deployed at 1.5 m from the surface
over 12−36 h close to the sewer outfall of BA and at selected
northern sites.

Sample Analysis. Analytical methods employed in this
study have been previously reported.22,23,20 Briefly, after
solvent extraction (tissue homogenizer for muscle and
sonication for settling material and stomach contents), lipids
were gravimetrically determined and an aliquot of the lipid
extract was saponified to separate sterols from fatty acids. Fatty
acids were derivatized to their methylesthers with methanolic
sulfuric acid and analyzed by gas chromatography with a flame
ionization detector (Agilent 6890) and gas chromatography−
mass spectrometry (Perkin Elmer Clarus 500MS). Sterols were
converted to their trimethylsilyl derivatives with bis-
(trimethylsilyl)trifluoroacetamide and analyzed by gas chro-
matography−mass spectrometry (PerkinElmer Clarus 500-
MS). PCB data correspond to a previously published paper.21

Statistical Analysis. Numerical analysis and plots were
performed in Python (version 3,8,3), using SciPy (www.scipy.
org), NumPy (numpy.org), Statsmodels (www.statsmodels.
org), Matplotlib (matplotlib.org), scikit-learn (scikit-learn.org),
and pandas (pandas.pydata.org) libraries. Date time was
converted to integer values for temporal trend analysis. Data
were expressed as mean ± standard deviation. The significance
of differences between two means was calculated using
Student’s t-test. Differences between multiple groups were
analyzed by one-way analysis of variance (ANOVA) followed
by a Tukey’s HSD as a post hoc test for multiple pairwise
comparisons between means. The relationship between
continuous variables was evaluated by regression and
correlation analysis, after linearization of exponential, potential,
and logarithmic functions. Prediction intervals were calculated
with critic values for 0.975 quantile and regression standard
error. Regression confidence bands were obtained by boot-
strap, resampling 500 times the residuals. To avoid the effect of
time covariation when analyzing the relationship between time
series variables, temporal linear trends were removed by
obtaining the residuals from the regression of each variable
with time, yielding time detrended relationships. The
significance of Pearson’s correlation coefficients (r) was
evaluated using a beta distribution to get the p-value. The
statistical significance level was p < 0.05 unless otherwise
stated.

■ RESULTS AND DISCUSSION
Over the 15 years covered by this study, a clear change in lipid
contents and composition was observed in P. lineatus from
Buenos Aires metropolitan area (BA; Figure 2 A; Table S2).
The most conspicuous trend is the highly significant temporal
decrease of total lipids from 71 ± 12 to 29 ± 8.6% dw (t-test, p
< 0.0001; exponential fit, r = −0.60; p < 0.0001). In parallel
with this total lipid reduction, muscle lipid composition also

Figure 1. Sampling stations of fish in the sewer area of metropolitan
Buenos Aires in the Rio de la Plata (BA, red bullet) and at multiple
sites along the Parana ́ and Uruguay rivers (N, green bullets and
dashed ellipse).
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shows a significant change, mainly in the triglyceride
abundance (Figure 3). In general, muscle lipid composition

was widely dominated by triglycerides (energy storage depot)
followed by phospholipids, free fatty acids, and sterols
(involved in lipid bilayer homeostasis), but the BA temporal
trend shows a significant decrease of the triglyceride
proportion from 94 to 85% (t-test, p < 0.001), confirming
that lipid accumulation is mostly driven by triglyceride di novo
synthesis rather than from direct dietary uptake.22 Notably, the
temporal reduction of muscular fat depots affected the mass−
length relationship evaluated through the BMI. Effectively, the
BMI of BA fish shows a significant temporal decrease from 3.4
± 0.62 to 2.5 ± 0.45 (r = −0.47; p < 0.0001; Figure S1), which
is consistent with the decreasing trend of PCBs and the
observation of a higher BMI in fish exposed to pollution.26−28

In contrast to BA, fish from the less-impacted northern reaches
of the basin show lower muscle lipid contents (20 ± 10% dw)
and triglyceride abundance (67 ± 8.7%) with no temporal
variation neither on lipids nor on BMI (Figures 2 and 3 and
Figure S1). At the end of the temporal series (2015−2017),
lipid and triglyceride contents of BA fish (29 ± 8.6% dw and
85 ± 15% of total lipids, respectively) tend to converge with
northern fish values (21 ± 14% dw and 65 ± 12) but still
remain significantly higher (t-test, p < 0.01), suggesting a
progressive transition in BA fish to the characteristic
biochemical composition of north fish and also to related

Prochilodus species from nonpolluted areas of Brazil (lipids:
14−29%, triglycerides: 70−88%29,30).
The well-known positive relationship between lipid

abundance and bioaccumulation of hydrophobic pollutants31,32

is particularly significant for P. lineatus selectively feeding on
highly organic anthropogenic detritus near Buenos Aires main
sewer and industrial areas. This material corresponds to
settling particles collected by sediment traps and was heavily
polluted with PCBs, which were thus readily incorporated in
fish muscle.33,19,20,24 Effectively, PCB contents of BA fish
muscle reached maximum values in 2002 (∼20 μg g−1 dw),
coincident with massive illegal dumping related to PCB
banning in the country, and decreased ∼20-times toward 2017
(>1 μg g−1 dw; exponential fit, r = −0.86; p < 0.0001; Figure
2B). This trend is even more pronounced than that of total
lipids and reflects the reduction of PCB usage and emissions in
the area.21 In contrast, northern fish show 2−3 orders of
magnitude lower PCB burdens with no significant temporal
trend (0.01−1 μg g−1 dw; average: 0.22 ± 0.42 μg g−1 dw; p <
0.0001). At the end of the study period (2015−2017), PCB
concentrations in BA fish (0.70 ± 0.30 μg g−1) were not
significantly different from this N PCB average (Figure 2B).
Similar PCB decreases registered in other environmental
compartments indicate that this decline of PCBs in BA fish is
not related to the reduction of muscular lipids, resulting in a
lower affinity of superhydrophobic pollutants. Effectively, the
settling detritus simultaneously collected by sediment traps
also showed a decreasing temporal trend of PCBs, giving
support to a general environmental reduction of these
pollutants.21 In fact, the concomitant but slower temporal
decrease of lipids in fish suggests that it is linked to the
reduction of PCB interference on lipid metabolism.
In this context, a deeper evaluation of the lipid composition

of P. lineatus muscle is important to elucidate the driving
factors of the observed temporal trends. Total fatty acids,
accounting both for free and esterified fatty acids, are the main
lipid constituents (77 ± 18% of total lipids). Overall, the fatty
acid profile is dominated by 16:0 and 18:1, with a relatively
low contribution of polyunsaturated fatty acids (Figure 4A).
This composition was highly influenced by different environ-
mental factors, leading to contrasting patterns between BA and

Figure 2. Temporal variation of muscular lipid content as (A) muscle dry weight proportion and total polychlorinated biphenyl (PCB)
concentration, in a (B) dry weight basis concentration of Prochilodus lineatus from polluted Buenos Aires metropolitan area (BA, red markers) and
from less-impacted northern sites of the basin (>300 km N, green markers). Regression curves and equations correspond to BA fish (no significant
temporal variation was observed for N fish). The confidence band and 95% prediction interval are indicated by shaded area and dotted lines,
respectively.

Figure 3. Temporal variation of Prochilodus lineatus muscle lipid class
composition (as proportions of total lipids) from polluted Buenos
Aires metropolitan area (BA) and from less-impacted northern sites of
the basin (>300 km N) at the beginning and at the end of the study.
TG: triglycerides, PL: polar lipids, FFA: free fatty acids, ST: free
sterols, DG: diglycerides, and CE: steryl esters.
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N. BA fish are enriched in 18 carbon fatty acids (18C-FA, 55 ±
5.6% of total fatty acids), with low contents of long-chain (≥20
carbons) polyunsaturated fatty acids (LC-PUFA, 8.5 ± 2.9%),
which in P. lineatus are mostly derived from 18:2 and 18:3.23 In
contrast, N fish are enriched in 16 carbon fatty acids and LC-
PUFA (38 ± 5.3 and 15 ± 4.9%, respectively; p < 0.01). The
uptake of easily assimilable anthropogenic organic matter at
BA could alter the fatty acid composition through muscle
lipogenesis with a 18C-FA increase, but the inhibitory effect of
PCBs on specific acyl desaturases and elongases would also
lead to 18C-FA accumulation and PUFA decrease.23

Laboratory experiments demonstrated that PCBs could exert
these effect with doses comparable to BA muscular PCB
concentrations (0.5−50 mg kg−1).34−37 Similar to lipid
contents, the 18C-FA proportion of BA fish shows a temporal
decrease from 59 ± 4.8 to 48 ± 1.4% (t-test, p < 0.01;

exponential fit, r = −0.60; p < 0.0001; Figure 4B). Statistical
analysis by stepwise downward multiple regression revealed
that muscular PCB concentration was the variable that
explained most of the fatty acid variability in BA P. lineatus
muscle, supporting the hypothesis of a PCB interference on
lipid metabolism.23 In contrast, the content of 18C-FA in N
fish is lower (41 ± 8.1% total fatty acids; p < 0.001) without
any temporal trend, consistent with their residual PCB
concentrations and thus irrelevant possible metabolic interfer-
ence. As previously noted for lipid content and triglyceride
proportions, the 18C-FA proportion of BA fish converges
toward the end of the study period with N fish but still remains
significantly higher (Figure 4B; t-test, p < 0.001).
Regarding the sterol composition of muscle lipids, despite

the overwhelming dominance of the endogenous cholesterol
(92 ± 3.5% of total sterols), P. lineatus has a remarkably

Figure 4. (A) Prochilodus lineatus muscle fatty acid composition (as % of total fatty acids) and (B) temporal variation of 18 carbon fatty acids (as %
of total fatty acids) in Buenos Aires metropolitan area (BA, red) and in northern sites of the basin (N, green). Regression curves and equations
correspond to BA fish (no significant temporal variation was observed for N fish). The confidence band and 95% prediction interval are indicated
by shaded area and dotted lines respectively.

Figure 5. (A) Prochilodus lineatus muscle sterol composition (as % of total sterols) and (B) temporal variation of the fecal marker coprostanol (as %
of total sterols) in Buenos Aires metropolitan area (BA, red) and in northern sites of the basin (N, green). Note logarithmic scales.
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diverse sterol profile compared to most bony fish,38 including
fecal and plant sterols (Figure 5A). As observed for fatty acids,
muscle sterols also show contrasting patterns between BA and
N fish. BA fish shows an abnormally high abundance of
coprostanol (120 ± 102 μg g−1 dw or 4.4 ± 2.8% total sterols),
a fecal marker produced by microbial degradation of
cholesterol in human gut.39 This is a reliable sewage tracer,
and nonhuman sources of coprostanol (e.g., some animal feces
and diagenetic reduction of cholesterol) are considered
negligible in urban polluted areas.40,41 Thus, coprostanol
abundance in BA fish reflects selective feeding on sewage-
derived organic detritus. In contrast, less-polluted N fish have
very low coprostanol (6.6 ± 10 μg g−1 dw and 0.63 ± 1.2% of
total sterols) and higher phytosterol contents (79 ± 42 μg g−1

dw and 4.8 ± 2.3% of total sterols), mainly sitosterol,
campesterol, stigmasterol and stigmastanol, indicating that
plant detritus is the principal food resource. In contrast with
lipid and fatty acids, no significant temporal trends are
observed in the sterol profile, especially for the fecal tracer
coprostanol that remains consistently higher and less variable
at BA (relative standard deviation: 65 vs 198% at N; Figure 5B
and Table S2). The rather constant proportion of this fecal
sterol at BA indicates a relatively stable input of sewage-derived
detritus as the preferred food resource along the study period.
This minimizes the possible significance of sewage variability
(i.e., easily absorbed organic matter) that could be associated
with the temporal variation of fish lipids. In fact, the detailed
analysis of settling detritus intercepted by sediment traps
provides a clear indication that the temporal trend of fish lipids
is not linked to any change in sewage-derived food sources.
In order to evaluate whether the temporal trends observed in

P. lineatus muscle were correlated with a concomitant dietary

change, settling material was analyzed at both BA and N
locations (Figure 6). In contrast to PCBs, which in BA
particulates show a significant temporal decrease from 2002 to
2017 (63 ± 3.5 to 4.5 ± 0.71 μg g−1 dw; t-test, p < 0.005;
exponential fit, r = −0.59, p < 0.005; Figure 6A), consistent
with fish patterns,21 none of the lipid parameters (total lipids,
fatty acids, and coprostanol) of BA settling material show any
significant temporal trend and maintain the 1−4 orders of
magnitude difference with N detritus throughout the whole
study period. Settling material from BA is mainly anthro-
pogenic and highly organic compared to vegetal-derived
detritus at N, which contained only trace amounts of PCBs
without any clear temporal trend (0.79 ± 0.73 ng g−1 dw). In
fact, BA settling material is enriched in lipids (5.3 ± 2.6 vs 0.28
± 0.46% dw at N, t-test, p < 0.0001) with higher 18C-FA
contents (3.1 ± 3.6 vs 0.019 ± 0.025 mg g−1 dw, t-test, p <
0.0001; Figure 6B,C). The massive inputs of fresh and sewage-
derived organic matter at BA result in extremely high
coprostanol concentrations in settling detritus, and its
temporal variation was largely related to particle vertical flux
and river discharge, resulting in cyclic seasonal variations with
no long-term temporal pattern.42 Thus, coprostanol concen-
tration in settling material maintained a four-order of
magnitude difference between BA and N (3432 ± 4476 vs
0.32 ± 0.38 μg g−1 dw, p < 0.0001) throughout the study
period (Figure 6D). The stomach content composition of P.
lineatus provides additional evidence confirming that P. lineatus
feeds on this sewage-derived particulate material. A clear
similitude between the P. lineatus stomach content and settling
material composition at BA was previously observed in terms
of proximate composition, lipid class profile, and fatty
acids.17,22,23 The sterol profile also reflects this similitude;

Figure 6. Temporal variation of (A) polychlorinated biphenyls, (B) lipid content (dry weight basis), (C) 18 carbon fatty acid concentration, and
(D) coprostanol concentration of settling particles collected at Buenos Aires (red) and North (green). The regression curve and equation
correspond to PCBs in BA (no significant temporal variation was observed for the remaining time series). The confidence band and 95% prediction
interval are indicated by shaded area and dotted lines, respectively. Horizontal dashed lines correspond to time-averaged values.
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coprostanol is the major constituent of the stomach contents
of the fish (53% of total sterols, Figure S2), very similar to the
settling material and the sterol composition of human feces.42

Contrasting with the massive contribution of sewage-derived
material to P. lineatus diet at BA, the stomach contents from N
fish were dominated by plant sterols and endogenous
cholesterol, reflecting preferential feeding on natural vegetal
detritus, which is the typical diet of this fish in nonpolluted
environments.18

The lipid content and composition of fish results from the
complex interaction of multiple physiological and environ-
mental variables, such as food availability and quality, gender,
growth, reproductive status, seasonality, temperature, etc.
Thus, in order to evaluate the effect of these factors, the
temporal variation of environmental and biological parameters
was tested for the study period. Temperature in the Rio de la
Plata Basin remained fairly stable during the study period
except for an increase at the end of the period in the Parana ́
River, where nevertheless the lipid composition of N fish
remained stable (Figure S3). River flow in the Rio de la Plata
Basin has a complex and cyclical temporal behavior related to
regional and large-scale climatic processes like ENSO43 (Figure
S4) and has no relationship with the long-term decreasing
temporal trends observed both for PCBs and lipid parameters
in P. lineatus. The body mass, a variable previously identified as
one of the main drivers of P. lineatus lipid content,22 was
limited to the 1500−3500 g range and did not exhibit any
temporal sampling bias, averaging 2444 ± 993 g throughout
the study period (Figure S5). In addition to the influence of
body mass, lipids may differ between males and females and
may be susceptible to seasonal variations. However, no
significant differences were found in terms of lipid content
between males and females nor between seasons, and no
temporal trends associated with gender or season were
observed (Figure S5).
Therefore, ruling out these variables and the variation of

sewage discharges as possible drivers of the temporal trend of
P. lineatus lipids, our temporal data strongly point to a
decreasing interference of PCBs on lipid metabolism in this
fish. In fact, muscle lipid content is highly correlated with
PCBs, even after time detrending of these variables in order to
avoid spurious relationships due to temporal covariation (lineal
fit, r = 0.74, p < 0.0005; Figure 7). There is a growing burden
of data evidencing the metabolic disrupting effect of PCBs and
other hydrophobic pollutants, which could promote metabolic
disorders and obesity. Several studies, carried out mostly in
rodents, have found that PCBs can promote lipid accumulation
through multiple ways, such as lipid oxidation inhibition,
overexpression of lipid biosynthesis genes, interaction with gut
microbiota, expression of proinflammatory cytokines, lipase
suppression, adipokine development, and interference with
thyroid hormones.8,10,44,45,13,46 The effect of PCBs on lipid
homeostasis in fish is less known, but increased PPARγ
expression, up regulation of enzymes of the fatty acid synthesis
pathway, and adipogenesis have been reported for PCB-
exposed fish (2−8 mg kg−1).47,48 Disruption of lipid
metabolism and body mass gain were observed in zebrafish
exposed to a mixture of PCBs and other organic pollutants.49

Adeogun et al.50,51 found evidence of an obesogenic effect of
PCBs and PAH (whose concentrations were correlated with
PPAR expression and body mass index), in fish from polluted
African freshwaters. Similarly, disrupting effects of PCBs on
lipid metabolism, through enhanced PPAR transcription and

liver steatosis, were observed in Mediterranean Bluefin tuna52

and in captivity-reared zebrafish.53 However, the possible
consequences of PCB interference on lipid homeostasis over
long-term periods remain unexplored, despite well-docu-
mented temporal variations of these pollutants in fish.54−57

Overall, our long-term field data point to PCBs as a key
factor affecting the lipid content and composition of P. lineatus
from the heavily polluted Buenos Aires area. The extremely
high PCB concentrations in fish at the beginning of the study
coincide with an unusually high lipid accumulation in muscle,
with a distinctive fatty acid signature. The sharp decrease in
muscle PCBs was accompanied by a concomitant less
pronounced change in the lipid content and composition.
Toward the end of the study, the PCB concentration, lipid
content, and fatty acid composition of BA fish tend to converge
with more pristine northern specimens. However, BA fish still
remains fattier, reflecting a richer diet based on anthropogenic
organic matter at Buenos Aires instead of organic-poor vegetal
detritus, which is the principal food resource for nonpolluted
northern fish.
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bioloǵicos y pesqueros del Sab́alo Prochilodus lineatus (Valenciennes,
1847); FAO Sinopsis sobre la Pesca, 1993; p. 154.
(19) Colombo, J. C.; Cappelletti, N.; Migoya, M. C.; Speranza, E.
Bioaccumulation of anthropogenic contaminants by detritivorous fish
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de la Plata estuary: a critical accumulation pathway in the cycle of
anthropogenic compounds. Can. J. Fish. Aquat. Sci. 2000, 57, 1139−
1150.
(34) Matsusue, K.; Ishii, Y.; Ariyoshi, N.; Oguri, K. A highly toxic
PCB produces unusual changes in the fatty acid composition of rat
liver. Toxicol. Lett. 1997, 91, 99−104.
(35) Matsusue, K.; Ishii, Y.; Ariyoshi, N.; Oguri, K. A highly toxic
Coplanar Polychlorinated Biphenyl Compound Suppresses Δ5 and
Δ6 Desaturase Activities Which Play Key Roles in Arachidonic Acid
Synthesis in Rat Liver. Chem. Res. Toxicol. 1999, 12, 1158−1165.
(36) Hennig, B.; Reiterer, G.; Toborek, M.; Matveev, S. V.;
Daugherty, A.; Smart, E.; Robertson, L. W. Dietary Fat Interacts with
PCBs to Induce Changes in Lipid Metabolism in Mice Deficient in
Low-Density Lipoprotein Receptor. Environ. Health Perspect. 2005,
113, 83−87.
(37) Petriello, M. C.; Brandon, J. A.; Hoffman, J.; Wang, C.;
Tripathi, H.; Abdel-Latif, A.; Ye, X.; Li, X.; Yang, L.; Lee, E.; Soman,
S.; Barney, J.; Wahlang, B.; Hennig, B.; Morris, A. J. Dioxin-like PCB
126 Increases Systemic Inflammation and Accelerates Atherosclerosis
in Lean LDL Receptor-Deficient Mice. Toxicol. Sci. 2018, 162, 548−
558.
(38) Morris, R. J.; Culkin, F.. Fish. In Marine Biogenic Lipids, Fats,
and Oils Vol. II; Ackman, R. G., Ed.; CRC Press Inc: Boca Raton,
1989; pp. 145−178.
(39) Eganhouse, R. P. Molecular markers and environmental organic
geochemistry: An overview. ACS Symp. Ser. 1997, 671, 1−20.
(40) Walker, R. W.; Wun, C. K.; Litsky, W.; Dutka, B. J. Coprostanol
as an indicator of fecal pollution. CRC Crit. Rev. Environ. Control
1982, 12, 91−112.
(41) Takada, H.; Eganhouse, R. P. Molecular wastes of
anthropogenic waste. In Encyclopedia of environmental analysis and
remediation; Meyers, R. A., Ed.; John Wiley & Sons: New York, 1998;
pp. 2883−2940.
(42) Speranza, E. D.; Colombo, M. C.; Skorupka, C. N.; Colombo, J.
C. Early diagenetic alterations of sterol biomarkers during particle

settling and burial in polluted and pristine areas of the Rio de la Plata
Basin. Org. Geochem. 2018, 117, 1−11.
(43) Colombo, J. C.; Skorupka, C. N.; Bilos, C.; Tatone, L.;
Cappelletti, N.; Carolina Migoya, M.; Astoviza, M.; Speranza, E.
Seasonal and inter-annual variability of water quality in the Uruguay
River, Argentina. Hydrol. Sci. J. 2015, 60, 1155−1163.
(44) Obana, H.; Hori, S.; Tanaka, R. The effects of “yusho” type
PCB on triglyceride lipase and fatty acid composition. Environ. Res.
1987, 42, 500−508.
(45) Nappi, F.; Barrea, L.; di Somma, C.; Savanelli, M. C.;
Muscogiuri, G.; Orio, F.; Savastano, S. Endocrine Aspects of
Environmental “Obesogen” Pollutants. Int. J. Environ. Res. Public
Health 2016, 13, 765.
(46) Yu, C.; Wen, Q.; Ren, Q.; Du, Y.; Xie, X. Polychlorinated
biphenyl congener 180 (PCB 180) regulates mitotic clonal expansion
and enhances adipogenesis through modulation of C/EBPβ
SUMOylation in preadipocytes. Food Chem. Toxicol. 2021, 152,
No. 112205.
(47) Crawford, K. A.; Clark, B. W.; Heiger-Bernays, W. J.; Karchner,
S. L.; Claus Henn, B. G.; Griffith, K. N.; Howes, B. L.; Schlezinger, D.
R.; Hahn, M. E.; Nacci, D. E.; Schlezinger, J. J. Altered lipid
homeostasis in a PCB-resistant Atlantic killifish (Fundulus heteroclitus)
population from New Bedford Harbor, MA, U.S.A. Aquat. Toxicol.
2019, 210, 30−43.
(48) Yadetie, F.; Oveland, E.; Døskeland, A.; Berven, F.; Goksøyr,
A.; Karlsen, O. A. Quantitative proteomics analysis reveals
perturbation of lipid metabolic pathways in the liver of Atlantic cod
(Gadus morhua) treated with PCB 153. Aquat. Toxicol. 2017, 185,
19−28.
(49) Lyche, J. L.; Nourizadeh-Lillabadi, R.; Karlsson, C.; Stavik, B.;
Berg, V.; Skåre, J. U.; Alestrøm, P.; Ropstad, E. Natural mixtures of
POPs affected body weight gain and induced transcription of genes
involved in weight regulation and insulin signaling. Aquat. Toxicol.
2011, 102, 197−204.
(50) Adeogun, A. O.; Ibor, O. R.; Onoja, A. B.; Arukwe, A. Fish
condition factor, peroxisome proliferator activated receptors and
biotransformation responses in Sarotherodon melanotheron from a
contaminated freshwater dam (Awba Dam) in Ibadan, Nigeria. Mar.
Environ. Res. 2016, 121, 74−86.
(51) Adeogun, A. O.; Ibor, O. R.; Regoli, F.; Arukwe, A. Peroxisome
proliferator-activated receptors and biotransformation responses in
relation to condition factor and contaminant burden in tilapia species
from Ogun River, Nigeria. Comp. Biochem. Physiol. C: Toxicol.
Pharmacol. 2016, 183-184, 7−19.
(52) Maisano, M.; Cappello, T.; Oliva, S.; Natalotto, A.; Giannetto,
A.; Parrino, V.; Battaglia, P.; Romeo, T.; Salvo, A.; Spano,̀ N.;
Mauceri, A. PCB and OCP accumulation and evidence of hepatic
alteration in the Atlantic blue fi n tuna, T. thynnus, from the
Mediterranean Sea. Mar. Environ. Res. 2016, 121, 40−48.
(53) Li, D.; Huang, Y. J.; Gao, S.; Chen, L. Q.; Zhang, M. L.; du, Z.
Y. Sex-specific alterations of lipid metabolism in zebrafish exposed to
polychlorinated biphenyls. Chemosphere 2019, 221, 768−777.
(54) Bhavsar, S. P.; Jackson, D. A.; Hayton, A.; Reiner, E. J.; Chen,
T.; Bodnar, J. Are PCB Levels in Fish from the Canadian Great Lakes
Still Declining? J. Great Lakes Res. 2007, 33, 592−605.
(55) Szlinder-Richert, J.; Barska, I.; Mazerski, J.; Usydus, Z. PCBs in
fish from the southern Baltic Sea: Levels, bioaccumulation features,
and temporal trends during the period from 1997 to 2006.Mar. Pollut.
Bull. 2009, 58, 85−92.
(56) Sadraddini, S.; Azim, M. E.; Shimoda, Y.; Bhavsar, S. P.;
Drouillard, K. C.; Backus, S. M.; Arhonditsis, G. B. A Bayesian
assessment of the PCB temporal trends in Lake Erie fish communities.
J. Great Lakes Res. 2011, 37, 507−520.
(57) Hites, R. A.; Holsen, T. M. Temporal trends of PCBs and
DDTs in Great Lakes fish compared to those in air. Sci. Total Environ.
2019, 646, 1413−1418.

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

https://doi.org/10.1021/acs.est.1c02299
Environ. Sci. Technol. 2021, 55, 12914−12921

12921

https://doi.org/10.1016/j.chemosphere.2007.02.001
https://doi.org/10.1007/BF00690858
https://doi.org/10.1016/S0147-6513(02)00056-8
https://doi.org/10.1016/S0147-6513(02)00056-8
https://doi.org/10.1016/j.aquatox.2004.01.007
https://doi.org/10.1016/j.aquatox.2004.01.007
https://doi.org/10.1016/j.aquatox.2004.01.007
https://doi.org/10.1016/j.ecoenv.2004.08.009
https://doi.org/10.1016/j.ecoenv.2004.08.009
https://doi.org/10.1006/jfca.1994.1027
https://doi.org/10.1006/jfca.1994.1027
https://doi.org/10.1590/S0101-20611999000300025
https://doi.org/10.1590/S0101-20611999000300025
https://doi.org/10.1590/S0101-20611999000300025
https://doi.org/10.1139/f00-031
https://doi.org/10.1139/f00-031
https://doi.org/10.1139/f00-031
https://doi.org/10.1016/S0378-4274(97)03881-2
https://doi.org/10.1016/S0378-4274(97)03881-2
https://doi.org/10.1016/S0378-4274(97)03881-2
https://doi.org/10.1021/tx990104r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx990104r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx990104r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx990104r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1289/ehp.7280
https://doi.org/10.1289/ehp.7280
https://doi.org/10.1289/ehp.7280
https://doi.org/10.1093/toxsci/kfx275
https://doi.org/10.1093/toxsci/kfx275
https://doi.org/10.1093/toxsci/kfx275
https://doi.org/10.1021/bk-1997-0671.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-1997-0671.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10643388209381695
https://doi.org/10.1080/10643388209381695
https://doi.org/10.1016/j.orggeochem.2017.11.013
https://doi.org/10.1016/j.orggeochem.2017.11.013
https://doi.org/10.1016/j.orggeochem.2017.11.013
https://doi.org/10.1080/02626667.2014.905690
https://doi.org/10.1080/02626667.2014.905690
https://doi.org/10.1016/S0013-9351(87)80217-7
https://doi.org/10.1016/S0013-9351(87)80217-7
https://doi.org/10.3390/ijerph13080765
https://doi.org/10.3390/ijerph13080765
https://doi.org/10.1016/j.fct.2021.112205
https://doi.org/10.1016/j.fct.2021.112205
https://doi.org/10.1016/j.fct.2021.112205
https://doi.org/10.1016/j.fct.2021.112205
https://doi.org/10.1016/j.aquatox.2019.02.011
https://doi.org/10.1016/j.aquatox.2019.02.011
https://doi.org/10.1016/j.aquatox.2019.02.011
https://doi.org/10.1016/j.aquatox.2017.01.014
https://doi.org/10.1016/j.aquatox.2017.01.014
https://doi.org/10.1016/j.aquatox.2017.01.014
https://doi.org/10.1016/j.aquatox.2011.01.017
https://doi.org/10.1016/j.aquatox.2011.01.017
https://doi.org/10.1016/j.aquatox.2011.01.017
https://doi.org/10.1016/j.marenvres.2016.02.002
https://doi.org/10.1016/j.marenvres.2016.02.002
https://doi.org/10.1016/j.marenvres.2016.02.002
https://doi.org/10.1016/j.marenvres.2016.02.002
https://doi.org/10.1016/j.cbpc.2015.12.006
https://doi.org/10.1016/j.cbpc.2015.12.006
https://doi.org/10.1016/j.cbpc.2015.12.006
https://doi.org/10.1016/j.cbpc.2015.12.006
https://doi.org/10.1016/j.marenvres.2016.03.003
https://doi.org/10.1016/j.marenvres.2016.03.003
https://doi.org/10.1016/j.marenvres.2016.03.003
https://doi.org/10.1016/j.chemosphere.2019.01.094
https://doi.org/10.1016/j.chemosphere.2019.01.094
https://doi.org/10.3394/0380-1330(2007)33[592:APLIFF]2.0.CO;2
https://doi.org/10.3394/0380-1330(2007)33[592:APLIFF]2.0.CO;2
https://doi.org/10.1016/j.marpolbul.2008.08.021
https://doi.org/10.1016/j.marpolbul.2008.08.021
https://doi.org/10.1016/j.marpolbul.2008.08.021
https://doi.org/10.1016/j.jglr.2011.06.005
https://doi.org/10.1016/j.jglr.2011.06.005
https://doi.org/10.1016/j.scitotenv.2018.07.351
https://doi.org/10.1016/j.scitotenv.2018.07.351
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

