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Abstract

Background: Numerous studies have investigated the benefits of fish, fish oil, and v-3 (n–3) polyunsaturated fatty acids

against cardiovascular diseases. However, concern surrounding contamination with persistent organic pollutants (POPs)

prompts caution in the recommendation to consume fish and fish oil.

Objective: The present study compared the effects of fish oil contaminated with polychlorinated biphenyls (PCBs) and

organochlorine pesticides (OCs) on serum lipid profiles, inflammation, and oxidative stress.

Methods: Twenty eight-day-old male Sprague-Dawley rats (n = 30) consumed diets of unmodified fish oil (FO) consisting

of 15% fat by weight, persistent organic pollutant–contaminated fish oil (POP FO) (PCBs at 2.40 mg/g; OCs at 3.80 mg/g

FO), or corn oil (control; CO) for 9 wk. Lipid profiles and C-reactive protein concentrations were assessed. Hepatic gene

expression related to lipid metabolism was determined by real time quantitative polymerase chain reaction analysis.

Results: After 9 wk of feeding, accumulation of PCBs and OCs in the fat tissue of the POP FO group compared with the

other 2 groups was confirmed (P < 0.01). Both fish oil groups showed greater HDL cholesterol (FO 536 5.3 and POP FO

556 7.7 vs. CO 346 2.3mg/dL), but lower triglycerides (246 2.8 and 226 3.0 vs. 436 5.6mg/dL), LDL cholesterol (386

14 and 346 9.2 vs. 67 6 4.4 mg/dL), and C-reactive protein (1136 20 and 120 6 26 vs. 189 6 22 mg/dL) compared with

the CO group (P < 0.05). Gene expression of fatty acid synthase in both fish oil groups was also less than in the CO group

(P < 0.05). However, the POP FO group showed greater lipid peroxidation (5.16 0.7 vs. 2.96 0.9 and 2.66 0.6 mM) and

less antioxidant capacity (0.08 6 0.06 vs. 0.5 6 0.1 and 0.4 6 0.1 mM) than the CO and FO groups (P < 0.05).

Conclusions: These findings indicate that, despite exhibiting benefits on serum lipid concentrations and inflammation,

contamination with PCBs and OCs showed significant negative effects on oxidative stress and antioxidant capacity in rats.

Future studies should investigate the effects of different contaminant doses and the possibility of a dose-dependent

response, a lengthened feeding time, and interactions between contaminant mixtures and oils of varying composition to

advise on dietary consumption of fish and fish oil. J Nutr 2015;145:939–44.
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Introduction

Cardiovascular disease (CVD)6 is the leading cause of death
worldwide, with a mortality rate of 1 per every 6 people in the

United States (1, 2). Given such statistics, a considerable amount
of research has been dedicated to the study of various interven-
tions for the prevention of CVD. Fatty fish and fish oils have
become a prominent area of interest in this regard because of the

6 Abbreviations used: CO, control; CRP, C-reactive protein; CVD, cardiovas-
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OC, organochlorine pesticide; PCB, polychlorinated biphenyl; POP, persis-

tent organic pollutant; POP FO, persistent organic pollutant–contaminated

fish oil; SOD, superoxide dismutase; Srebp-1, sterol regulatory element-

binding protein 1.
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presence of n–3 FAs, namely EPA (20:5 n–3) and DHA (22:6
n–3) (3). These n–3 FAs do not affect CVD through a single route;
rather, they influence the mosaic of phenotypes related to the
disease, such as serum lipid concentrations, systemic inflamma-
tion, and oxidative stress (4–10). In a study of individuals with
moderate hypertriglyceridemia, Skulas-Ray et al. (9) demon-
strated that doses of EPA and DHA decreased serum TGs by
27% compared with placebo (9), indicating that consumption
of fish and fish oil may have a similar TG-lowering effect.
Additionally, studies in healthy adults as well as patients with
stable coronary heart disease reported inverse associations
between plasma and erythrocyte membrane n–3 FA concentra-
tions and biomarkers of inflammation, namely C-reactive
protein (CRP) and IL-6 (5, 6). Further investigations conducted
in female Wistar rats as well as in human populations indicate
positive relations between n–3 FA consumption and antioxidant
enzymes, specifically superoxide dismutase (SOD) and glutathi-
one peroxidase (GPx) (7, 8).

Despite these benefits, however, fish and fish oil may contain
anthropogenic contaminants that accumulated in the fish before
going to market. The US FDAwarns consumers to be wary when
consuming certain types of fish and shellfish because of the risk
of dangerous mercury content, with elevated risks for pregnant
women, nursing mothers, and young children (11). Other
dangers involved in fish and marine-derived supplement con-
sumption are attributed to the biomagnification of persistent
organic pollutants (POPs), which results in the increase of
contaminant concentrations at higher trophic positions within
the food web (12–14). The consumption of fatty fish and fish
oil supplements thus becomes an important point of entry of
POPs into the human food chain, exposing populations to toxic
compounds such as polychlorinated biphenyls (PCBs) and
organochlorine pesticides (OCs). PCBs were originally used as
lubricants and cooling liquids for transformers, but their
production was ceased in 1980 (15). Despite termination of
their manufacture, PCBs still persist in the environment today
and pose a threat as a toxic component in fish or contaminated
fish oils. Clinical manifestations of PCB toxicity include endo-
crine, neurobehavioral, and developmental disruption (14). Or-
ganochlorines, another class of chlorine-containing organic
pollutants such as dichloro-diphenyltrichloroethane (DDT), may
also lead to endocrine disruption and pose a substantial carcino-
genic threat (16). Previous studies have documented substantially
increased breast cancer risk associated with PCB and OC
concentrations in serum and breast adipose tissue (17, 18).

Given these concerns, there exist debates weighing the
potential risks from POP intake against the benefits of n–3 FA
consumption (19–23). A few studies examined the risks and
benefits of consuming fish and fish oil containing POPs with the
use of animal models (24, 25). However, no such study has
investigated the effects of fish oil contamination with POPs
on CVD risk factors. Therefore, we sought to investigate the
effects of POP exposure through fish oil consumption on certain
biological functions, including serum lipid modulation, oxida-
tive stress, and inflammation. We hypothesized that the fish oil
contaminated with POPs would negate the benefits by increasing
oxidative stress and inflammation and decreasing antioxidant
concentrations.

Methods

Rats and diets. Training and procedures for animal use were conducted

and approved by the San Diego State University animal subjects

committee. Thirty male 28-d-old Sprague-Dawley rats (Harlan) were

housed individually in wire-bottom cages on a 12-h light-dark cycle in a

research room at San Diego State University. Both temperature and

humidity were controlled at ;20–24�C and 40–45%, respectively.
Rats were divided into 3 groups of 10 and consumed diets consisting

of 15% by weight of fat from corn oil (control; CO), 11.5% by weight of

fat from unmodified fish oil (FO), and 11.5% by weight of fat from

persistent organic pollutant–contaminated fish oil (POP FO) (Supple-
mental Table 1). Among 4 tested fish oil dietary supplements, Omega-3

(Nordic Natural), had the lowest concentration of PCBs and OCs, and

was selected as the unmodified fish oil (Supplemental Table 2).

According to the label, its sources were anchovies and sardines; 1600 mg
n–3 FAs was included in 5 g fish oil, and the extract was purified by

molecular distillation to remove PCBs, heavy metals, and pesticides. A

previous study also showed that a molecularly distilled arctic cod liver oil
from the same company contained the lowest concentrations of PCBs

and OCs compared with other fish oils (26).

For the POP FO diet, the FO was added with individual solid

standards of the 7 most common PCB congeners (PCB28, PCB52,
PCB101, PCB118, PCB138, PCB153, and PCB180), DDT [p,p�- dichlor-
odiphenyldichloroethylene (DDE), p,p�-dichlorodiphenyldichloroethane,
and p,p�-DDT], and chlordane (g-chlordane, trans-nonachlor, and

cis-nonachlor). Final concentrations of PCB, DDT, and chlordane were
2.40 mg/g, 1.89 mg/g, and 1.91 mg/g, respectively. Concentrations were

within the range of PCBs and OCs in fish and fish oil reported in

literature (27–30). A literature report of the contaminant composition in
cod liver (28) was used to set the concentrations of the individual con-

taminants shown in Supplemental Table 3.

Water and food were available to the rats at all times. Body weight

was measured weekly, and 48 h food and water intake was also
measured throughout the study. After 9 wk of feeding, rats were killed

with the use of a CO2 overdose. Blood was collected and liver, spleen,

and epididymal fat pads were harvested and weighed.

Measurement of PCBs and OCs in epididymal fat tissue. Epidid-

ymal fat tissue was weighed and homogenized individually with the use

of a mortar and pestle with equal part baked sodium sulfate until dry.

Sample preparation procedures followed Rochman et al. (31). All final
samples were analyzed with the use of an Agilent 6890 series GC

connected to an Agilent 5973 MS, with ultrapure grade helium

(99.995%; Airgas West) as the carrier gas and a Restek Rxi-5 Sil MS
column (30 m 3 0.25 mm i.d. 3 0.25 mm thickness) integrated with a

5 m guard column. Selected ion monitoring was used to detect PCBs

TABLE 1 Adipose tissue contaminant concentrations in male
rats fed the CO, FO, or POP FO diet for 9 wk1

Diet, ng/g

CO FO POP FO

PCB 28 ,0.005 ,0.005 ,0.005

PCB 52 ,0.01 3.12 6 6.58 3.63 6 5.66

PCB 101 0.812 6 0.923b 0.338 6 0.736b 37.6 6 13.7a

PCB 118 1.09 6 2.15b 1.95 6 2.11b 231 6 76.4a

PCB 138 2.07 6 0.719b 2.58 6 1.10b 561 6 194a

PCB 153 3.57 6 1.10b 2.80 6 1.78b 317 6 93.7a

PCB 180 1.58 6 0.467b 1.63 6 0.757b 112 6 38.2a

p,p�-DDE 0.096 6 0.304b 0.405 6 0.878b 413 6 148a

p,p�-DDD ,0.05b 6.80 6 5.22b 125 6 48.1a

p,p�-DDT ,0.05b ,0.05b 465 6 139a

g -Chlordane ,0.03b ,0.03b 0.203 6 0.24a

trans-Nonachlor ,0.03b ,0.03b 6.05 6 2.92a

cis-Nonachlor ,0.03b ,0.03b 28.2 6 12.0a

1 Values are means 6 SDs, n = 10 per group. Labeled means in a row without a

common letter differ significantly, P , 0.01. CO, control; DDD, dichlorodiphenyldi-

chloroethane; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloro-

ethane; FO, unmodified fish oil; PCB, polychlorinated biphenyl; POP FO, persistent

organic pollutant–contaminated fish oil.
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(PCB28, PCB52, PCB101, PCB118, PCB138, PCB153, and PCB180),

OCs (p,p�-DDT, p.p�-DDE, p,p�- dichlorodiphenyldichloroethane,

g-chlordane, and cis- and trans-nonachlor), and the internal and recovery
standards. Instrumental variables used in this study were developed

previously in our laboratory (32). The 4 fish oils were analyzed by the

same approach, except for exclusion of the first extraction step.

Serum lipids. Serum total cholesterol (no. 1010–225), HDL cholesterol

(no. 0599–020), and TGs (no. 2100–225) were assessed with the use of

kits from Stanbio. LDL cholesterol was calculated by subtracting HDL

cholesterol from total cholesterol, and then subtracting the quantity of
TGs divided by 5 from the previously attained number.

Quantification of CRP. Serum concentrations of CRP were determined
with the use of the Rat C-Reactive Protein ELISA Kit (BD Biosciences,

no. 557825). Standards and samples were added to the 96-well plate

coated with a rabbit antirat CRP antibody. Substrate solution (3,3#,5,5#-
tetramethylbenzidine) was added, producing a blue color with an
absorbance directly proportional to the amount of CRP present.

Determination of thiobarbituric acid reactive substances. Concen-

trations of malondialdehyde, a naturally occurring product of lipid
peroxidation, were measured with the use of Cayman�s TBARs Assay Kit
(Cayman, no. 10009055).

Total antioxidant capacity. Total antioxidant capacity was determined

with the use of an antioxidant assay kit (Sigma, no. CS0790). Serum

concentrations of the radical cation of 2,2#-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) were determined bymeasurement with a spectrophotometer
at 405 nm.

Antioxidant enzyme activity. Activities of SOD (no. 706002), catalase

(no. 707002), glutathione S-transferase (no. 703302), and GPx (no.
703102) were determined with the use of the Cayman Chemical kits and

the manufacturer�s protocols.

Hepatic enzyme activity. Activities of aspartate aminotransferase (no.
2920–430), alanine aminotransferase (no. 2930–430), alkaline phos-

phatase (no. 2900–430), and lactate dehydrogenase (no. 2940–430)

were determined with the use of kits from Stanbio.

Hepatic gene expression. Gene expression of fatty acid synthase (Fas)
and 3-hydroxy-3-methyl-glutaryl-CoA reductase (Hmgcr) was measured

with the use of PCR. cDNA was produced by SuperScript III Reverse
Transcriptase (Life Technologies) with oligo(dT)12–18 primers. Gene

expression was quantified by real time PCR (ViiA7, Life Technologies)

with the use of TaqMan probes and normalization with r18S expression

(33).

Statistical Analysis. All data were analyzed with the use of SPSS

software (IBM). One-factor ANOVAs were used to test differences
between groups on lipid profile, oxidative stress, antioxidant status,

inflammation, and gene expression. Student-Newman-Keuls (SNK)

multiple comparison tests analyzed differences between individual

means. Levene tests were performed to account for unequal variance.
The level of significance was set at P < 0.05. Values are presented as

means 6 SEs.

Results

PCBs and 6 OCs were analyzed in the adipose tissue from each
rat and are summarized in Table 1. The concentrations of all
contaminants except PCB28 and PCB52 were significantly
higher in rats fed the POP FO diet than in the rats fed the FO
and CO diets (P < 0.01). There was no difference in contaminant
accumulation between the FO and CO groups. This result
confirmed that added PCBs and OCs were taken up by rats fed
the POP FO, and that the FO was nearly free of the contam-

inants, as also verified by quantitative analysis of the unmodified
oil (Supplemental Table 2).

Initial and final body weights of rats in each experimental
group are presented in Supplemental Table 4. No significant
differences were seen in initial body weight, final body weight, or
body weight gain among the groups over the 9 wk. Additionally,
there were no significant differences in 48 h food or water intake, or
food efficiency. No significant differences in organ weights were
seen among groups (data not shown).

Rats fed diets supplemented with fish oil, regardless of
contamination level, had significantly higher concentrations of
serumHDL cholesterol (P = 0.016), as well as significantly lower
concentrations of serum TGs (P = 0.002) and LDL cholesterol
(P = 0.038) than did the CO group (Figure 1). Serum concen-
trations of CRP were significantly lower in both the FO and
POP FO groups (113 6 20.2 mg/dL and 120 6 26.0 mg/dL,

FIGURE 1 Serum lipid concentrations in male rats fed the CO, FO,

or POP FO diet for 9 wk. Values are means 6 SEs, n = 10 per group.

Labeled means without a common letter differ significantly, P , 0.05.

CO, control; FO, unmodified fish oil; HDL-C, HDL cholesterol; LDL-C,

LDL cholesterol; POP FO, persistent organic pollutant–contaminated

fish oil; TC, total cholesterol.

FIGURE 2 Hepatic gene expression of Fas and Hmgcr in male rats

fed the CO, FO, or POP FO diet for 9 wk. Values are means 6 SEs,

n = 10 per group. Labeled means without a common letter differ

significantly, P , 0.05. AU, arbitrary unit; CO, control; Fas, fatty acid

synthase; FO, unmodified fish oil; Hmgcr, 3-hydroxy-3-methyl-glutaryl-

CoA reductase; POP FO, persistent organic pollutant–contaminated

fish oil.

Contaminated fish oil and oxidative stress 941



respectively) than in the CO group (189 6 21.7 mg/dL) (P =
0.045). Hepatic gene expression of Fas was downregulated in
both fish oil groups (P = 0.050) (Figure 2) compared with the CO
group. No significant differences were found in Hmgcr tran-
scription among groups.

The effects of each experimental diet on liver function
enzymes are presented in Table 2. Rats consuming diets
supplemented with POP FO had significantly higher concentra-
tions of alanine aminotransferase (P = 0.029) than did rats
consuming the FO or CO diets. The FO group had significantly
lower concentrations of lactate dehydrogenase (P = 0.040) than
did the POP FO and CO groups. No significant differences in
aspartate aminotransferase or alkaline phosphatase were ob-
served between the groups.

The effects of experimental diets on oxidative stress, antiox-
idant capacity, and antioxidant enzyme concentrations are
presented in Table 3. The POP FO group exhibited higher serum
concentrations of TBARs (P = 0.045) and lower total antioxidant
capacity (P = 0.016) than did the FO and CO groups. Regarding
antioxidant enzyme activity, the FO group had significantly higher
concentrations of SOD (P = 0.001) and glutathione S-transferase
(P = 0.027) than did the POP FO and CO groups, whereas no
differences in catalase and GPx were observed between groups.

Discussion

The present study sought to investigate the effects of PCB and
OC contamination in fish oil on biological functions, including
serum lipid modulation, inflammation, and oxidative stress. The
level of contamination employed in the current work did not
appear to have adverse effects on the lipid lowering activity of
the n–3 FAs, as evidenced by the significantly lowered concen-
trations of TG and gene expression of Fas in both contaminated
fish oil and FO exposure groups. We also observed improved
lipoprotein profiles in both fish oil exposure groups, with both
exhibiting a greater concentration of HDL cholesterol and lower
concentration of LDL cholesterol. Furthermore, given the
significantly lowered concentrations of CRP in both fish oil
exposure groups, the anti-inflammatory effects of fish oil were
not compromised by the presence of PCBs and OCs. CRP is one
of several markers for inflammation, and further research is
needed to determine if the observed toxicity is mediated by other
markers (e.g., IL-6, TNF-a, serum amyloid A, or fibrinogen).
Contamination with PCBs and OCs did appear to have negative
effects on total antioxidant capacity and lipid peroxidation.
These results raise questions about the differential mechanisms

by which n–3 FAs modulate lipid concentrations, systemic
inflammation, and oxidative stress.

The cardio-protective effects of fatty fish and fish oil have
been well documented (34). Supplementation with n–3 FAs has
led to decreased serum TG concentrations in a dose-dependent
fashion (9). Potential mechanisms by which this is accomplished
involve EPA and DHA acting as ligands for nuclear transcription
factors such as PPARG and PPARG-a and sterol regulatory
element-binding protein 1 (Srebp-1), leading to modulation
of the transcription of enzymes involved in b-oxidation and
cholesterol, FA, and TG synthesis (10). Secondary to this
mechanism is the inhibition of hepatic VLDL–TG synthesis
and secretion, thus lowering serum TG and VLDL concentra-
tions (34). These mechanisms are in line with the observations
from the current work, in which TG, LDL cholesterol, and gene
expression of Fas were all significantly lowered because of FO
supplementation. However, these beneficial effects were also
seen in rats consuming POP FO. These results are consistent
with a study conducted by Turunen et al. (35) in which a Finnish
population with high fatty fish consumption accompanied by
high environmental pollutant exposure still exhibited decreased
serum TG concentrations (35). However, a separate study
conducted in Sprague-Dawley rats determined that POPs present
in crude salmon oil upregulated genetic expression of Srebp-
1 and Fas, which may exert fat synthesis, counteracting the
protective effects originally conferred by n–3 FAs (25).

Systemic inflammation has also been recognized as an
independent risk factor for CVD (5, 6, 33). Studies in healthy
adults, as well as in patients with stable coronary heart disease,
reported inverse associations between n–3 FA concentrations in
plasma and erythrocyte membrane and biomarkers of inflam-
mation, namely CRP and IL-6 (5, 6). Furthermore, Turunen
et al. (35) observed a tendency for serum CRP to decrease with
increasing fish consumption; however, this decrease was accom-
panied by increased exposure to pollutant concentrations (35).
These results are also consistent with observations from the
current work, but inconsistent with previous studies describing a
proinflammatory effect from PCBs (36). This discrepancy may
be due to differential effects related to dietary components that
have the potential to attenuate or exacerbate PCB toxicity,
specifically n–3 vs. n–6 FAs. For example, whereas n–3 FAs have
led to a lower level of inflammatory biomarkers (5, 6), a study
in transgenic mice documented n–6 FAs potentiating the toxicity
of PCBs as evidenced by increased proinflammatory cytokine
concentrations in mice fed diets rich in n–6 FAs and PCBs,

TABLE 2 Serum liver function enzyme activities in male rats
fed the CO, FO, or POP FO diet for 9 wk1

Diet, U/L

CO FO POP FO

AST 97.7 6 6.62 97.8 6 14.6 97.8 6 14.6

ALT 31.3 6 4.03b 35.4 6 6.30b 64.1 6 13.5a

AP 91.6 6 9.41 71.6 6 5.63 78.9 6 4.01

LDH 304 6 24.5a 243 6 12.2b 310 6 19.3a

1 Values are means 6 SEs, n = 10 per group. Labeled means in a row without a

common letter differ significantly, P , 0.05. ALT, alanine aminotransferase; AP, alkaline

phosphatase; AST, aspartate aminotransferase; CO, control; FO, unmodified fish oil;

LDH, lactate dehydrogenase; POP FO, persistent organic pollutant–contaminated

fish oil.

TABLE 3 Serum oxidative stress, total antioxidant capacity, and
antioxidant enzyme activities in male rats fed the CO, FO, or POP
FO diet for 9wk1

CO FO POP FO

TBARs, μM 2.91 6 0.92b 2.61 6 0.57b 5.05 6 0.68a

Total antioxidant capacity, mM 0.48 6 0.10a 0.40 6 0.12a 0.08 6 0.06b

Antioxidant enzyme activities

SOD, U/mL 28.7 6 0.76b 44.3 6 1.57a 28.7 6 0.76b

CAT, nmol/(min � mL) 343 6 51.2 438 6 38.5 359 6 31.5

GST, nmol/(min � mL) 5.00 6 0.74b 8.20 6 0.69a 5.39 6 1.02b

GPx, nmol/(min � mL) 1.64 6 0.19 1.76 6 0.35 1.69 6 0.34

1 Data are means 6 SEs, n = 10 per group. Labeled means in a row without a

common letter differ significantly, P , 0.05. CAT, catalase; CO, control; FO,

unmodified fish oil; GST, glutathione S-transferase; GPx, glutathione peroxidase;

POP FO, persistent organic pollutant–contaminated fish oil; SOD, superoxide

dismutase.
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compared with those given PCBs alone (37). Future research
should seek to further investigate the different lipophilic interac-
tions PCBs experience with different dietary fats and the
physiologic relevance of these interactions.

Essential FAs present within marine-based foods and oils
cannot be synthesized de novo in mammals and, therefore, must
be obtained from the diet (6, 34, 38). Thus, fish products become
a point of entry for POPs into the human food chain. These
include PCBs and OCs, which have been shown to influence
endocrine, neurobehavioral, and developmental homeostasis, as
well as affect aspects of metabolism (15–18, 36, 39). Dioxin-like
PCBs exert their toxicity by binding to nuclear receptors,
including the aryl hydrocarbon receptor, thus increasing reactive
oxygen species, which in turn can lead to upregulation of nuclear
factor (erythroid-derived 2)-like 2, and, consequently, produc-
tion of proinflammatory proteins (36). Although these cellular
pathways do not explain the inflammatory responses seen in
the current work, they do explain the lower total antioxidant
capacity and greater oxidative stress observed in rats consuming
the fish oil contaminated with POPs. Such an outcome can be
explained by the fact that dioxin-like PCBs were not added to
the fish oil diet in the current study. Other studies suggest that
the type of FAs that contaminants interact with plays a key role
in determining the contaminants� toxicity. DHA has been shown
to enhance the protective antioxidant response to PCB toxicity
(36), whereas linoleic acid (cis,cis-9,12-octadecadienoic acid,
18:2n–6) has been observed to potentiate the negative effects of
coplanar PCBs, as evidenced by increased oxidative stress in an
in vitro model (40).

In the current study, serum total antioxidant capacity was
determined as a function of fish oil contaminated with POPs. Use
of the total antioxidant capacity measurement in vivo has been
questioned (41, 42). Therefore, further analysis of nonprotein
small molecule antioxidants such as ascorbate and tocopherol
remains to be determined.

OCs such as DDT and its major metabolite, p,p�-DDE, can
trigger oxidative stress and the production of reactive oxygen
species (16, 43). A study focused on Sertoli cells of Sprague-
Dawley rats demonstrated a dose-dependent oxidative stress
response, with higher concentrations of p,p�-DDE leading to
increased ROS and malondialdehyde concentrations, as well as
decreased SOD activity (43). These results are consistent with
the current work and suggest future studies to investigate any
molecular interplay between PCB and DDT that may enhance
their induction of oxidative stress.

In summary, the level of POP contamination administered in
the current study did not affect the lipid or CRP lowering effects
of FO. However, POPs in fish oil did have negative effects on
total antioxidant capacity and lipid peroxidation. The present
study provides evidence for differential physiologic effects from
POP toxicity. Contamination with POPs in fish is not limited to
certain regions or species. It is, rather, global and ubiquitous
(44–46). The current results prompt caution in their consump-
tion and encourage further investigation of health effects from
exposure to POPs via consumption of fatty fish and fish oil. For
instance, research into the effects of different doses of contam-
inants and feeding durations is essential for the evaluation of
long-term exposure and assessment of a critical window of
exposure. In particular, the high accumulation of PCBs and OCs
in the fatty tissue of the contaminated fish oil group raises
concerns surrounding a generational effect through maternal
transfer. The current study only dealt with 7 generally abundant
PCBs and selected OCs. However, true exposure includes a large
number of additional POPs, including other PCB congeners,

dioxin-like PCBs, and polybrominated diphenyl ethers (14, 42,
47–49). The uptake of this chemical mixture via fatty fish and
fish oil consumption must also be evaluated.

Recent years have seen an increase in the sale of fish oil n–3
FA dietary supplements. To maximize health benefits and
minimize potential negative effects from supplement consump-
tion, further research as suggested above is critically important.
This will inform clinical nutrition strategies and advise on
criteria for the quality of fish oil supplements.

Acknowledgments
We thank Kayo Watanabe, Chris Millow, and Dr. Chelsea
Rochman for assistance with chemical analysis and Dr. Nathan
Dodder for editing the manuscript. MYH and EH designed the
research and analyzed the data; MYH, JL, PM, RS, and EH
conducted the research; MYH, JL, and EH wrote the paper;
and MYH had primary responsibility for the final content. All
authors read and approved the final manuscript.

References

1. Centers for Disease Control and Prevention [Internet]. 2011. Leading
causes of death. Final data for 2011. [cited 2014 Oct 5] Available from:
http://www.cdc.gov/nchs/fastats/leading-causes-of-death.htm.

2. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ,
Dai S, Ford ES, Fox CS, Franco S, et al. Heart disease and stroke
statistics–2014 update: a report from the American Heart Association.
Circulation 2014;129:e28–292.

3. Wilk JB, Tsai MY, Hanson NQ, Gaziano JM, Djoussé L. Plasma and
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7. Lluı́s L, Taltavull N, Muñoz-Cortés M, Sánchez-Martos V, Romeu M,
Giralt M, Molinar-Toribio E, Torres JL, Pérez-Jiménez J, Pazos M, et al.
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