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We saw down-regulation of Chg H in males exposed to marine plastic.
We saw down-regulation of Vtg I, Chg H and ERα in females exposed to plastic.
We saw abnormal proliferation of germ cells in a male exposed to marine plastic.
Our results suggest that the ingestion of plastic may alter endocrine system function.
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a b s t r a c t
Plastic debris is associated with several chemical pollutants known to disrupt the functioning of the endocrine
system. To determine if the exposure to plastic debris and associated chemicals promotes endocrinedisrupting effects in ﬁsh, we conducted a chronic two-month dietary exposure using Japanese medaka (Oryzias
latipes) and environmentally relevant concentrations of microplastic (b1 mm) and associated chemicals. We exposed ﬁsh to three treatments: a no-plastic (i.e. negative control), virgin-plastic (i.e. virgin polyethylene preproduction pellets) and marine-plastic treatment (i.e. polyethylene pellets deployed in San Diego Bay, CA for
3 months). Altered gene expression was observed in male ﬁsh exposed to the marine-plastic treatment, whereas
altered gene expression was observed in female ﬁsh exposed to both the marine- and virgin-plastic treatment.
Signiﬁcant down-regulation of choriogenin (Chg H) gene expression was observed in males and signiﬁcant
down-regulation of vitellogenin (Vtg I), Chg H and the estrogen receptor (ERα) gene expression was observed
in females. In addition, histological observation revealed abnormal proliferation of germ cells in one male ﬁsh
from the marine-plastic treatment. Overall, our study suggests that the ingestion of plastic debris at environmentally relevant concentrations may alter endocrine system function in adult ﬁsh and warrants further research.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Case studies regarding endocrine disruption have proliferated since
the release of Rachel Carson's Silent Spring in 1962. The endocrine system is critical to organisms as it plays a role in reproduction, development, and immune-system function (Colborn et al., 1993; Crisp et al.,
1998). In the past, endocrine-disruption was not addressed when
assessing the hazards associated with synthetic chemicals, and as a consequence chemicals once considered benign have become ubiquitous as
environmental contaminants (Colborn, 1994).
Similarly, hazards associated with plastic in aquatic habitats were
also likely not addressed when assessing hazards associated with plastic
products and plastic debris is now ubiquitous in the environment
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(NOAA, 2011). Plastic debris is a multiple stressor in aquatic habitats
as a consequence of the large mixture of chemical contaminants
associated with it (Rochman, 2013). Smaller plastic debris (b1 mm),
often termed microplastics, is associated with large concentrations of
chemicals, including N78% of priority pollutants (Rochman et al.,
2013a), introduced during the manufacturing process (Lithner et al.,
2011) and sorbed from surrounding environmental media (Ogata
et al., 2009). Several of these plastic-associated chemicals have been
linked to endocrine disrupting effects. Styrene (Iguchi et al., 2006), a
monomer of several plastic types including polystyrene, rubber and acrylonitrile–butadiene–styrene, and bisphenol-A (BPA; vom Saal and
Hughes, 2005), a monomer of polycarbonate, can disrupt endocrinesystem function. Furthermore, there is evidence that UV-stabilizers,
phthalates and nonylphenol, additives to plastic, are estrogenic and/or
antiandrogenic (Harris et al., 1997; Fent et al., 2014). Moreover, chemicals
historically known to promote adverse affects to the functioning of the
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endocrine system, including organochlorine pesticides, heavy metals and
petroleum hydrocarbons (Fry, 1995; Crisp et al., 1998), are found sorbed
to plastic debris globally (Hirai et al., 2011; Holmes et al., 2012). As such,
plastic debris may be associated with a mixture of endocrine-disrupting
chemicals and hypotheses regarding risks from exposure of such a mixture to wildlife should be tested.
The ingestion of plastic debris, documented in marine mammals
(Tarpley and Marwitz, 1993), sea turtles (Lazar and Gracan, 2011), seabirds (Spear et al., 1995), ﬁsh (Davison and Asch, 2011) and invertebrates
(Murray and Cowie, 2011), may introduce a “cocktail” of endocrinedisrupting chemicals upon ingestion (Besseling et al., 2012; Browne
et al., 2013; Rochman et al., 2013b). In a recent study, we found signiﬁcantly greater concentrations of several polybrominated diphenyl ethers
(PBDEs), the polychlorinated biphenyl congener PCB#28 and the polycyclic aromatic hydrocarbon (PAH) chrysene in ﬁsh, Japanese medaka
(Oryzias latipes), exposed to polyethylene that had been deployed in
the marine environment compared to ﬁsh exposed to a virginpolyethylene and a control treatment (Rochman et al., 2013b). PCBs
(Crisp et al., 1998), PBDEs (Legler and Brouwer, 2003) and PAHs (Crisp
et al., 1998) can all affect the functioning of the endocrine system.
Here, the Japanese medaka from the chronic dietary exposure described above (Rochman et al., 2013b) were used to measure effects related to endocrine disruption. Fish are useful as sensitive indicators of
endocrine disrupting chemicals in aquatic habitats, as exposure can result in changes in gonadal growth, gonadal degeneration, sex-speciﬁc
gene protein induction and the occurrence of intersex (Zhao et al.,
2014). Furthermore, plastic debris is detected in the gut contents of several ﬁsh species (Hoss and Settle, 1990), including from subtropical
gyres (Davison and Asch, 2011) and estuaries (Possatto et al., 2011).
Our objective was to measure the potential for plastic debris to disrupt
endocrine function in ﬁsh. We used polyethylene because it is the most
common plastic debris found in aquatic habitats (Andrady, 2011) and
sorbs greater concentrations of organic pollutants than the other common
plastics (Rochman et al., 2013c). We hypothesized that we would observe
changes in the expression of genes mediated by the estrogen receptor in
the liver, including estrogen receptor alpha (ERα), vitellogenin I (Vtg I)
and choriogenin H (Chg H). Chemicals that can bind to the estrogen receptor, or antagonize binding of endogenous estrogen can inﬂuence transcription of estrogen-dependent genes (Henry et al., 2009; Klinge, 2000)
and ultimately affect the function of the reproductive system (Klinge,
2000). Vtg and Chg are transformed into the egg yolk (Crisp et al.,
1998) and egg envelope proteins (Murata et al., 1997) respectively in
the gonads. Thus, they are good biomarkers of hormonal control in relation to oogenesis (Murata et al., 1997) and are suggested to act as indicators of exposure to estrogenic or anti-estrogenic substances in aquatic
environments (Arukwe and Goksoyr, 2003). It is also important to understand responses at different levels of organization, as responses at the
lower levels (e.g. molecular, tissue) can be an early-warning predictor of
impacts at higher levels (e.g. organism, population) of organization
(Hagger et al., 2005; Ankley et al., 2010). As such, we measured and expected to observe responses at the tissue level, using histology, to try
and conﬁrm phenotypic changes and/or diagnosis in the gonads. Because
ﬁsh fed the polyethylene that had been deployed in the marine environment were exposed to a complex mixture that includes estrogenic (e.g.
some PCB (Yum et al., 2010) and PBDE (Legler and Brouwer, 2003) congeners) and anti-estrogenic (e.g. PAHs (Goksoyr, 2006) and some PCB
(Thomas, 1989) and PBDE (Legler and Brouwer, 2003) congeners)
compounds, it is difﬁcult to hypothesize directional changes in the levels
of gene expression and any particular changes in histology.
2. Materials and methods
2.1. Test species
Fish from a culture of Japanese medaka (O. latipes), maintained in
the Aquatic Health Program at UC Davis, were used for this study.
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Care, maintenance, handling, and sampling followed protocols approved by the UC-Davis Animal Care and Use Committee. Japanese medaka are a good model organism to look for endocrine disruption
(Arcand-Hoy and Benson, 1998; Patyna et al., 1999; Koger et al., 2000)
as the mechanisms of germ cell development, sex determination and
differentiation and reproduction are well known (Grim et al., 2007).
2.2. Diet preparation
The American Chemistry Council donated the virgin polyethylene
pre-production pellets. To prepare the marine-plastic treatment, virgin
polyethylene pellets (3 mm diameter) were deployed from docks in
San Diego Bay, CA for three months (see Rochman et al., 2013c for
details). Marine- and virgin-plastic pellets were ground to b 0.5 mm,
a size range that occurs commonly in the marine environment
(Goldstein et al., 2012), using a conical burr grinder for conventional
use. The control diet contained 62 g vitamin free casein, 30 g wheat gluten, 54.4 g dextrin, 8 g egg albumin, 10.4 g soy lecithin, 4 g vitamin premix, 6 g mineral premix, 4 g corn oil, 10 g cod liver oil and 7.2 g celuﬁl.
Vitamin and mineral mixes were purchased from ICN (Biomedical, Inc.,
Irvine, CA) and all other ingredients from U.S. Biochemical Corporation
(Cleveland, OH). Diets containing plastic (10% plastic by weight) were
prepared by substituting 20 g of dextrin with polyethylene. Fish from
all treatments were exposed to organic pollutants via the cod liver oil
in the control diet (see Supplementary Table 1 for concentrations of
targeted PCBs, PAHs and PBDEs in treatment diets and Rochman et al.,
2013b for further information). As such, the only difference among the
control treatment and the two plastic treatments was the addition of
polyethylene with or without sorbed chemicals from San Diego Bay, CA.
2.3. Experimental design
We initiated a 2-month dietary exposure consisting of three treatments: a control (no polyethylene), a virgin-plastic (polyethylene virgin
pre-production pellets) and a marine-plastic treatment (polyethylene
deployed in San Diego Bay). By using plastics deployed in the marine
environment, we were able to establish environmentally relevant concentrations of contaminants on polyethylene (see Fig. S1 for concentrations of targeted PAHs, PCBs and PBDEs on deployed polyethylene and
Rochman et al., 2013b for further detail regarding the experimental design, information regarding chemical analyses, and/or data regarding
chemical contamination in the plastic, diet and ﬁsh).
Adult medaka (7 month old) were randomly placed into nine 38 L
tanks (71 ﬁsh per tank) on a 16-hour light-cycle. Water ﬂow-rate and
temperature were 720 mL/min and 22–25 °C respectively. Water quality (pH: 7.8 ± 0.2, ammonium and nitrite: not detectable, nitrate: 7.9 ±
1 ppm, water hardness: 120 mg L−1 CaCO3, electrical conductivity: 400
UMHOS, and alkalinity: 100 mg/CaCO3) was monitored weekly. After
one-month acclimation, three tanks were randomly assigned to each
treatment (n = 3). During the exposure, ﬁsh were fed 2% bodyweight per day divided into two portions. To assign portions each
week, 20 ﬁsh per tank were weighed weekly and average bodyweight per tank assessed. Medaka were exposed to diets sprinkled at
the top of each tank. Plastic in diets dissociated at the surface and thus
ﬁsh were exposed to plastic similar to the way they are in the wild
(i.e. ﬂoating in the water column). As such, this translates to 8 ng of plastic per mL of water in the tank. Maximum concentrations reported in
the North Paciﬁc Subtropical Gyre are 300 ng/mL (Goldstein et al.,
2012), and thus the concentrations of plastic used in this experiment
may be considered environmentally relevant. Water-ﬂow to the tanks
was stopped during 30-minute feedings to prevent plastic contamination in the recirculating system. Afterward, waste and 30% of the
water were siphoned from each tank and ﬂoating plastic removed by
net. Tanks were cleaned weekly. To prevent cross-contamination, activated charcoal ﬁlters were used and changed twice per month. PCBs,
PBDEs or PAHs were not detected above a detection limit of 1 μg/L in
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any of three replicate water samples collected post-experiment. After
one and two months, ﬁsh were euthanized with MS-222 (tricaine methane sulfonate, Argent Chemical Laboratories Inc., Redmond, WA),
weighed, measured and prepared for assays to identify potential endocrine disrupting effects.
2.4. Gene expression
We measured gene expression in male and female medaka exposed
to all three treatments. The livers of six male and six female medaka
(pooled by sex) were sampled at the 1- and 2-month sampling period
from each replicate tank, weighed and stored at − 80 °C. Total RNA
was isolated using TRIZOL© reagent following the manufacturer's instruction (Life Technologies, Carlsbad, CA, USA). Concentration of total
RNA was quantiﬁed by NanoDrop© spectrophotometry (NanoDrop
Technologies, Wilmington, DE, USA). All RNA samples were treated
with DNase I (Sigma, AMPD1-1 Kit) to eliminate carryover contamination of genomic DNA. First-strand cDNA synthesis was performed
using Superscript-II Transcriptase (Life Technologies) following the
manufacturer's protocol. Primers for reference genes (GAPDH, β actin,
and 18S rRNA) and well-characterized biomarkers for endocrine disruption (Vtg I, Chg H, and ERα) for RT-qPCR were purchased from
Invitrogen (Supplementary Table 4; (Zhang and Hu, 2007; Hong et al.,
2007)). All reactions were performed in triplicate using an AB 7900
HT FAST thermocycler with SYBR-Green Universal Master Mix (Life
Technologies). The geometric mean of the three reference genes was
used for normalization of the genes of interest. The coefﬁcient of variation among internal controls across all samples was b 5%. The ampliﬁcation efﬁciencies of PCR reactions for the primer sets between Vtg I,
Chg H, ERα and the three reference genes (GAPDH, β actin, 18S rRNA)
were within ±5%.
The cycle threshold value (CT) for reference genes and the gene of interest were calculated as the mean of triplicate reactions. 1-factor
ANOVAs (n = 3, α = 0.05), with ﬁxed factor treatment, analyzed
2−ΔCt values (individual data points normalized to the internal control
(Schmittgen and Livak, 2008)) among treatments for each sex and sampling period individually. 2−ΔCt values were log transformed and homogeneity of variance was veriﬁed by a Levene's test (α = 0.05).
Post-hoc Tukey's tests were used to distinguish signiﬁcantly different
treatment means. Statistical analyses were performed using SYSTAT
12 (SYSTAT Software, Chicago, IL).
2.5. Histopathology
We examined the histopathology of the gonads in male and female
medaka from all treatments. At the two-month sampling period eight
ﬁsh (4 males and 4 females) were randomly sampled from each replicate tank for histopathology. Fish were ﬁxed in 10% neutral buffered formalin and dehydrated in a graded ethanol series and embedded in
parafﬁn. Serial trans-sagittal sections (3 μm) were stained with hematoxylin and eosin (H&E) and lateral views screened by a BH-2 Olympus
microscope. Data from ﬁve ﬁsh from the marine-plastic treatment were
lost due to methodological error during processing for histopathological
analysis.

signiﬁcantly less Chg H (α = 0.05) than both the virgin-plastic and control treatments (Fig. 1; Table S3). 1-factor ANOVAs showed no signiﬁcant differences (P N 0.05) in the expression of Vtg I and ERα
(expressed as 2−ΔCt) among treatments after 1- and 2-month exposures (Fig. 1; Table S3) and no signiﬁcant difference (P N 0.05) in the
expression of Chg H (expressed as 2− ΔCt) among treatments after
1 month of exposure (Fig. S1; Table S3). Many would not expect to observe expression of Chg H in unexposed males, and thus the downregulation of Chg H in males observed here is generally unexpected.
Yet, baseline levels of Chg H are reported in adult male ﬁsh (Fujita
et al., 2008), including adult male medaka (Lee et al., 2012). Because
ﬁsh from all treatments in this experiment were exposed to a mixture
of organic pollutants via the cod liver oil in the diet, ﬁsh from all treatments may have increased levels of Chg H in the absence of plastic in
their diet in response to contaminants in the cod liver oil. PAHs
(Goksoyr, 2006), PCBs (Crisp et al., 1998) and PBDEs (Legler and
Brouwer, 2003) can all alter expression of genes that produce egg proteins in ﬁsh. Therefore, it is possible that the mixture of targeted and
non-targeted chemicals (e.g. trace metals and pesticides) in the
marine-plastic treatment is causing down-regulation of the Chg H
gene in male ﬁsh fed marine-plastic relative to the virgin-plastic and
control treatments.
Similarly, we observed down-regulation of all targeted genes in female ﬁsh. For female ﬁsh, 1-factor ANOVAs showed a signiﬁcant difference in the expression of Vtg I (P b 0.05; expressed as 2−ΔCt) and Chg H
(P b 0.01; expressed as 2−ΔCt) among treatments and no signiﬁcant difference (P N 0.05) in the expression of ERα (expressed as 2−ΔCt) after
1 month of exposure (Fig. 1; Table S3). A post-hoc Tukey's test shows
that female ﬁsh exposed to marine-plastic for 1 month express signiﬁcantly less Vtg I and Chg H than both the virgin-plastic and control
treatments (Fig. 1, Table S3). After 2 months of exposure, 1-factor
ANOVAs showed a signiﬁcant difference among levels of expression
of Vtg I (P b 0.05; expressed as 2−ΔCt), Chg H (P b 0.01; expressed as
2− ΔCt) and ERα (P b 0.05; expressed as 2− ΔCt) among treatments
(Fig. 1; Table S3). A post-hoc Tukey's test shows that female ﬁsh exposed to marine-plastic for 2 months express signiﬁcantly less Vtg I
and ERα than both the virgin-plastic and control treatments and both
the marine- and virgin-plastic treatment express signiﬁcantly less
Chg H than the control treatment (Fig. 1; Table S3). The greater difference in gene expression observed for Chg in both males and females reported here supports earlier studies showing that Chg is a more
sensitive biomarker (Kim et al., 2006), induced by lower doses of
endocrine-disrupting chemicals than Vtg (Fujita et al., 2005). Downregulation of Chg H in ﬁsh fed the virgin-plastic treatment suggests
that the virgin polyethylene itself may be capable of inducing an
endocrine-disrupting effect. Down-regulation of ERα, Vtg I and Chg H
genes in female ﬁsh exposed to the marine-plastic treatment suggest
that there are chemicals within the complex mixture associated with
aquatic plastic debris that are anti-estrogenic and/or antagonize binding
of endogenous estrogen to the estrogen receptor. Simultaneous regulation of Chg and Vtg induction is closely related to oocyte growth (Fujita
et al., 2005) and there is evidence that down-regulation of Vtg I can
cause reduced fecundity in female ﬁsh (Zhang et al., 2008). Thus, our results suggest that aquatic plastic debris may reduce fecundity in female
ﬁsh.

3. Results and discussion
3.2. Histopathology
3.1. Gene expression
We observed changes in the expression of genes, mediated by the
estrogen receptor, in response to the addition of plastic debris in
the diet of experimental ﬁsh. For male ﬁsh, a 1-factor ANOVA showed
a signiﬁcant difference (P b 0.05) in the expression of Chg H (expressed
as 2− ΔCt) among treatments after 2 months of exposure (Fig. 1; see
Supplementary Table S3 for ANOVA tables). A post-hoc Tukey's test
shows that male ﬁsh exposed to marine plastic for 2 months express

In female ﬁsh, no changes in the phenotype were observed in the gonads of ﬁsh from either the virgin- or marine-plastic treatment. In male
ﬁsh, we observed what appeared to be abnormal growth of germ cells
throughout the testicular tissue of one male ﬁsh from the marineplastic treatment (Fig. 2) and no changes in ﬁsh from the virginplastic treatment. As the proliferation of germ cells is one of the initial
steps of gametogenesis, normal germ cell proliferation is essential for
successful reproduction (Saito et al., 2007). In medaka, the proliferation
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Fig. 1. Hepatic Vtg I, Chg H and ERα expression in Oryzias latipes after 1 (top) and 2 (bottom) months of exposure. The gene expression values (y-axis) are given as the 2−ΔCt value + S.E.
(individual data points normalized to the internal control (Schmittgen and Livak, 2008)) for Vtg 1 (left), Chg H (middle) and ERα (right) exposure for males (M) and females (F) separately
(n = 3). For all graphs, the control treatment is depicted by white bars, the virgin plastic treatment by diagonal bars and the marine plastic treatment by black bars. P b 0.05*, P b 0.01**
denotes statistical signiﬁcance where a 1-factor ANOVA showed a signiﬁcant difference between treatments for either sex individually.

of germ cells is regulated in a sexually dimorphic manner. In males,
germ cells proliferate as slow intermittent divisions, whereas in females,
some germ cells initiate synchronous continuous proliferations forming
clusters (Saito et al., 2007). Here, we observed clusters of germ cells
with eosinophilic cytoplasm and a relatively high nucleus to cytoplasm
ratio in the center of the gonads of a male medaka fed ocean plastic.
These characteristics are generally associated with oogonia (female-differentiated germ cells) as opposed to spermatogonia (male-differentiated germ cells; Hall et al., 2007). The abnormal proliferation of germ cells
can also be associated with sex reversal in medaka, suggesting that this
male ﬁsh may be showing signs of intersex, a condition where animals
possess both male and female gonadal characteristics (Jobling et al.,
1998; Nolan et al., 2001; Nakamura et al., 2012).
If these observations are related to intersex, these results may seem
contradictory because we observed down-regulation of Chg H in male
ﬁsh from the same treatment. However, Vtg and Chg are not suggested
to be suitable indicators of early stages of intersex development
(Zhao and Hu, 2012). Estrogen is not critical for the development of
oogonia or primary oocytes, it is only critical in the later stages of oocyte

maturation (Hall et al., 2007). Accumulation of Vtg and formation of the
chorion layer are characteristic features of Stage III (egg enveloperudiment stage) and V (early yolk vesicle stage; Kinoshita et al., 2009).
Non-signiﬁcant correlations reported between Vtg and intersex suggest
that the pathways involved in intersex and Vtg induction in males are
not correlated and that the manifestation of intersex also involves
non-estrogen mediated pathways. These processes may have different
physiological mechanisms; Vtg induction is related to the liver while
intersex is a process developed in the gonads as a target of EDCs
(Bahamonde et al., 2013). Thus, although additional evidence is warranted, chronic exposure to other compounds in the marine-plastic
treatment may not have induced E2, but may have activated a group
of molecules responsible for germ cell sexual differentiation. The presence of anti-estrogenic chemicals in the mixture may have suppressed
gene expression of Vtg and Chg, and what appears to be oogonia here,
may not reach the later stages in oocyte maturation and instead undergo atrophy.
In this study, we observed abnormal proliferation of germ cells in
only one male ﬁsh. Thus, it is possible that this may have occurred by

Fig. 2. Testicular histopathology in male medaka sampled after 2 months. Micrographs show testis of a ﬁsh from the control treatment (a) and the marine-plastic treatment (b). The abnormal growth of germ cells was observed throughout the testis in a male ﬁsh exposed to the marine-plastic diet (b). The arrows highlight a cluster of germ cells.
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random chance. Still, spontaneous sex reversal is rare in Japanese medaka as it is a gonochoristic species (Atz, 1964; Zhang, 2004), and thus the
presence of abnormal germ cell proliferation observed may be related to
the plastic. Using histology, gonadal abnormalities (e.g., intersex and/or
the abnormal proliferation of germ cells) can be easily overlooked due
to the limited observational area of the testes (i.e. the section sampled
and sliced using a microtome; Hirakawa et al., 2012) and the size limitation for histopathological observation (N20 μm; Zhao et al., 2014). In
this way, oogonia and early primary oocytes may have been overlooked
or indistinguishable from spermatozoids and other somatic cells in our
samples (Zhao et al., 2014). To further test this hypothesis, the ovary
structure protein 1 (OSP1) gene is proposed as a suitable indicator of
the early stages of intersex development and is thus suggested to be a
more sensitive early-warning signal than histopathological observation
(Zhao and Hu, 2012). Thus, additional experimental work by in situ hybridization against OSP1 may allow us to understand the fate of the abnormal proliferations of germ cells in adult ﬁsh, providing more insight
into the potential development of intersex observed here.
4. Conclusion
Our results show early-warning signs of endocrine disruption in ﬁsh
exposed to a mixture of plastic and sorbed contaminants, suggesting
that plastic marine debris, reportedly ingested by multiple wildlife species, may alter the functioning of the endocrine system in aquatic animals. In this experiment, medaka were exposed to a mixture of
contaminants and our complex results further conﬁrm the importance
of measuring several endpoints to assess effects related to environmental pollutants. Of major concern should be the permanent effects that
exposure can have during critical early-life stages of organism development, which may impair reproductive success and harm wildlife
populations. As such, we suggest future experimental work testing hypotheses regarding endocrine disruption from plastic debris using ﬁsh
at the early developmental stages, as young ﬁsh tend to be more sensitive to endocrine disruption (Liney et al., 2005; Zhao et al., 2014). This
may help elucidate how the growing accumulation of plastic debris
may affect wildlife populations.
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