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A B S T R A C T

The environmental estrogen 17α-ethinylestradiol (EE2) will depress or completely inhibit egg production in
many common model teleosts at low concentrations (≤0.5 ng/L; Runnalls et al., 2015). This inhibition is not
seen in the estuarine killifish, or mummichog (Fundulus heteroclitus), even when exposed to 100 ng/L EE2. This
relative insensitivity to EE2 exposure indicates species-specific mechanisms for compensating for exogenous
estrogenic exposure. This review compares various reproductive responses elicited by EE2 in mummichog to
other common model teleosts, such as zebrafish (Danio rerio) and fathead minnow (Pimephales promelas),
identifying key endpoints where mummichog differ from other studied fish. For example, EE2 accumulates
primarily in the liver/gall bladder of mummichog, which is different than zebrafish and fathead minnow in
which accumulation is predominantly in the carcass. Despite causing species-specific differences in fecundity,
EE2 has been shown to consistently induce hepatic vitellogenin in males and cause feminization/sex reversal
during gonadal differentiation in larval mummichog, similar to other species. In addition, while gonadal ster-
oidogenesis and plasma steroid levels respond to exogenous EE2, it is generally at higher concentrations than
observed in other species. In mummichog, production of 17β-estradiol (E2) by full grown ovarian follicles re-
mains high; unlike other teleost models where E2 synthesis decreases as 17α,20β-dihydroxy-4-prenen-3-on levels
increase to induce oocyte maturation. New evidence in mummichog indicates some dissimilarity in gonadal
steroidogenic gene expression responses compared to gene expression responses in zebrafish and fathead
minnow exposed to EE2. The role of ovarian physiology continues to warrant investigation regarding the tol-
erance of mummichog to exogenous EE2 exposure. Here we present a comprehensive review, highlighting key
biological differences in response to EE2 exposure between mummichog and other commonly used model tel-
eosts.

1. Introduction

One of the most common estrogenic endocrine disrupting com-
pounds (EDCs) in the aquatic environment is 17α-ethinylestradiol
(EE2), a potent estrogen used in the birth control pill that persists in
sewage effluents (reviewed in Schröder et al., 2016). EE2 is typically
found in low concentrations (< 0.1 ng/L; Johnson et al., 2013) in
aquatic receiving environments, but has been measured at> 30 ng/L

(Ternes et al., 1999; Aris et al., 2014). Most fish species exposed to EE2
exhibit negative impacts on gonadal growth, e.g., gonadosomatic index
(Pawlowski et al., 2004), sex steroid production (Salierno and Kane,
2009; Runnalls et al., 2015; Armstrong et al., 2016), sperm quality
(Oropesa et al., 2015), egg production (Lin and Janz, 2006; Zha et al.,
2008; Armstrong et al., 2016), as well as skewed sex ratios and in-
creased incidence of intersex (Kidd et al., 2007; Luzio et al., 2016a,b).

The majority of studies to date have focussed on the impact of EE2
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on freshwater species, while only a few estuarine or marine species
have been used to investigate the impacts of EE2 on reproduction
(Bosker et al., 2017). One key exception is the estuarine killifish, more
commonly known as the mummichog (Fundulus heteroclitus), which has
emerged as an important and useful marine teleost model for ecotox-
icological studies (Burnett et al., 2007; Lister et al., 2011). Mummichog
exhibit great physiological plasticity (Whitehead, 2010) and have been
used in studies to examine physiological responses induced by natural
environmental changes (e.g., changes in temperature, oxygen, salinity;
Fangue et al., 2008; Scott et al., 2008; Rees et al., 2009). Due to the
dynamic nature of estuaries, mummichog are exposed to a range of
salinities and their isosmotic point is estimated around 9 ppt (Marshall
et al., 1999; Wood and Grosell, 2009). As salinity fluctuates within
estuaries, mummichog have different modes of osmoregulation. These
different modes of osmoregulation can alter the potency of con-
taminants, which has been shown for metals (Hall and Anderson 1995;
Wood et al. 2004; Blanchard and Grosell, 2005; Blewett et al., 2016)
and polycyclic aromatic hydrocarbons (PAHs; Ramachandran et al.,
2006; Shukla et al. 2007). To date, there is only a limited understanding
on how salinity affects the actions of EDCs, including EE2, on fish
(Bosker et al., 2017). Saltwater teleosts osmotically lose water across
the gills and actively drink to maintain osmotic balance, whereas in
freshwater/low salinity conditions, fish are hyperosmotic to their en-
vironment and the gills are the main location of osmoregulation
(Marshall and Grosell, 2006). Due to their euryhaline tolerances,
mummichog are a model species providing the ability to test impacts of
EDCs across a range of salinities.

Studies using the northern subspecies of mummichog (F. h. macro-
lepidotus) have resulted in standardized reproductive endocrine bioas-
says (MacLatchy et al., 2003) and adult fish reproductive tests (Peters
et al., 2007; Bosker et al., 2010), which have been used to assess the
impacts of complex effluents (e.g., pulp mill; Bosker et al., 2009), en-
vironmental contaminants (including EE2; Bosker et al., 2016), or other
model compounds (e.g., androgens; Glinka et al., 2015; Rutherford
et al., 2015). A suite of relevant endpoints, spanning various levels of
biological organization have been used to assess the effects of EE2 on
reproductive function in mummichog. This range of endpoints has been
used to explore potential molecular or biochemical events that underlie
tissue (e.g., changes in gonadal development) to whole organism-level
(e.g., fecundity) impacts (MacLatchy et al., 2003; Sharpe et al., 2004;
Greytak and Callard, 2007; Finley et al., 2009; Bosker et al., 2009;
Melvin et al., 2009; Hogan et al., 2010).

However, while some similarities in reproductive responses exist
with respect to other teleosts, such as vitellogenin induction in males
(Bosker et al, 2016) and feminization of developing fish (Chehade,
2012), EE2 effects on mummichog reproduction occur at much greater
concentrations when compared to other fish species (Table 1). This is
most apparent in studies which have shown that mummichog continue
to spawn at concentrations of 100 ng/L (Table 2; Bosker et al., 2016). In
other fish species, such as the Chinese rare minnow (Gobiocypris rarus;
Zha et al., 2008), zebrafish (Danio rerio; Lin and Janz, 2006), or fathead
minnow (Pimephales promelas; Armstrong et al., 2016), egg production
is significantly reduced by exposure to ≤ 10 ng/L EE2 (Table 2).

These results have highlighted that a range of responses of mum-
michog to EE2 are species-specific, and given that mummichog are key
model species for estuarine toxicology, the purpose of this review is to
summarize the literature and compare the response of mummichog to
other common teleost models. We will discuss the effects of EE2 ex-
posure on i) spawning and gonadal maturation, ii) reproductive steroids
and vitellogenin levels, iii) expression of genes within the steroidogenic
pathway, iv) sexual differentiation and gonadal development, and v)
EE2 uptake and metabolism. The role of salinity in the reproductive
responses of mummichog to EE2 is also included. Knowledge gaps and
research needs are identified in regard to better understanding re-
sponses of mummichog exposed to EE2.

2. Effects of EE2 on reproductive endpoints

2.1. Spawning and gonadal maturation

In the wild, there are different environmental spawning cues for the
northern (Fundulus heteroclitus macrolepidotus) and southern (Fundulus
heteroclitus heteroclitus) subspecies of mummichog (McMullin et al.,
2009). In the northern subspecies, increasing water temperature in-
itiates gonadal recrudescence (indicated by increasing GSI), with
warmest water temperatures coinciding with highest GSI measurements
and a single peak of spawning activity (McMullin et al., 2009). Pho-
toperiod is also correlated to spawning in the northern subspecies, with
peak spawning activity occurring during long periods of daylight
(McMullin et al., 2009). Conversely, the southern subspecies of mum-
michog spawn multiple times over the breeding season (Wallace and
Selman, 1981), which is generally longer (Kneib, 1986). There is no
indication of a lunar periodicity in the northern subspecies, unlike the
southern subspecies where a semi-lunar pattern has been reported
(Taylor et al., 1979; McMullin et al., 2009). Studies have found that the
two subspecies of mummichog present with ovaries that are asyn-
chronous as described in fish from the Northeastern U.S (Wallace and
Selman, 1981) and as group-synchronous as found in more southern
populations (Taylor and DiMichele, 1980; Hsiao et al., 1994). Mum-
michog found in Northeastern Canada show high variability in condi-
tion, liver size and gonad size throughout the reproductive season and
within a population (McMullin et al., 2009).

Adult fish short-term reproductive tests are commonly used to assess
the impacts of EDCs, including EE2 on reproductive output (Bosker
et al., 2017). One of the key endpoints assessed in these tests is fe-
cundity (egg production/female/day), as this can be linked to potential
population-level effects (Miller and Ankley, 2004; Gurney, 2006). Egg
production is considered a sensitive endpoint; two review papers on
short-term reproductive tests found it to be among the most sensitive
endpoints across a variety of fish species (Dang et al., 2011; Bosker
et al., 2017). Mummichog are an important model in estuarine tox-
icology because they can be manipulated to undergo gonadal re-
crudescence under laboratory conditions by controlling water tem-
perature and photoperiod, allowing researchers to test this sensitive
reproductive stage regardless of the season (Peters et al., 2007; Lister
et al., 2011; Bosker et al., 2013).

Adult mummichog exposed to EE2 show limited adverse effects on
reproduction. An initial study that exposed mummichog statically to
22.1 ng/L for seven days showed a significant reduction in egg pro-
duction (Peters et al., 2007); yet, subsequent studies found no impact of
EE2 after 28 days of exposure on egg production, fertilization, and
hatching success despite very high levels up to 3000 ng EE2/L (actual
concentration not measured; data unpublished; Bosker et al., 2016). In
addition, there was no effect on egg production in mummichog exposed
to 100 ng EE2/L (actual measured concentration 84.1 ± 6% of nom-
inal) for 28 days, despite a significant upregulation of hepatic vitello-
genin (vtg1) gene expression in males that is indicative of exposure to
the synthetic estrogen (Bosker et al., 2016). It is unknown whether the
different exposure regimes used in the studies contributed to the dif-
ferent reproductive responses observed. In Peters et al. (2007), the
sexes were separated for the first 21 days of exposure and combined for
the final seven days to assess fecundity. Mummichog do exhibit pairing
behaviour between a male and female prior to spawning (Abraham,
1985) but it has not been investigated whether the exposure duration of
seven days in Peters et al. (2007) was sufficient for pairing behaviour to
develop or if pairing is obligatory. Most exposure studies combined
sexes for the entire exposure period and incorporated study designs
with greater replication that improved statistical power (Bosker et al.,
2009).

Contrary to mummichog, reproduction of several other fish species
is consistently affected by EE2 exposure, even at low concentrations
(Table 2). For example, egg production was stimulated in fathead
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minnow exposed to 0.1 ng EE2/L (Pawlowski et al., 2004). The
spawning frequency and the numbers of eggs spawned were decreased
in the Chinese rare minnow after a 21-day exposure to 4 ng/L EE2 (Zha
et al., 2008). Zebrafish egg production was depressed after exposure to
1.2 ng EE2/L for 80 days (Volkova et al., 2015).

A non-monotonic response in egg production has been reported for
numerous fish species exposed to EE2, including zebrafish (Parrott and
Blunt, 2005), fathead minnow (Pawlowski et al., 2004) and Japanese
medaka (Oryzias latipes; Tilton et al., 2005). In these studies, low con-
centrations of EE2 (≤1ng/L) increased egg production in exposed fe-
males, while a higher concentration (≥3.5 ng/L) led to a complete
cessation of egg production. This may indicate that EE2 can act as both
a stimulant and suppressant of egg production in certain species of fish
(Overturf et al., 2015). The ability for a synthetic estrogen like EE2 to
stimulate follicular growth at low concentrations is not surprising given
the well understood role of estrogens in vitellogenesis and ovarian
growth. Studies have not explored low (e.g., < 10 ng/L) EE2 con-
centration responses in mummichog sufficiently to compare their re-
sponse with those of other species. Rather, greater focus has been

placed on determining possible mechanisms underlying the lack of re-
productive response, particularly their ability to continue to spawn
under higher EE2 exposure concentrations.

Currently, there is little understanding of potential differences in
mummichog reproductive physiology that may underlie the ability of
the fish to continue to spawn in the presence of high concentrations of
exogenous EE2. A possible explanation may involve the differences that
exist in the biosynthesis of ovarian steroids over the reproductive cycle
of mummichog compared with other common model teleosts. The
granulosa cells in mummichog ovaries are the major site of steroid
synthesis, producing 17α,20β-dihydroxy-4-prenen-3-one (17α,20β-P),
testosterone (T), and 17β-estradiol (E2); the thecal cells lack aromatase
(CYP19A1) activity and secrete mainly T (Petrino et al., 1989a,b). In
contrast, the presence of both granulosa and thecal cells are necessary
for the gonadotropin-stimulated synthesis of these steroids in other
common model teleosts (the “two cell model”; Nagahama and
Yamashita, 2008). In this model, thecal cells synthesize the steroid
precursors, which are then converted to17α, 20β-P and E2 in the
granulosa cells. A tenant of this model is that prior to ovulation of the

Table 1
Comparison of commonly quantified endpoints in fathead minnow (Pimephales promelas), zebrafish (Danio rerio) and mummichog (Fundulus heteroclitus) during
exposure to 17α-ethinylestradiol (EE2). Endpoints include sex ratio, gonadosomatic indices (GSI), concentrations of circulating plasma testosterone (T), estradiol
(E2), or 11-ketotestosterone (11KT), gene expression analysis of estrogen receptor 1 (er), vitellogenin (Vtg1), steroidogenic acute regulatory protein (star), cyto-
chrome P450 19a1 (cyp19a1) and cytochrome P450 17a1 (cyp17a1). Lowest observed effect concentration (LOEC) for each endpoint listed, regardless of sex. If
endpoint was not changed (NC), then the highest tested concentration is presented. If an effect was only observed at lowest tested concentration, LOEC may be less
than or equal to (≤) this concentration. Arrows represent direction of response as increase (↑) or decrease (↓) compared with control treatment.

Endpoint Species LOEC (ng/L) Source Study Endpoint Species LOEC (ng/L) Source Study

Sex Ratio Fathead Minnow 100% F, 4 Länge et al., 2001 er Fathead Minnow ↑ 10 Filby et al., 2007
60% F, 10 Aerle et al., 2002 ↑ ≤ 15 Feswick et al., 2017
>85% F, 0.32 Parrott and Blunt 2005 ↑ 50 Garcia-Reyero et al., 2018

Zebrafish 86% F, 1 Örn et al., 2003 Zebrafish ↑ ≤ 5 Reyhanian et al., 2014
80% F, 4 Luzio et al., 2016ab ↑ ≤ 0.4 Santos et al., 2017
100% F, 5 Örn et al., 2016 ↑ ≤ 5.62 Wang et al., 2019

Mummichog > 80% F, 100 Peters et al., 2010 Mummichog ↑ ≤ 67.9 Hogan et al. 2010
>80% F, 10 Chehade, 2012

GSI Fathead Minnow ↓10 (both sexes) Filby et al., 2007 Vtg1 Fathead Minnow ↑ 5 Miracle et al., 2006
↓≤ 10 (males) Salierno and Kane, 2009 ↑ ≤10 Salierno and Kane 2009
↓25 (males) Runnalls et al., 2015 ↑ 1.54 Armstrong et al., 2016

Zebrafish ↓0.029 nM (both sexes) Van den Belt et al., 2004 Zebrafish ↑ ≤ 45 Michiels et al., 2018
↓100 (females) Hoffmann et al., 2006 ↑ ≤ 90 Bertotto et al., 2019
NC 3.92 Armstrong et al., 2016 ↑ ≤ 5.62 Wang et al., 2019
NC 5.62 Wang et al., 2019 Mummichog ↑ ≤ 10 MacLatchy et al., 2003

Mummichog ↓247.6 (males) Hogan et al. 2010 ↑ ≤ 67.9 Hogan et al. 2010
NC 250 Doyle et al., 2013 ↑ ≤ 50 Chandra et al., 2012
↑≤100 (males) Bosker et al., 2016 ↑ ≤100 Bosker et al., 2016

Plasma T Fathead Minnow ↓5 Garcia-Reyero et al., 2009 star Fathead Minnow ↓ 10 Filby et al., 2007
↓≤10 Salierno and Kane, 2009 ↓ 5 Leet et al., 2015
↓≤10 Filby et al., 2012 ↓ ≤ 25 Feswick et al., 2016

Zebrafish ↓≤5 Nash et al., 2004 Zebrafish ↓ ≤ 100 Urbatzka et al., 2012
↓ 40 Hoffmann et al., 2006 NC 5 Oikari, 2013
↓ ≤ 10 Hua et al., 2016 ↓ 416 Liang et al., 2017
↓ ≤ 5 Zhuang et al., 2017 Mummichog NC 50 Doyle et al., 2013

Mummichog ↓ 500 MacLatchy et al., 2003 NC 100 Bosker et al., 2016
↓ 100 Peters et al., 2007
↓ 250 Doyle et al., 2013 cyp19a1 Fathead Minnow ↓ 88 Hala et al., 2015

Plasma E2 Fathead Minnow ↓ ≤ 10 Salierno and Kane, 2009 ↓ 5 Leet et al., 2015
↓≤ 5.4 Martyniuk et al., 2010 ↓ ≤ 25 Feswick et al., 2016
↓ 1.54 Armstrong et al., 2016 Zebrafish ↓ ≤ 100 Urbatzka et al., 2012

Zebrafish ↓ ≤10 Hua et al., 2016 ↓ ≤ 25 Cosme et al., 2015
↓ ≤ 5 Zhuang et al., 2017 ↑ ≤ 41 Liang et al., 2017
↓ ≤ 5.62 Wang et al., 2019 Mummichog NC 50 Doyle et al., 2013

Mummichog ↓ 500 MacLatchy et al., 2003 NC 100 Bosker et al., 2016
NC 250 Doyle et al., 2013 NC 74 Kanagasabesan, 2018
↓ 250 Gillio Meina et al., 2013 cyp17a1 Fathead Minnow ↓ 10 Filby et al., 2007

Plasma 11KT Fathead Minnow ↓ ≤ 10 Salierno and Kane, 2009 ↓ 5 Leet et al., 2015
↓ 88 Hala et al., 2015 ↓ ≤ 25 Feswick et al., 2016
↓ 25 Runnalls et al., 2015 Zebrafish ↓ ≤ 10 Hua et al., 2016

Zebrafish ↓ 10 Coe et al., 2008 ↓ 1.6 Porseryd et al., 2018
↓ ≤ 10 Hua et al., 2016 NC 5.62 Wang et al., 2019
↓ ≤ 5 Zhuang et al., 2017 Mummichog

Mummichog ↓ 250 Gillio Meina et al., 2013
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oocyte, a dramatic shift in steroidogenesis occurs in which the pro-
duction levels of E2 give way to increased levels of 17α, 20β-P, which is
necessary for the acquisition of maturational competence (reviewed in
Senthilkumaran, et al., 2004; Nagahama and Yamashita, 2008).

Despite the fact that E2 is inhibitory to oocyte maturation in other
teleosts, Lin et al. (1987) proposed that in mummichog, high levels of
E2 co-exist with the surge in progestogens at a time when ovarian fol-
licles are undergoing maturation. In vitro results in Lin et al. (1987)
showed that all stages of developing follicles secreted high basal and
gonadotropin-stimulated levels of E2 (Lin et al., 1987). A study by
Petrino et al. (1990) concluded that E2 does not inhibit oocyte ma-
turation, and Cerda et al. (1996) demonstrated that maturing follicles
secrete high levels of E2 in mummichog. More recent experiments by
Kanagasabesan (2018) found considerable secretion of basal and hCG-
stimulated E2 by vitellogenic and mature follicles; significantly greater
secretion of E2 occurred within the mature follicles. The same experi-
ments showed very low levels of 17α, 20β-P in the vitellogenic follicles
but a dramatic increase by mature follicles. Combined, these studies,
despite the differences in methodologies, support the idea that ovarian
E2 levels in mummichog tend to remain high throughout follicular
development. In an in vivo experiment in which holding conditions were
manipulated to encourage recrudescence and gonadal growth (by in-
creasing water temperatures of stocks of mixed sex fish), levels of
plasma E2 increased significantly and steadily in female mummichog
from early recrudescence through to maturation and ovulation
(Kanagasabesan, 2018). In the same fish, plasma 17α,20β -P levels were
low until a significant increase occurred in females in the late stage of
maturation and peaked at ovulation (Kanagasabesan, 2018). Full grown
follicles of mummichog undergo maturation in response to gonado-
tropins and 17α,20β -P (Lin et al., 1987) but the responsiveness of full
grown follicles to these hormones is influenced by the follicular cycle
(Cerda et al., 1996) and these events may occur in the presence of high
endogenous E2 levels. More comprehensive studies are needed to un-
derstand the apparent lack of inhibition of estrogens on maturational
competence and ovulation of oocytes of mummichog. Given that E2
levels have also not been correlated with the early phases of ovarian
development (i.e., yolk vesicle formation) in mummichog (Shimizu,
1997, 2003, 2014), exogenous exposure to estrogens may not elicit the
ovarian disruption in this species that it does in other fish.

In mummichog, the impact of EE2 on gonadosomatic index (GSI; a
measurement of gonad size relative to body weight) of male and female

fish is variable and may be affected by environmental conditions (Gillio
Meina et al., 2013). Several studies have found no effect of EE2 on fe-
male GSI across a range (5–3000 ng EE2/L) encompassing en-
vironmentally relevant and higher concentrations (Hogan et al., 2010;
Doyle et al., 2013; Gillio Meina et al., 2013; Bosker et al., 2016; un-
published data). However, a study examining the reproductive impacts
of differing salinity and temperature regimes in the presence or absence
of EE2 found that temperature-driven increases in gonadal growth were
negatively affected in male fish exposed to 250 ng EE2/L (Gillio Meina
et al., 2013). Salinity and temperature increased gonad size in male
mummichog, with males held in salt water (32 ppt) or at the elevated
temperature of 26 °C having larger testes than males held in brackish
(16 ppt) or fresh (0 ppt) water, or at cooler temperatures (8 °C or 10 °C;
Gillio Meina et al., 2013). Exposure to 250 ng/L EE2 at 26 °C negated
the increase in male gonadal weight but the same EE2 concentration at
cooler water temperatures had no effect suggesting that the more active
stage of testis growth was more sensitive to perturbation (Gillio Meina
et al., 2013). Hogan et al. (2010) also found that male GSI was de-
creased in individuals exposed to 250 ng/L EE2 for 14 days; conversely,
males exposed to 100 ng/L EE2 for 28 days had a small but significant
increase in GSI (Bosker et al., 2016).

Variable effects of EE2 on GSI in other fish species have also been
reported. For example, male GSI in the livebearer Jenynsia multidentata
was decreased when exposed to 75 or 100 ng/L EE2 for 28 days;
however, 100 ng/L did not impact female GSI over the same time
period (Roggio et al., 2014). GSI was decreased in male fathead
minnow exposed to 10 ng/L EE2 (Salierno and Kane, 2009), but not at
lower exposure levels of 4 ng/L EE2 (Armstrong et al., 2016). There was
no change in GSI of male or female roach (Rutulis rutulis) exposed to
0.3 ng/L EE2 for 720 days (Tyler, 2009), nor any changes in GSI in
Chinese rare minnow exposed to 4 ng/L EE2 (Zha et al., 2008); yet,
female rare minnow GSI was decreased after 28 days of exposure to 5
and 25 ng/L EE2 (Zha et al., 2007). The extent of the impact of EE2
exposure on zebrafish GSI in Van den Belt et al. (2002) was shown to be
dependent on the duration of exposure and varied by sex where 10 ng
EE2/L caused a decreased in GSI of female and male fish after six and
24 days post exposure, respectively.

2.2. Reproductive steroids and vitellogenin levels

The measurement of reproductive steroid hormones is an important

Table 2
Overview of studies investigating the impact of 17α-ethinylestradiol (EE2) on egg production of commonly used small bodied fish species (fathead minnow
(Pimephales promelas), zebrafish (Danio rerio), sheepshead minnow (Cyprindon variegatus), Japanese medaka (Oryzias latipes), Chinese rare minnow (Gobiocypris rarus)
and mummichog (Fundulus heteroclitus)). Study species and parameters are presented under the appropriate heading and all cited sources were waterborne exposures.
Lowest observed effect concentration (LOEC) at which egg production ceased is reported in the LOEC egg production column. If this was the lowest tested con-
centration, LOEC may be less than or equal to this value (≤).

Species Duration Tested Concentrations LOEC Source Study

(days) (ng/L) Egg Production
Fathead Minnow 21 0.47, 1.54, 3.92 ↓ ≤ 0.47 ng/L Armstrong et al., 2016

21 0.5, 2.5, 12.5, 25 ↓ ≤ 0.5 ng/L Runnalls et al., 2015
21 0.1, 1, 3, 10, 100 ↓ 10 ng/L Pawlowski et al., 2004
21 0.1, 1, 3, 10, 100 ↓ 10 ng/L Jobling et al., 2004
150 0.32, 0.96, 3.5, 9.6, 23 ↓ 3.5 ng/L Parrott and Blunt 2005

Zebrafish 7 25 ↓ ≤ 25 ng/L Cosme et al., 2015
21 10 ↓ ≤ 10 ng/L Hua et al., 2016
21 5, 15 ↓ 15 ng/L Zhuang et al., 2017
80 1.2, 1.6 ↓ ≤ 1.2 ng/L Volkova et al., 2015

Sheepshead Minnow 59 0.2, 2, 20, 200, 400, 800, 1600, 3200 ↓ 20 ng/L Zillioux et al., 2001
Japanese Medaka 14 0.2, 5, 500, 2000 ↓ 500 ng/L Tilton et al., 2005

60 1, 10, 100 ↓ 10 ng/L Scholz and Gutzeit, 2000
180 0.2, 2, 10 ↓ 10 ng/L Balch et al., 2004

Chinese Rare Minnow 21 4 ↓ ≤ 4 ng/L Zha et al., 2008
Mummichog 28 0.1, 1, 10, 22.1 ↓ 22.1 ng/L Peters et al., 2007

28 100 No Effect Bosker et al., 2016
28 3000 No Effect Bosker et al., data unpublished
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physiological endpoint that is used to estimate the potential for aquatic
contaminants to disrupt normal reproductive function in exposed fish.
In part, this is due to the well characterized and critical roles that
steroids (i.e., T in both males and females, E2 in females and 11-keto-
testosterone (11KT) in males) have in regulating gonadal growth and
development, maturation, and reproductive behaviours that are key to
successful spawning (Yaron and Sivan, 2006; Tokarz et al., 2015).
Steroid production by gonadal tissues can also be examined using in
vitro techniques to provide information on the biosynthetic capacity of
these tissues (McMaster et al., 2001; Judson et al., 2014). Caution must
be exercised when comparing hormone data across multiple labora-
tories, as calculation errors, methodology and assay types all influence
the final reported concentrations of plasma hormones (Feswick et al.,
2014). An interlaboratory comparison of E2, T and 11KT levels in white
sucker (Catostomus commersoni) reported up to a 14-fold difference in
quantified hormone concentrations (ng/ml) among the eight partici-
pating laboratories (Feswick et al., 2014). While the final reported
concentrations may vary across labs, detection of significant differences
between control and treated samples has repeatedly been demonstrated
(McMaster et al., 2001; Feswick et al., 2014).

Seasonal changes in reproductive hormone levels and gonadal
growth have been characterized in mummichog over their reproductive
cycle (e.g., Bradford and Taylor, 1987; Hsiao et al., 1996; Shimizu,
1997; McMullin et al., 2009). Plasma E2 and T are closely correlated
with gonadal recrudescence and maturation over the spawning season,
increasing in concentration from early spring (beginning of gonadal
recrudescence) and peaking in late summer (immediately before go-
nadal regression), indicating a key relationship between steroid med-
iation and gonadal development in later stages (Shimizu, 2003). After
the cessation of breeding and subsequent gonadal regression, adult
mummichog undergo early phases of gonadal recrudescence, such as
development of basal spermatogenesis in males or cortical alveolus
development in females, in early autumn (Bradford and Taylor, 1987;
Shimizu, 2003, 2014). This is then followed by an over-winter ‘re-
fractory period’, where gonadal recrudescence does not progress to
further stages (Shimizu, 2003). During these two timeframes of gonadal
recrudescence there is no correlation between plasma sex steroid levels
and gonadal development in adult mummichog (Shimizu, 2003), in-
dicating a potential area of insensitivity in mummichog exposed to
exogenous estrogens.

Studies have examined the in vitro production of gonadal steroids
after incubating tissues with EE2 or after exposing the adult fish to EE2
and then excising the gonadal tissues and examining the levels of
steroids released to incubation media (Hogan et al., 2010; Peters et al.,
2010; Gillio Meina et al., 2013; Kanagasabesan, 2018). In vitro experi-
ments on excised gonadal tissue are a common approach to investigate
the site of action of an EDC within the gonad. Sex steroids are all
products of enzymatic conversion of cholesterol through a series of
intermediates before release from the gonads (Arukwe, 2008). There-
fore, gonadal tissues treated with stimulants or steroid precursors with
or without toxicants followed by steroid measurements in the media
provide information on which enzymatic step is affected by the tox-
icant. A series of experiments conducted by Hogan et al. (2010) de-
monstrated that in vitro production of T was reduced in testis incuba-
tions from males exposed to 70 or 250 ng/L EE2 for 14 days. Basal and
hCG-stimulated levels of T were reduced compared to controls in-
dicating EE2 affected the steroidogenic pathway at and downstream of
cholesterol mobilization to P450 side-chain cleavage (P450scc) and/or
P450scc conversion of cholesterol to pregnenolone. In the same ex-
periment, T production by incubations of premature ovarian follicles
was not significantly affected by the EE2 treatments. Another in vitro
mummichog study did not find an effect of EE2 on basal or hCG-sti-
mulated T or 17α,20β -P production by different stages of ovarian
follicles (i.e., cortical alveoli, vitellogenic, early and late maturation) at
concentrations of 14.8 or 74 ng EE2/L (Kanagasabesan, 2018).

The effects of EE2 on plasma (circulating) reproductive steroids in

mummichog have been studied in MacLatchy et al. (2003), Peters et al.
(2007), Doyle et al. (2013), and Gillio Meina et al. (2013). The results
of these studies suggest that the impact of EE2 on mummichog ster-
oidogenesis may depend on both the concentration of EE2 tested, as
well as the stage of gonadal maturation of the exposed fish, because not
all of the responses observed have been congruent. For example, adult
mummichog exposed to high EE2 concentrations (> 100 ng/L) for 7 to
28 days had depressed circulating steroid levels (E2 in females and T or
11KT in males) and in vitro gonadal steroid synthesis in fish that were in
spawning condition (MacLatchy et al., 2003; Peters et al., 2007).
However, another experiment using adult mummichog found sig-
nificantly depressed plasma levels of T, but not E2 in fish exposed for
14 days to 50 or 250 ng EE2/L (Doyle et al., 2013). Recrudescent female
mummichog exposed to lower EE2 concentrations (< 10 ng/L) had
higher circulating and in vitro ovarian tissue production of E2 but the
opposite effect was found in females exposed to> 250 ng/L
(MacLatchy et al., 2003). These studies highlight the importance of
accounting for gonadal maturity of the fish and exposure concentration
when interpreting results.

In both adult and life-cycle reproductive tests using mummichog,
EE2 elicits effects on reproductive steroid levels at concentrations
greater than have been shown for other model species (e.g., fathead
minnow, Japanese medaka, zebrafish), which tend to respond to more
environmentally-relevant EE2 concentrations (e.g.,0.1 to 10 ng/L)
(Balch et al., 2004; Nash et al., 2004; Parrott and Blunt, 2005). Ac-
cording to Bosker et al. (2017) and with few exceptions (Peters et al.,
2007), plasma T is a relatively insensitive endpoint for estrogenic ex-
posure (Bosker et al., 2017). This is seen in studies using numerous fish
species where plasma T was not impacted by EE2 exposure (Garcia-
Reyero et al., 2014; Hua et al., 2016). As reviewed in Bosker et al.
(2017), lowest observed adverse effect concentrations for estrogenic
compounds are approximately 70-fold lower in freshwater species
compared with saltwater species. Comparisons of plasma sex hormone
responses to other estuarine species are hampered by the current lack of
studies analyzing these endpoints in species other than mummichog. In
the Bosker et al. (2017) review, only mummichog studies conducted in
saline environments analyzed plasma sex steroids as endpoints, with
studies in sheepshead minnow (Cyprinodon variegatus; Folmar et al.,
2000), sand goby (Pomatoschistuc minutus; Saaristo et al., 2009) and
Indian medaka (Oryzias melastigma; Lee et al., 2014) not quantifying
these endpoints. Salinity was not a factor that impacted steroid hor-
mone responses in mummichog exposed to 50 or 250 ng/L EE2 for
14 days (Gillio Meina et al., 2013); however, there is currently limited
investigation into the role of salinity on natural hormone production
and future studies shouldn’t disregard salinity as a potential factor in
EE2 impact on reproductive steroid production.

The measurement of increased vitellogenin, an egg yolk precursor
protein is used as an indication of estrogenic exposure in fish (Jones
et al., 2000) and may involve quantification of hepatic mRNA expres-
sion or protein levels. In mummichog, the hepatic induction of vi-
tellogenin by estrogens and its uptake from the plasma into the oocytes
has been described (Selman and Wallace, 1983). Male mummichog
exposed to 50 or 250 ng/L of EE2 for 14 days had significant vtg1 mRNA
induction, while varying salinity had no additional impacts on ex-
pression (Chandra et al., 2012). Interestingly, male mummichog ex-
posed to 250 ng/L EE2 at 26 °C had a larger induction of vtg1 compared
with males exposed to the same concentration but held at the cooler
temperature of 10 °C (Chandra et al., 2012), similar to differential re-
sponses observed in male GSI depending on water temperature. In male
mummichog, the induction of vitellogenin by EE2 appears to be a
consistent response occurring at EE2 concentrations of 10 ng/L and
greater (MacLatchy et al., 2003; Hogan et al., 2010; Bosker et al.,
2016). In other species, lower EE2 exposure concentrations have been
found to increase vitellogen production. For comparison, hepatic vi-
tellogenin was induced in male fathead minnow exposed to 1.54 ng/L
EE2 for 21 days (Armstrong et al., 2016), in male zebrafish exposed to
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2 ng/L EE2 in a 40-day exposure (Örn et al., 2016), and in male Atlantic
salmon (Salmo salar) exposed to 11.86 ng EE2 for 21 days (Breves et al.,
2018) via waterborne exposures.

2.3. Impacts of EE2 on steroidogenic gene expression

Profiling gene expression after exposure to EDCs has the potential to
identify the mechanistic basis for higher-level effects, such as depressed
plasma sex hormones (Filby et al., 2007), formation of intersex condi-
tion (Örn et al., 2016), tissue remodeling in liver (Hultman et al., 2015),
or even behavioural changes (Bhandari et al., 2015). In most fish, dif-
ferent estrogens (including EE2), induce similar gene expression profiles
(Moens et al., 2006), which can be detected within 24–48 h post-fer-
tilization (Callard et al., 2001). These profiles are distinct from gene
expression profiles elicited from chemicals with other modes of action
(Moggs et al., 2004). By investigating impacts of EE2 on mRNA ex-
pression of key steroidogenic enzymes, possible mechanisms of action
can be elucidated and may correlate to depressed plasma hormone le-
vels commonly seen in EE2 exposed fish (Hogan et al., 2010; Doyle
et al., 2013; Zhou, 2015; Hua et al., 2016).

The aromatization of androgens to estrogens are facilitated by the
cytochrome P450 genes cyp19a1 and cyp19b1 (Mouriec et al., 2009).
These two isoforms are expressed primarily in the gonad (cyp19a1) and
brain (cyp19b1) of teleosts (Chang et al., 2005) and play key roles in
regulating the ratio of androgens to estrogens (Trant et al., 2001). Al-
teration of aromatase expression can disrupt the rate of estrogen pro-
duction, impacting local and peripheral levels of estrogens within tel-
eosts (Cheshenko et al., 2008), and cyp19a1 is commonly used as a
biomarker for estrogenic exposure (Urbatzka et al., 2012). Expression
patterns of cyp19a1 are altered after exposure to EE2 in zebrafish
(Urbatzka et al., 2012; Cosme et al., 2015; Liang et al., 2017), roach
(Nikoleris et al., 2016), yellow perch (Lynn et al., 2008), rare minnow
(Wang et al., 2010) and fathead minnow (Filby et al., 2007; Leet et al.,
2015; Feswick et al., 2016). A downregulation of cyp19a1 correlates to
depressed synthesis of endogenous estradiol (Villeneuve, 2016), which
is a commonly observed endpoint in EE2 exposure in fish (Gillio Meina
et al., 2013; Wang et al., 2019). This depression of E2 synthesis may
retard follicle growth in developing fish (Cosme et al., 2015). The re-
sponse of cyp19a1 to EE2 exposure is variable and impacted by exposure
dose and duration, life stage of fish, and species (Johns et al., 2009;
Trubiroha et al., 2012; Nikoleris et al., 2016), but the correlation be-
tween transcript levels of this gene and circulating plasma E2 levels are
well established in the literature (Perkins et al., 2015; Muth-Köhne
et al., 2016).

In mummichog there is limited impact of EE2 on cyp19a1 expres-
sion. Doyle et al. (2013) found no changes in expression of cyp19a1 in
individuals exposed to 50 or 250 ng/L EE2 for 14 days. Similarly,
mummichog exposed to 100 ng/L EE2 for 28 days had no change in
cyp19a1 expression (Bosker et al., 2016). A study investigating the role
of temperature and salinity on the effects of EE2 on mummichog re-
production found no change in cyp19a1 expression in fish exposed to
50 ng/L EE2 for 14 days (Gillio Meina et al., 2013). Results from an in
vitro study exposing separated ovarian follicles, grouped by stage, to a
range (14–74 ng/L) of EE2 also showed no effect on transcript levels of
cyp19a1 at any follicular stage (Kanagasabesan, 2018). In follicles sti-
mulated with hCG and exposed to EE2 there was no response in
cyp19a1, while hCG treated follicles without EE2 induced cyp19a1 ex-
pression (Kanagasabesan, 2018).

The lack of response in cyp19a1 expression in mummichog is not
well understood. The strong correlation between cyp19a1 levels and E2
production established in other model teleosts is not apparent in
mummichog, though plasma E2 depression may still be observed in EE2
exposed mummichog (Greytak et al., 2005; Peters et al., 2007; Doyle
et al., 2013; Gillio Meina et al., 2013). As cyp19a1 is highly conserved
between species (Cheshenko et al. 2008), this anomalous response in
mummichog is currently unexplained. Several transcriptional elements,

including an estrogen response element in cyp19b1, the steroidogenic
factor 1/adrenal 4 binding protein responsive element and dioxin-re-
sponsive elements have been identified in cyp19 genes (Chang et al.,
2005; Kanda et al., 2006; Wong et al., 2006). These promoters are
conserved among teleost species and may interact with EDCs and im-
pact transcription of cyp19 genes (Cheshenko et al., 2008). Whether
these transcription factors are present on mummichog cyp19 genes is
currently unknown. Investigation into the presence or absence of these
specific regions may account for the unresponsiveness of mummichog
cyp19a1 expression during EE2 exposure.

Other genes within the steroidogenic pathway of model teleosts that
are responsive to EE2 exposure include cytochrome P450 17a1 (cyp17;
produces androstenedione), 17β-hydroxysteroid dehydrogenase
(17βhsd; catalyzes conversion of androstenedione to testosterone) and
luteinizing hormone (lh; Hua et al., 2016). These genes are down-
regulated in zebrafish (Hua et al., 2016) and fathead minnow (Filby
et al., 2007) exposed to EE2. Both cyp17 and 17βhsd are responsible for
androgen synthesis (Filby et al., 2007) and the resulting down-
regulation may account for depressed circulating levels of plasma sex
hormones in exposed fish. There is currently no work in mummichog
investigating the impacts of EE2 exposure on either cyp17 or 17βhsd. A
current limitation is the lack of studies analyzing a suite of steroido-
genic genes, instead mainly relying on gonadal cyp19 and hepatic vtg as
biomarkers for estrogenic exposure.

Another family of transcription factors, the estrogen receptor (ER)
family, may account for species-specific responses seen during estro-
genic exposure (Ankley et al., 2016). The role of ERs in estrogenic
signalling is well studied in the literature (Filby and Tyler, 2005;
Tarrant et al., 2006). Briefly, estrogen receptors are ligand inducible
transcription factors belonging to a superfamily of nuclear receptors
(Nelson and Habibi, 2013) capable of activating estrogen response
elements in promoter regions of genes (Nilsson and Gustafsson, 2010).
Three isoforms of ER’s have been identified in mummichog (ERα, ERβ
and ERγ) (Greytak and Callard, 2007), similar to other common model
fish species (Filby and Tyler, 2005; Nagler et al., 2007; Mu et al., 2013).
Mummichog ERα shares over 80% homology with Japanese medaka
ERα and is sensitive to estrogenic perturbation when exposed to E2
(Urushitani et al., 2003). EE2 can induce hepatic ERα mRNA expression
in mummichog (Hogan et al., 2010), and this gene has been classified as
estrogen-responsive in fathead minnow (Filby et al., 2007). ERα plays a
role in ovarian growth and oocyte development (Filby et al., 2007) and
disruption of this gene has been linked to detrimental biological effects
in roach populations exposed during development (Nikoleris et al.,
2016). Tissue-specific responses in erα expression has been found in
fathead minnow exposed to EE2, with hepatic upregulation but ovarian
downregulation in exposed fish (Filby et al., 2007). Tissue-specific ex-
pression of estrogenic effects can be impacted by interaction of ERα and
other ER isoforms (Ankley et al., 2016), which may account for tissue-
specific responses seen during estrogenic exposure. The impact of EE2
exposure on erα in mummichog has not currently been investigated in
the gonad. Hepatic erα expression was increased in male mummichog
exposed to 70 ng EE2 for 14 days (Hogan et al., 2010), but egg pro-
duction was not an endpoint in that study. The response (if any) of
gonadal erα to EE2 exposure may correlate with oocyte development.
Well-designed studies examining oocyte development under different
erα expression patterns will provide the baseline for EE2 exposure im-
pacts on this gene. The potential interaction between EE2 and erα may
provide novel insight into the mummichog’s ability to continuously
produce eggs during EE2 exposure.

2.4. Feminization during development by EE2 exposure

There are two pathways for gonadal differentiation in gonochoristic
(i.e., unisex) fish (Strüssmann and Nakamura, 2002). One pathway, as
shown in mummichog, the gonads differentiate directly from pri-
mordial germ cells into either ovarian or testis tissue (Shimizu et al.,
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2002; Urushitani et al., 2002). The second pathway, as exemplified by
zebrafish, has an ovarian-like gonad developed in all individuals, fol-
lowed by sex reversal in select individuals leading to testis formation
(Örn et al., 2003; Santos et al., 2017). In general, the process of sexual
differentiation in fish is governed by multiple factors, both intrinsic and
environmental, and is subjected to perturbation by exogenous sex
steroids if administered at the time of sex determination (Devlin and
Nagahama, 2002; Strüssmann and Nakamura, 2002). Exposure of go-
nochoristic fish species to estrogenic EDCs during development can
result in sex reversal and skewed sex ratios, which may impact popu-
lation recruitment in fish (Baroiller and D’Cotta, 2016). Disruptions to
gonadal development in fish exposed to estrogenic EDCs, including EE2,
have been widely reported (Bhandari et al., 2015). The feminization
process observed in EE2 exposed juvenile fish is observed both mor-
phologically (differentiation of the ovary in exposed individuals) and
molecularly (cyp19a1, 11βhsd and other target genes; Pérez et al.,
2012, Depiereux et al., 2015).

Female-skewed sex ratios have been found in zebrafish and fathead
minnow exposed to environmentally-relevant concentrations of EE2
(5 ng/L or less; Fenske et al., 2005; Leet et al., 2015; Luzio et al.,
2016a,b; Örn et al., 2016; Parrott and Wood, 2002). Exposure of larval
fish to estrogenic compounds during the sensitive stage of sexual de-
velopment can result in all female, or female-skewed, sex ratios, while
exposure to the same concentrations of EE2 at later, adult life stages
result in development of female secondary sexual characteristics, but
rarely full sex reversal (Santos et al., 2017). Simultaneous exposure of
zebrafish to 5 ng/L EE2 and 50 ng/L 17β-trenbolone, a potent androgen
that causes male-skewed sex ratios, found female-biased sex ratios (Örn
et al., 2016), demonstrating the potency of EE2. EE2 can accelerate
ovarian differentiation in fish species, as seen in 46% of larval pejerrey
(Odontesthes bonariensis) fed 0.1 μg/g EE2 having differentiated ovaries
after six weeks exposure, compared to only 26% of control fish having
similarly differentiated ovarian tissue (Pérez et al., 2012).

The impact of EE2 on gonadal differentiation in mummichog is si-
milar to other model teleosts. Under laboratory conditions suitable for
promoting ovarian maturation and spawning (20 °C and 16 light: 8 dark
cycle), morphological sex differentiation in mummichog occurs around
two weeks post hatch (wph), with full maturity attained by 36 wph
(Shimizu et al., 2008). EE2 accelerates ovarian differentiation in de-
veloping mummichog, as seen in larval mummichog exposed to in-
creasing concentrations of EE2 (10, 50, 250 ng/L) having faster ovarian
development than control fish (Chehade, 2012). As early as 1 wph, 60%
of larvae had differentiated ovaries when exposed to 50 ng/L EE2
(Chehade, 2012), and at 10 wph all treatments had female-skewed sex
ratios (Chehade, 2012). Similarly, Peters et al. (2010) observed skewed
sex ratios in favour of females (> 80% female phenotype) in mummi-
chog exposed to 100 ng/L EE2 for 52 wph, with some individuals ex-
pressing female secondary sex characteristics (such as dull colorization)
despite being gonadally male. There was no evidence of inter-sex upon
histological examination (Peters et al., 2010). As EE2 mimics E2, its
presence prior to gonadal differentiation promotes oocyte development
by binding to ERs and initiating a positive-feedback loop that increases
the number of ERs on germ cells, which disrupts normal levels of gene
expression involved in sexual differentiation (Leet et al., 2011).

While specific genes are impacted by EE2 exposure, the detailed
mechanisms underlying teleost sex reversal is not well characterized
(Santos et al., 2017). There are several mechanisms which may explain
sex reversal in developing fish, including the change in CYP19 enzyme
efficiencies (Villeneuve, 2016), cortisol pathway impacts on gonad
differentiation (Nozu and Nakamura, 2015) or impacts on pituitary
gonadotropins which regulate gametogenesis (Zhao et al., 2015; Cao
et al., 2016). The ability of EE2 to impact expression of luteinizing
hormone (lh) in zebrafish was found after exposure to 10 ng/L for
21 days (Hua et al., 2016). This decrease in lh expression was linked to
decreased E2 synthesis from the gonadal tissue (Hua et al., 2016).

While the specific mechanism(s) of sex reversal in juvenile teleosts

may not be currently known, EE2 has a demonstrable effect on genes
associated with sex determination in fish. Sex-determining genes such
as double-sex and mab3 related transcription factor 1 (dmrt1), sex de-
termining region Y-box 9b (sox9), antimullerian hormone (amh) and
forkhead box protein L2 (foxl2) are sensitive to estrogenic exposure in
developing fish (Filby et al., 2007; Bhandari et al., 2015; Leet et al.,
2015; Muth-Köhne et al., 2016). The foxl2 gene regulates transcription
rates of cyp19a1 and controls circulating E2 levels. Increased foxl2 ex-
pression was found in testes of fathead minnow exposed to 5 ng/L EE2
for 96 h (Feswick et al., 2016), possibly causing ovarian development in
genetic males due to increased levels of circulating E2 which prevents
female pathway repression (Santi et al., 2019). Conversely, male-asso-
ciated genes such as dmrt1, amh and sox9 exhibit masculinizing effects
on gonadal tissue through proliferation of androgen synthesis
(Poonlaphdecha et al., 2013; Diaz and Piferrer, 2015; Lee et al., 2017).
In the presence of estrogenic EDCs these male-associated genes are
typically downregulated, as evidenced in a study where all three genes
were downregulated in male zebrafish exposed to 25 ng/L EE2 in a
waterborne, 14-day exposure (Reyhanian et al., 2014). A similar study,
on a much shorter timescale (96 h) showed the rapidity with which EE2
can downregulate these molecular networks associated with male sex
differentiation in fathead minnow (Feswick et al., 2016). This decrease
in transcript abundance, and subsequent loss of androgen synthesis
capacity, may limit the ability of testes to develop in individuals ex-
posed to EE2. The current roles, if any, that the aforementioned genes
play in mummichog sexual reversal during EE2 exposure have not yet
been investigated.

2.5. EE2 uptake and metabolism

Investigations have characterized the absorption, distribution, me-
tabolism and excretion (ADME) of EE2 in tissues of exposed mummi-
chog to provide insight into the sensitivity (or lack of) of the fish to EE2.
The amount of toxicant that is able to access and disrupt critical bio-
logical processes will ultimately determine toxicological impact and
understanding the ADME of the toxicant could help to explain species
specific differences in responses.

The utility of the gill as an uptake route for toxicants such as EE2 is
conferred by its large membrane surface area, small diffusive distances,
and high rates of blood perfusion. These are factors that make gill ideal
for fundamental transport processes such as gas exchange, ion regula-
tion, and nitrogenous waste excretion. Lipophilic contaminants such as
EE2 (octanol water partition coefficient of 4.12; Yamamoto et al., 2003)
are able to cross the lamellar sieve, diffuse across the lipid-rich gill
membrane and readily enter the blood of teleost fish (Blewett et al.,
2013a,b; Blewett et al., 2014). The diffusion of EE2 across the branchial
epithelium occurs transcellularly in a process similar to that for oxygen
(Murphy and Murphy, 1971; Hunn and Allen, 1974; Satchell, 1984;
Brauner et al., 1994; Yang and Randall, 1995; Yang et al., 2000).
Mummichog exposed to EE2 show rapid distribution from the gill to
other tissues, where it accumulates to higher concentrations in gut,
liver, gallbladder, and carcass (Blewett et al., 2013a,b; Blewett et al.,
2014). The gall bladder and liver of mummichog account for> 50% of
the total EE2 accumulation after two hours in the reference condition
(Blewett et al., 2013a,b). When these organs were separated, the gall
bladder accounted for the larger concentration of EE2, likely indicating
very rapid processing of EE2 into the bile. Biliary secretion likely pro-
vides an explanation for the appearance of EE2 in the gut. Metabolism
of EE2 eventually results in the accumulation of metabolites (and/or
potentially EE2 itself) in the gall bladder where they are incorporated
into the bile (Förlin et al., 1995; Blom et al., 2000).

From the perspective of tissue distribution, a study of six fish species
(goldfish (Carassius auratus), Japanese medaka, rainbow trout
(Oncorhynchus mykiss), zebrafish, fathead minnow and mummichog)
showed few differences in total EE2 accumulation among species
(Blewett et al., 2014). However, tissue-specific distribution was
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significantly different. Japanese medaka and mummichog showed re-
latively high accumulation in the liver and gallbladder, perhaps in-
dicative of more efficient processing of the toxicant. This could explain
the relative lack of sensitivity of mummichog to EE2. In the other spe-
cies, the carcass (consisting of adipose tissues, bone, kidney, and re-
maining tissues which were not excised) accumulated higher relative
concentrations of EE2, suggesting a greater capacity of EE2 to associate
with sensitive tissues, and thus to exert toxicological impact (Blewett
et al., 2014). Few studies have examined the uptake and distribution of
EE2 in other fish but the work of Gibson et al. (2005) also demonstrated
EE2 accumulation from wastewater effluent exposures in rainbow trout
and roach (Rutilus rutilus) bile and accumulation of EE2 in the gonads of
the sexually mature roach.

Lipid distribution also differs among fish species, which may influ-
ence the accumulation of EE2 as it is strongly lipophilic and readily
associates with fat-rich tissues. Previous research has shown that EE2
concentrations in shorthead redhorse suckers (Moxostoma macro-
lepidotum) were correlated with total body lipid content (Al-Ansari
et al., 2010). This also highlights the importance of biological factors
such as the reproductive cycle, which influences fat deposition
(Jørgensen et al., 1997; Ekman et al., 2009; Rasheed, 2011) and may
affect EE2 toxicity.

Excretion rates of organic toxicant metabolites also vary among
species (Tyler et al., 2005), again illustrating the importance of an
understanding of ADME in interpreting the effects of EE2 on mummi-
chog relative to other fish. As not all of these areas have been probed in
mummichog in comparison to other species, the extent of their con-
tribution to EE2 sensitivity is not currently known.

It is also worth noting that organismal and environmental factors
that alter the gill microenvironment play a significant role in de-
termining the fate and effect of EE2. For example, temperature influ-
ences metabolic rate and the demand for oxygen (Hazel and Prosser,
1974) and if ventilation rate increases, increased water flow over the
gill via increased buccal pumping, elevated heart rate, and enhanced
lamellar perfusion rates by arterial dilation occurs (Davis, 1972; Evans
et al., 2005). While these phenomena aid oxygen uptake/delivery, they
also increase the amount of EE2 contacting the uptake surface and in-
crease EE2 absorption. This was demonstrated in mummichog in
Blewett et al. (2013a,b) when EE2 uptake increased two-fold with a
temperature increase from 4 to 26 °C, while a 20-fold increase in EE2
uptake was measured in exercising versus resting fish. Salinity is an-
other key factor, and one of particular importance for mummichog,
which inhabit waters that may vary significantly in salt content. While
salinity can alter metabolic rate (Urbina and Glover, 2015), it also
fundamentally changes the gill morphology of euryhaline fish, in-
cluding the mummichog (Copeland, 1950; Evans et al., 2005; Laurent
et al., 2006). A three-fold increase in EE2 uptake rate was found in
mummichog exposed in 16 ppt water compared to fish exposed in either
100% salt water (32 ppt) or fresh water (Blewett et al., 2013a). These
significant differences were attributed to the development of apical
pores in intermediate salinities, which act to decrease diffusion distance
across the gill epithelium (Laurent and Dunel, 1980; Laurent, 1984),
and thus facilitate EE2 uptake. In fresh water, cuboidal cells (a cell type
that are unique to killifish), and at higher salinities, chloride cells, re-
sult in diffusion distances that are greater than those in brackish waters
(Wood and Marshall, 1994; Patrick et al., 1997; Patrick and Wood,
1999; Wood and Laurent, 2003), and lead to a comparatively lower EE2
absorption rate.

An important factor shaping EE2 toxicity is metabolism. Lipophilic
xenobiotics are metabolized by hepatic enzymes. The biotransformation
of xenobiotics such as EE2 involves the functionalization of the xeno-
biotic (e.g. Phase I) and its eventual conjugation to increase water so-
lubility (Phase II), and thus facilitate excretion. Although the specific
pathways by which EE2 is metabolized in mummichog are unknown,
studies in rainbow trout have shown that EE2 exposure leads to changes
in expression of Phase I enzymes such as cytochrome P450 1A, and

Phase II pathways such as those mediated by UDP-glucuronosyl-
transferase and glutathione S-transferase (Hultman et al., 2015). These
are all entities which have been shown to be impacted by environ-
mental factors such as salinity and temperature, and thus it is likely that
metabolism of EE2 in mummichog, like absorption, will depend sig-
nificantly on the physicochemical environment. Examination of EE2
metabolites in bile of male bream (Abramis brama) has identified glu-
curonic acid and sulfate conjugates (Houtman et al., 2004), lending
support to the importance of Phase II metabolism in fish. These com-
pounds may be transformed back into the parent compound once ex-
pelled into the intestine, a process aided by bacterial modifications
(Bodzek and Dudziak, 2006; Fenlon et al., 2010). However, the specific
routes of excretion of EE2 and its metabolites (i.e. via urine or bile) and
the efficiency of excretory pathways, have not been specifically ex-
amined in mummichog.

3. Considerations for EE2 exposure conditions to impact fish
responses

Experimental duration (Segner, 2011), temperature (Finley et al.,
2009), fish life-stage (Seki et al., 2005) and salinity (Gillio Meina et al.,
2013) all impact endpoint responses examined in fish in ecotoxicology
studies and researchers must be cognizant of these before making direct
comparisons among species. Duration of exposure is a key factor in
elucidating impacts on reproductive endpoints during exposure to EE2
(Segner, 2011). Endpoints differentially impacted by variable exposure
durations include development of gonadal intersex (Alan et al., 2008),
fecundity (Cripe et al., 2010), gene expression (Cavallin et al., 2016),
and fertility (Morthorst et al., 2010). The reversibility of impacts on
certain endpoints may also depend on the exposure duration and
whether a period of depuration is experienced post-exposure
(Villeneuve et al., 2009). Typically, a long-term exposure will elicit
responses at lower concentrations than a short-term exposure to higher
concentrations of the same chemical (Augspurger et al., 2008). As the
mechanism(s) of action of a specific toxicant is dependent on a host of
factors, including life-stage, duration of exposure and concentration
tested (Dang, 2014), a longer exposure may be required to establish a
more stable response in exposed fish (Schroeder et al., 2017). Acute
testing (96 h for most toxicity tests done with fish) regimes may not
account for compensatory mechanisms elicited during chronic ex-
posures (Cavallin et al., 2016). The exact exposure duration for testing
cessation of egg production after EE2 exposure will vary based on in-
dividual species spawning habits (Henriksen et al., 2016) and gonadal
development times (Jackson et al., 2019), with most studies running for
two to three weeks (Table 2). As EE2 is a potent estrogen receptor li-
gand (Legler et al., 2002), the resulting activation of this receptor
would need to be of sufficient length to activate specific sequences of
events resulting in adverse effects at the level of egg production (Groh
et al., 2015).

A short-term reproductive endocrine adult mummichog bioassay
has been developed and modified for testing EDC effects on plasma sex
steroids, egg production and fertilization success, among other end-
points (MacLatchy et al., 2003; Bosker et al., 2009). This testing regime
typically exposes mummichog for 14–28 days and quantifies endpoints
at treatment cessation. Other model teleosts, such as zebrafish and
fathead minnow, are typically exposed to EE2 for 14–21 days (Doyle
et al., 2013; Reyhanian et al., 2014;Armstrong et al., 2015 ; Leet et al.,
2015; DeCourten et al., 2019), the same duration as most mummichog
studies (Peters et al., 2007; Hogan et al., 2010; Chandra et al., 2012;
Bosker et al., 2016). As reviewed in Petrino et al. (1989), mummichog
have asynchronous ovaries, with follicles of all stages present. This
allows continuous ovulation into the ovarian cavity throughout the
breeding season (Lister et al., 2011), resulting in daily spawning ac-
tivities (Shimizu, 2003). Zebrafish also possess asynchronous ovaries,
with each follicle requiring 10 days for a complete cycle of maturation
from Stage I (primary growth) to Stage V (mature egg; Wang and Ge,
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2004; Clelland and Peng 2009). Thus, a 21 day exposure duration is a
sufficient length to test the ability of EE2 to impact ovulation rate, as
daily spawning events would cease within one to two days due to the
prevention of follicle maturation from EE2.

As discussed above (section 2.2), the main factor inducing gonadal
recrudescence in northern mummichog is water temperature (Finley
et al., 2009; McMullin et al., 2009). Temperature may impact the rate at
which gonadal recrudescence occurs (Santos et al., 2017) and can ra-
pidly alter the reproductive stage of adult fish (Baroiller et al., 2009),
which could alter sensitivity of certain endpoints within a study. Both
GSI (Gillio Meina et al., 2013) and vtg1 induction (Chandra et al., 2012)
have shown temperature-sensitive responses in mummichog exposed to
EE2. Temperature also alters gonadal development and sex differ-
entiation in zebrafish exposed to EE2 (Luzio et al., 2016a,b). Zebrafish
raised at three distinct temperatures (23, 28 or 33 °C) were exposed to
4 ng/L EE2 for 60 days post-hatch, with EE2 increasing gonadal ma-
turation regardless of temperature. However, male fish reared at 33 °C
had delayed gonad development, with some individuals still not having
fully differentiated gonads at the end of the exposure (Luzio et al.,
2016a,b). While a majority of studies examined are conducted at or
above room temperature (20–25 °C), the underlying biochemical and
physiological processes occurring in a specific species at a specific
temperature must be completely understood before comparison to other
model teleosts.

Life-stage at exposure is a key parameter in investigating endocrine
disrupting compounds and their impact on reproductive endpoints
(Kidd et al., 2007). As reviewed in Söffker and Tyler (2012), age of fish
during exposure to EE2 was the strongest variable affecting quantified
endpoints. Adults and juveniles respond differently to identical con-
centrations of EE2 (Seki et al., 2005), demonstrating that life-stage di-
rectly influences reproductive endpoints. In addition to age, stage of
gonadal recrudescence is a factor in susceptibility to EE2 exposure
(Liney et al., 2005). Exposure of adult mummichog to EE2 during the
refractory period of gonadal recrudescence may indicate insensitivity to
EE2 exposure due to the relative inactiveness of gonadal growth at this
time, even though mummichog have been shown to experience impacts
during other stages of gonadal recrudescence (MacLatchy et al., 2003;
Hogan et al., 2010; Gillio Meina et al., 2013). Comparisons of responses
among model teleosts should account for gonadal stage, not just age, to
better identify potential states of insensitivity within the normal cycle
of gonadal recrudescence.

The effects of salinity on reproductive endpoints in mummichog
exposed to EE2 have been discussed previously in this review.
Euryhaline mummichog offer a unique advantage compared to most
other stenohaline model teleosts when testing the impact of salinity in
concert with endocrine-active compounds (Burnett et al., 2007). While
salinity itself may only play a minor role in mitigating effects of EE2 on
mummichog (such as through the increased buffering ability of sea-
water; Jury et al., 2013), future research should focus on the physio-
logical changes mummichog employ to tolerate a broad range of sali-
nities, which may have a role in ameliorating exposure to exogenous
estrogens.

As a final note, it cannot be ignored that among-laboratory EE2
exposure concentrations are subject to variability and may affect con-
clusions based on reported EE2 levels. Those studies reporting measured
(rather than nominal) amounts of EE2 are more robust in relation to
actual exposure concentrations. Similarly, those studies using flow-
through waterborne methods and constant EE2 delivery (Bosker et al.,
2016), in comparison to static waterborne exposures with occasional
water changes and EE2 delivery (Peters et al., 2007), result in more
homogenous and reliable EE2 concentrations throughout the exposure
period. Methods of measuring waterborne EE2 exposure concentrations
include, e.g., radioimmunoassay (Parrott and Blunt, 2005), enzyme-
linked immunosorbent assay (Martyniuk et al., 2010), liquid chroma-
tography-mass spectrometry (MS)/MS (Peters et al., 2007; Bosker et al.,
2016), and gas chromatography/MS (Armstrong et al., 2016). Detection

limits vary for different methodologies and laboratories and need to be
taken into consideration when interpreting exposure levels; most stu-
dies report a 1–10 ng/L detection limit (Parrott and Blunt, 2005; Bosker
et al., 2016).

4. Summary

The continued ability of mummichog to produce eggs while exposed
to high concentrations of EE2 has not been observed in other model fish
species. The specific reason(s) mummichog are able to successfully
spawn during exposure to exogenous estrogens are not currently
known, but may be due to naturally-high levels of local E2 during
ovarian development and maturation. Generally, egg production (fe-
cundity) and reproductive hormone levels of mummichog are not sig-
nificantly impacted by low exposure concentrations of EE2 (< 10 ng/L),
unlike responses observed by other model fish species (Bosker et al.,
2017). While variations in salinity require physiological adaptations,
which could alter fish susceptibility to EE2, results to date in the
mummichog do not implicate salinity as a factor involved in their tol-
erance to exogenous estrogens despite the influence of salinity on EE2
uptake. Differences in absorption, distribution, metabolism and excre-
tion of EE2 may account for discrepancies between mummichog and
other common teleost models; however; more research is needed in
mummichog before their contribution to EE2 sensitivity can be known.
Investigations into the potential differences in estrogen receptor dis-
tribution, or apparent lack of steroidogenic gene expression perturba-
tion in response to EE2 exposure, may reveal species-specific anomalies
that account for mummichog insensitivity to EE2. Once these in-
vestigations are better understood, the mummichog will offer a unique
model to undertake resistance studies to exogenous estrogens.
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