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Endocrine-disrupting chemicals are known to interfere with normal reproductive function and
hormone signaling. Phthalates, bisphenol A, pesticides, and environmental contaminants such as
polychlorinated biphenyls and dioxins are known endocrine-disrupting chemicals that have been
shown to negatively affect both male and female reproduction. Exposure to these chemicals occurs
on a daily basis owing to these compounds being found in plastics, personal care products, and
pesticides. Recently, studies have shown that these chemicals may cause transgenerational effects
on reproduction in both males and females. This is of concern because exposure to these chemicals
prenatally or during adult life can negatively impact the reproductive health of future generations.
This mini-review summarizes the endocrine-disrupting chemicals that humans are exposed to on a
daily basis andwhat is known about the transgenerational effects that these chemicals may have on
male and female reproduction. (Endocrinology 160: 1421–1435, 2019)

The Endocrine Society defines an endocrine-disrupting
chemical (EDC) as “an exogenous chemical, or mix-

ture of chemicals, that can interfere with any aspect of
hormone action” (1). EDCs are known to display non-
monotonic dose-response curves because hormones interact
with and activate their receptors in a nonlinear fashion and
this leads to a U-shaped or inverted U-shaped curve (2–4).
EDCs are found in many different products, including
plasticizers, personal care products, and pesticides. Fur-
thermore, EDCs such as polychlorinated biphenyls (PCBs)
and dioxins are found in environmental contaminants.
Humans are constantly exposed to EDCs on a daily basis by
ingestion, inhalation, and dermal contact, and with this con-
stant exposure has come detrimental effects on reproductive
health. Specifically,EDCsareknowntodecrease fertility inboth
male and female animal models and they are associated with
subfertility/infertility in humans (2, 5). These chemicals can
affect the production of steroids (steroidogenesis), ovarian
follicle development and growth (folliculogenesis), and de-
velopment and maturation of sperm (spermatogenesis),
leading to complications with reproduction (6–10).

Recently, EDCs have been shown to cause multigen-
erational and transgenerational effects on reproduction
in both male and female rodents (11–13). The exposure
routes formultigenerational and transgenerational effects
are different for males and females. If the filial generation
(F0) female is pregnant and exposed to an EDC, her
offspring, which are the F1 generation, are directly ex-
posed to the EDC in utero (14–16). The F2 generation is
exposed as germ cells within the F1 generation that is
developing during pregnancy (14–16). Effects of EDCs
observed in the F1 or F2 generations are considered to be
multigenerational (14–16). The F3 generation is the first
generation with no direct exposure to the EDC, so this
exposure would be considered ancestral exposure and
effects would be considered transgenerational (Fig. 1)
(14–16). In contrast, when F0 males or nonpregnant F0
females are exposed to an EDC, effects in the produced F1
generation are considered multigenerational through
exposure in the germline, and effects in the F2 generation,
the first generation not directly exposed, are considered
transgenerational in nature (Fig. 2) (14–16).
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These transgenerational effects are thought to be
mediated via epigenetic mechanisms (17). Epigenetic
alterations of the germline can include DNAmethylation,
histone modifications, and noncoding RNAs (17, 18).
Changes in epigenetics must be transmitted through the
germline to the unexposed generation to cause effects
on subsequent generations and cause transgenerational
phenomena (17). During DNA methylation, DNA
methyltransferases catalyze the addition of a methyl
group to the cytosine base within a CpG dinucleotide
context, and methylation is usually associated with the
repression of transcription (19). Histone modification
involves altering the chromatin structure by changing the
interaction of DNA with other histones, therefore in-
creasing or decreasing the possibility of transcription (16,
20). Lastly, noncoding RNAs, including small and long
noncoding RNAs, are involved in chromatin function
and can modulate gene expression via gene silencing and
activation by influencing the mechanisms of DNA
methylation and histone modifications (21, 22). Out of

these alterations to the epigenome, DNA methylation is
the most commonly studied and it is thought to be the
primary epigenetic mechanism to mediate the effects of
EDCs through the germline (23, 24).

Known EDCs that affect male and female reproduction
include phthalates, bisphenol A (BPA), pesticides, and
environmental contaminants, including PCBs and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). In this mini-review,
we focused on these chemicals because they are known
endocrine disruptors that humans are exposed to daily
and they have been shown to cause transgenerational
effects, specifically on reproduction [Tables 1 (11, 13,
25–44) and 2 (11, 32, 33, 35, 37–39, 42, 43, 45–49)].

Phthalates

Phthalates are a group of chemicals widely used in many
consumer products, including building materials, food
storage containers, personal care products, and medical
devices (50). With this widespread use, .18 billion

Figure 1. Schematic representing multigenerational effects vs transgenerational effects from prenatal exposure to EDCs. Effects in the F1 and F2
generations are considered multigenerational and effects in the F3 generation are considered transgenerational.

Figure 2. Schematic representing multigenerational effects vs transgenerational effects from adult exposure to EDCs. Effects in the F1
generation are considered multigenerational and effects in the F2 generation are considered transgenerational.
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Table 1. The Transgenerational Effects of EDCs on Female Reproduction

Effects Chemical Species Dose Reference

Anogenital distance/index DEHP Rat 20 mg/kg Meltzer et al. (25)
DEHP Mouse 750 mg/kg/d Rattan et al. (26)

Phthalate mixture Mouse 200 mg/kg/d Zhou et al. (13)
Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)

PCBs Rat 1 mg/kg Mennigen et al. (41)
Epigenetic effects MXC Rat 200 mg/kg/d Manikkam et al. (34)

DDT Rat 50 mg/kg BW/d Skinner et al. (35)
DDT Rat 25 mg/kw BW/d Nilsson et al. (36)

Vinclozolin Rat 100 mg/kg BW/d Nilsson et al. (36)
Vinclozolin Mouse 100 mg/kg/d Guerrero-Bosagna et al.

(39)
Vinclozolin Rat 100 mg/kg BW/d Nilsson et al. (40)

TCDD Rat 100 ng/kw BW/d Manikkam et al. (42)
Estrous cyclicity DEHP Mouse 20 mg/kg/d Rattan et al. (26)

DEHP Mouse 20 and 200 mg/kg/d, 500 and
750 mg/kg/d

Brehm et al. (29)

BPA Mouse 50 mg/kg/d Ziv-Gal et al. (31)
Fertility DEHP Mouse 20 mg/kg/d Rattan et al. (26)

Phthalate mixture Mouse 200 mg/kg/d Zhou et al. (13)
BPA Mouse 0.5 mg/kg/d Ziv-Gal et al. (31)
TCDD Mouse 10 mg/kg Bruner-Tran et al. (43)

Follicle number DEHP Mouse 0.05 and 5 mg/kg/d Pocar et al. (27)
DEHP Mouse 20 and 200 mg/kg/d, 500 and

750 mg/kg/d
Rattan et al. (28)

Phthalates and BPA Rat BPA (25 and 50 mg/kg BW/d), DEHP
(375 and 750 mg/kg BW/d), and DBP
(33 and 66 mg/kg BW/d)

Manikkam et al. (32)

Mix of EDCs Rat Mix of EDCs: refer to paper Nilsson et al. (40)
Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)

TCDD Rat 100 ng/kg BW/d Manikkam et al. (42)
Gene expression BPA Mouse 0.5, 20, 50 mg/kg/d Berger et al. (30)
Litter size DEHP Rat 20 mg/kg Meltzer et al. (25)
Ovarian disease (including cystic
ovaries)

Phthalates and BPA Rat BPA (25 and 50 mg/kg BW/d), DEHP
(375 and 750 mg/kg BW/d), and DBP
(33 and 66 mg/kg BW/d)

Manikkam et al. (32)

MXC Rat 200 mg/kg/d Manikkam et al. (34)
DDT Rat 25 and 50 mg/kg BW/d Skinner et al. (35)
DDT Rat 25 mg/kg BW/d Nilsson et al. (36)

Vinclozolin Rat 100 mg/kg/d Nilsson et al. (36)
Vinclozolin Mouse 200 mg/kg/d Guerrero-Bosagna et al.

(39)
Mix of EDCs Rat Mix of EDCs-refer to paper Nilsson et al. (40)

TCDD Rat 100 ng/kg BW/d Manikkam et al. (42)
Puberty DEHP Mouse 20 mg/kg/d, 500 and 750 mg/kg/d Rattan et al. (26)

BPA Mouse 0.5 and 50 mg/kg/d Ziv-Gal et al. (31)
Phthalates and BPA Rat BPA (25 and 50 mg/kg BW/d), DEHP

(375 and 750 mg/kg BW/d), and DBP
(33 and 66 mg/kg BW/d)

Manikkam et al. (32)

Atrazine Rat 25 mg/kw BW/d McBirney et al. (33)
Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)

TCDD Rat 100 ng/kg BW/d Manikkam et al. (42)
Reproductive aging DEHP Mouse 20 mg/kg/d, 500 and 750 mg/kg/d Brehm et al. (29)
Reproductive organ size DEHP Mouse 20 and 200 mg/kg/d, 500 mg/kg/d Brehm et al. (29)

Phthalate mixture Mouse 200 mg/kg/d, 200 mg/kg/d Zhou et al. (13)
Phthalates and BPA Rat BPA (25 and 50 mg/kg BW/d), DEHP

(375 and 750 mg/kg BW/d), and DBP
(33 and 66 mg/kg BW/d)

Manikkam et al. (32)

Sex ratio DEHP Mouse 20 mg/kg/d Rattan et al. (26)
Vinclozolin Rat 100 mg/kg/d Anway et al. (38)

DDE Rat 100 mg/kg Song and Yang (37)
Sex steroid hormones DEHP Mouse 20 mg/kg/d, 500 and 750 mg/kg/d Brehm et al. (29)

PCBs Rat 1 mg/kg Mennigen et al. (41)
Uterine infections and adenomyosis DDT Rat 50 mg/kg BW/d Skinner et al. (35)

TCDD Mouse 10 mg/kg Bruner-Tran et al. (44)

Abbreviations: DDT, dichlorodiphenyltrichloroethane; DEHP, di(2-ethylhexyl) phthalate; MXC, methoxychlor.
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pounds of phthalates are produced annually (51).
Phthalates provide plasticity to materials such as poly-
vinyl chloride and they lubricate and act as solvents in
other products (50). Low-molecular-weight phthalates
include diethyl phthalate (DEP), dibutyl phthalate (DBP),
and diisobutyl phthalate (DiBP). These low-molecular-
weight phthalates are found in colognes, perfumes, nail
polish, pharmaceuticals, and some adhesives (52, 53).
High-molecular-weight phthalates include di(2-ethylhexyl)
phthalate (DEHP), benzyl butyl phthalate (BzBP), and di-
isononyl phthalate (DiNP). These high-molecular-weight
phthalates are heavily used as plasticizers in polyvinyl
chloride plastics, flooring, food packaging, medical tubing,
plastic toys, and paints (52). In addition to being present in
consumer products, phthalates are detected in indoor air
and household dust (54).

Owing to the widespread use of phthalates in many
different consumer products, humans are exposed daily
to these chemicals. Based on studies in the United States
and Germany, the estimated range of daily human ex-
posure to DEHP is ;3 to 30 mg/kg/d, DEP is 2.32 to
12 mg/kg/d, BzBP is 0.26 to 0.88 mg/kg/d, DBP is 0.84 to
5.22 mg/kg/d, and DIBP is 0.12 to 1.4 mg/kg/d (55, 56).
Currently, daily human exposure for DiNP is not known,
but occupational exposure levels reach up to 26 mg/kg/d,
whereas exposure in infants can reach levels of up to
120 mg/kg/d (57, 58). Furthermore, occupational expo-
sure to DEHP has been estimated to be between 143 and
286 mg/kg/d (55, 56).

Phthalates have been shown to negatively affect both
male and female reproduction in humans and animal
models. In women, increased exposure to monoethyl
phthalate, a metabolite of DEP, increased time to preg-
nancy (59). Furthermore, a high sum of phthalate me-
tabolites found in personal care products was associated
with an increased risk of ever experiencing hot flashes
(60). In men, DEHP metabolites were negatively asso-
ciated with progressive sperm motility (61). In animal
studies, phthalates have been shown to reduce ovarian
follicle growth and decrease hormone production in fe-
male CD-1 mice (62). Furthermore, DEHP (20 and
200 mg/kg/d, 500 and 750 mg/kg/d) has been shown to
cause early reproductive senescence in male CD-1 mice
by impairing testosterone production, reducing sperm
quality, and decreasing fertility (63).

In addition to directly affecting both male and female
reproductive outcomes, phthalates have been shown to
have transgenerational effects on male reproduction
(Table 2). Yuan et al. (45) dosed timed pregnant Sprague-
Dawley rats (F0) by oral gavage with DBP (500 mg/kg)
from embryonic day 8 until 14 and found that DBP
decreased the numbers of sperm and Sertoli cells in the
F1, F2, and F3 generations of male Sprague-Dawley rats.

This decrease in sperm and Sertoli cells may be due to a
reduction in betaine-homocysteine S-methyltransferase,
causing genome-wide hypomethylation, as well as a re-
duction of follistatin-like 3, which is a modulator of
Sertoli cell number and spermatogenesis (45). In a similar
study in which timed pregnant CD-1 mice (F0) were
dosed with vehicle control or DEHP (500 mg/kg) by oral
gavage, DEHP exposure delayed the onset of puberty in
the F3 generation of male CD-1 mice as assessed by
measuring the penis detachment from the prepuce in
males starting at postnatal day (PND) 20 (46). Fur-
thermore, DEHP exposure increased the number of ab-
normal seminiferous tubules and decreased sperm count
in the F3 and F4 generations (46). Although the trans-
generational effects discovered in these studies are very
important, these effects were observed at doses higher
than reported for human exposure. Thus, future stud-
ies should determine the transgenerational impact of
phthalates on male reproduction using environmentally
relevant doses and exploring different exposure periods.

In females, different phthalates or mixtures of
phthalates have been shown to cause transgenerational
effects on reproduction (Table 1). Ancestral exposure to
DEHP via oral gavage from gestational day 14 until birth
increased litter size (20 mg/kg), decreased pup weight at
PND 3 (20 mg/kg), and decreased anogenital distance,
which is a marker of in utero exposure to androgens or
androgenic chemicals, at PND 15 (300 mg/kg) in the F3
generation of female Sprague-Dawley rats (25). This
suggests that phthalates have antiandrogenic effects in
the F3 generation. Furthermore, Rattan et al. (26)
showed that ancestral exposure to DEHP at human
relevant doses of 20 mg/kg/d and high doses of 500 and
750 mg/kg/d from gestational day 10.5 until birth caused
several adverse effects on the fertility of CD-1 mice.
Specifically, ancestral exposure to DEHP (20 mg/kg/d,
500 and 750 mg/kg/d) accelerated the onset of puberty in
female CD-1 mice (26). DEHP exposure (20 mg/kg/d)
also disrupted estrous cyclicity by increasing the time
these mice spent in estrus and decreasing the time these
mice spent in diestrus. Furthermore, DEHP exposure
increased the number of female pups per litter (20mg/kg/d)
and decreased female pup anogenital index in the F3
generation of mice (750 mg/kg/d) (26). Although these
transgenerational studies examining the effects of phtha-
lates on female reproduction used a wide range of doses,
future studies should examine different windows of ex-
posure to determine windows of sensitivity to phthalates.

Phthalates have also been shown to cause trans-
generational effects on the ovary (Table 1). For example,
ancestral exposure to chow containing DEHP (0.05 and
5 mg/kg/d) from gestational day 0.5 until the end of
lactation decreased primordial follicle numbers, but
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increased preantral follicles in the F3 generation of fe-
male CD-1 mice (27). These data suggest that ancestral
DEHP exposure may accelerate folliculogenesis in the
ovary in a transgenerational manner. Furthermore, an-
cestral exposure to DEHP (20 and 200 mg/kg/d, 500 and
750 mg/kg/d) from gestational day 10.5 until birth de-
creased germ cell number (500 mg/kg/d), increased fol-
liculogenesis (500 and 750 mg/kg/d), and decreased total
follicle numbers (500 mg/kg/d) at PND 1 in female CD-1
mice (28). DEHP exposure (200mg/kg/d and 500mg/kg/d)
also increased primordial, preantral, and total follicle
numbers at PND 8 and decreased primordial (20 mg/
kg/d) and preantral follicles (750 mg/kg/d) at PND 21 in
CD-1 mice (28). These results suggest that prenatal ex-
posure to DEHP leads to adverse transgenerational ef-
fects on normal ovarian function beginning at PND 1 and

continuing at PNDs 8 and 21. Although many of the
transgenerational effects were observed at environmen-
tally relevant doses (20 and 200 mg/kg/d), several effects
were observed at doses that were greater than daily
human exposure (500 and 750 mg/kg/d). This suggests
that different doses have different effects on different
endpoints and that future studies should continue to
include a range of doses. Such studies have increased our
understanding of the effects of EDCs on reproduction.

Besides causing transgenerational effects on the ovary
and fertility, phthalates have been shown to affect repro-
ductive aging in females (Table 1). Specifically, ancestral
exposure to DEHP (20 and 200 mg/kg/d, 500 and
750 mg/kg/d) from gestational day 11 until birth de-
creased ovarianweight (20 and 200mg/kg/d, 500mg/kg/d)
at 1 year of age in the F3 generation of female CD-1

Table 2. The Transgenerational Effects of EDCs on Male Reproduction

Effects Chemical Species Dose Reference

Anogenital distance/index Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)
Epigenetic effects DBP Rat 500 mg/kg Yuan et al. (45)

Atrazine Rat 25 mg/kw BW/d McBirney et al. (33)
DDE Rat 100 mg/kg Song et al. (47)
DDE Rat 100 mg/kg Song and Yang (37)

Vinclozolin Rat 100 mg/kg/d Anway et al. (48)
Vinclozolin Mouse 100 mg/kg/d Guerrero-Bosagna et al. (39)

Fertility DDE Rat 100 mg/kg Song et al. (47)
DDE Rat 100 mg/kg Song and Yang (37)

Vinclozolin Rat 100 mg/kg/d Anway et al. (48)
TCDD Mouse 1 mg/kg Bruner-Tran et al. (43)

Gene expression DDE Rat 100 mg/kg Song et al. (47)
Puberty DEHP Mouse 500 mg/kg Doyle et al. (46)

Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)
Reproductive organ size DDE Rat 100 mg/kg Song et al. (47)
Seminiferous tubules DEHP Mouse 500 mg/kg Doyle et al. (46)

DDE Rat 100 mg/kg Song and Yang (37)
PCBs Mouse 10 and 100 mg/kg/d Pocar et al. (49)

Sertoli cells DBP Rat 500 mg/kg Yuan et al. (45)
Sex steroid hormones Mix of EDCs Rat Mix of EDCs: refer to paper Manikkam et al. (11)

TCDD Rat 100 ng/kg BW/d Manikkam et al. (42)
Spermatogenetic capacity Vinclozolin Rat 100 mg/kg/d Anway et al. (38)
Sperm morphology TCDD Mouse 10 mg/kg Bruner-Tran et al. (43)
Sperm motility DDE Rat 100 mg/kg Song et al. (47)

Vinclozolin Rat 100 mg/kg/d Anway et al. (48)
Sperm number DBP Rat 500 mg/kg Yuan et al. (45)

DEHP Mouse 500 mg/kg Doyle et al. (46)
DDT Rat 50 mg/kg BW/d Skinner et al. (35)
DDE Rat 100 mg/kg Song et al. (47)
DDE Rat 100 mg/kg Song and Yang (37)

Vinclozolin Rat 100 mg/kg/d Anway et al. (48)
Vinclozolin Mouse 200 mg/kg/d Guerrero-Bosagna et al. (39)

Sperm viability PCBs Mouse 1, 10, and 100 mg/kg/d Pocar et al. (49)
Testis disease Phthalates and BPA Rat BPA (25 mg/kg BW/d), DEHP

(375 mg/kg BW/d), and DBP
(33 mg/kg BW/d)

Manikkam et al. (32)

Atrazine Rat 25 mg/kw BW/d McBirney et al. (33)
DDT Rat 50 mg/kg BW/d Skinner et al. (35)

Vinclozolin Mouse 100 mg/kg/d Guerrero-Bosagna et al. (39)

Abbreviations: DBP, dibutyl phthalate; DDE, dichlorodiphenoxydichloroethylene; DDT, dichlorodiphenyltrichloroethane; DEHP, di(2-ethylhexyl)
phthalate.
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mice (29). It also increased estradiol levels (20 mg/kg/d),
decreased testosterone levels (20mg/kg/d and 500mg/kg/d),
increased FSH levels (500 mg/kg/d), increased LH
levels (20 mg/kg/d), and decreased inhibin B levels
(750 mg/kg/d) in mice at 1 year of age in the F3 gener-
ation (29). These data suggest that ancestral DEHP ex-
posure may accelerate reproductive aging by altering sex
steroid hormone levels, increasing gonadotropin hor-
mone levels, and decreasing inhibin B levels. Further-
more, DEHP (20 and 200mg/kg/d, 500 and 750mg/kg/d)
altered estrous cyclicity, causing the F3 females to spend
most of their time in metestrus/diestrus, with mice in the
500 mg/kg/d group spending 100% of their time in
metestrus/diestrus, clearly demonstrating persistent di-
estrus (29). Because persistent diestrus indicates that the
rodent is no longer cycling and has reached reproductive
senescence, these data suggest that DEHP exposure may
cause early reproductive aging. Few studies have ex-
amined how phthalates or other EDCs affect reproduc-
tive aging, especially in a transgenerational manner.
Therefore, future studies should examine whether EDCs
affect reproductive aging and whether the timing of
exposure affects the outcomes.

Most transgenerational studies focus on exposure to a
single phthalate; however, humans are exposed to mix-
tures of chemicals such as phthalates on a daily basis.
Thus, it is important to consider the effects of mixtures on
reproduction (Table 1). In one study, Zhou et al. (13)
dosed pregnant CD-1 mice (F0) from gestational day 10
until birth with amixture of phthalates consisting of 35%
DEP, 21%DEHP, 15%DBP, 15%DiNP, 8%DIBP, and
5% BzBP. This mixture decreased anogenital distance at
PND 21 (200 mg/kg/d), increased uterine weight at PND
60 (200 mg/kg/d and 200 mg/kg/d), and decreased ovary
weight at PND 60 (200 mg/kg/d) in the F3 generation of
CD-1 mice (13). The mixture also decreased the per-
centage of females that produced live pups (500 mg/kg/d),
and it decreased some fertility indices throughout
breeding trials in the F3 generation (13). Such fertility
indices included how successful females were at be-
coming pregnant, maintaining a pregnancy, and/or de-
livering pups (13). Furthermore, themixture (200mg/kg/d)
delayed time to pregnancy, but it did not affect puberty or
cyclicity in the F3 generation (13). Lastly, the mixture
(500 mg/kg/d) decreased pup numbers in the F4 gener-
ation (13). The results from this study suggest that an-
cestral exposure to mixtures of phthalates can negatively
affect female fertility in a transgenerational manner.
However, many of the negative effects on fertility were
observed in treatment groups with levels of phthalates
comparable to occupational and medical exposure, but
not to daily human intake of these phthalates. Given that
few studies have examined the transgenerational effects

of a mixture of phthalates on female reproduction, future
studies are needed to confirm and expand these findings.
Such studies should include a range of doses that mimic
daily exposure as well as occupational and medical
exposure.

Bisphenol A

BPA is a synthetic compound used as a plasticizer in
epoxy resins and polycarbonate plastics. It can be found
in many products, including food containers, baby
bottles, food and beverage can liners, and thermal receipt
papers. Owing to the widespread use of BPA,.5 million
tons are produced annually worldwide (64). BPA can
leach from products due to microwaving, cleaning, and
exposure to UV light. Humans are exposed to BPA via
dermal and oral exposure along with inhalation, but
most exposure is oral (65). Studies have estimated that
human exposure ranges from,1 mg/kg/d to almost 5 mg/
kg/d (65). BPA can be found in urine, breast milk, blood,
and ovarian follicular fluid (66, 67).

BPA has been shown to adversely affect reproduction
in both males and females in human and laboratory
animal studies. For example, higher BPA serum levels
have been found in women with polycystic ovarian
syndrome compared with women without polycystic
ovarian syndrome (65). Furthermore, in CD-1 mice,
prenatal exposure to BPA decreased preantral follicle
numbers (0.5 and 20 mg/kg/d) and estradiol levels (20
and 50 mg/kg/d) in the F1 generation (68). Moreover,
BPA disrupted germ cell nest breakdown (0.5, 20, and
50 mg/kg/d) and severely reduced fertility (0.5 mg/kg/d) in
female mice (69). In males, BPA exposure decreased
testosterone levels (5 and 25 mg/kg/d), increased sperm
defects (25 mg/kg/d), and decreased sperm counts (25 mg/
kg/d) in Wistar rats (70, 71). These findings suggest that
BPA exposure may negatively affect male and female
reproduction, specifically by affecting ovarian and tes-
ticular function.

Studies examining the transgenerational effects of BPA
have focused more on female reproductive outcomes
than male reproductive outcomes (Table 1). In one study,
ancestral oral exposure to BPA (0.5, 20, and 50 mg/kg/d)
from gestational day 11 until birth altered expression of
apoptotic genes (Bcl2, Casp8, and Bax), increased ex-
pression of antioxidant genes (Sod1 and Gpx), altered
expression of genes in the Igf family (Igf1 and Igfbp2),
decreased expression of sex hormone receptor Esr1, and
increased expression of steroidgenic enzymes (Cyp17a1
and Fshr) at PND 21 in the ovaries of female CD-1 mice
in the F3 generation (30). However, BPA exposure did
not affect apoptotic factors, antioxidant genes, auto-
phagy genes, germ cell nest breakdown, or follicle counts
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at PND 4 in the F3 generation of CD-1 mice (30).
Furthermore, BPA exposure did not affect follicle num-
bers at PND 21 in the F3 generation (30). In a similar
study design, ancestral exposure to BPA (0.5, 20, and
50 mg/kg/d) from gestational day 11 until birth delayed
the age of vaginal opening (0.5 and 50 mg/kg/d), delayed
the timing of first estrus (50 mg/kg/d), and it (0.5 mg/kg/d)
decreased the fertility index in the F3 generation of fe-
male CD-1mice (31). Collectively, these data suggest that
ancestral BPA exposures, including doses relevant to
human exposure, affect ovarian genes and fertility in a
transgenerational manner. Future studies, however, are
needed to address the mechanisms underlying the trans-
generational effects of BPA exposure.

One study has examined the transgenerational ef-
fects of a mixture containing BPA (Tables 1 and 2). In a
transgenerational study byManikkam et al. (32), Sprague-
Dawley rats were exposed to two doses of mixtures of
different plasticizers via daily IP injections from gesta-
tional day 8 to 14. The group treated with the highest
doses of plastics in the study were designated as the high-
dose group andwere exposed to amixture containing BPA
[50 mg/kg body weight (BW)/d], DEHP (750 mg/kg BW/
d), and DBP (66 mg/kg BW/d) (32). The other group was
designated as the low-dose plastics group andwas exposed
to a mixture containing BPA (25 mg/kg BW/d), DEHP
(375 mg/kg BW/d), and DBP (33 mg/kg BW/d) (32). The
results indicate that ancestral exposure to the low dose of
plastics increased the incidence of testis disease at 1 year of
age in the F3 generation (32). The high- and low-dose
plastic groups also increased pubertal abnormalities, the
occurrence of primordial follicle loss, polycystic ovary
disease, and uterine weight in the F3 generation of 1-year-
old Sprague-Dawley rats (32). The results from this study
suggest that ancestral exposure to mixtures of plasticizers
affect reproductive organs and pubertal outcomes in the
F3 generation of male and female rats. However, note that
the treatment group designated as “low-dose plastics” is
not truly low dose when compared with human exposure
of these toxicants, and it only reflects the low dose used in
the study. Future studies are required to determine
whether environmentally relevant levels of the plastic
mixtures affect reproduction in a transgenerational
manner. Furthermore, future studies should focus on
relevant routes of exposure. The previous studies on
plasticmixtures used IP injections as the route of exposure,
whereas humans are exposed via oral, dermal, or respi-
ratory exposure.

Pesticides

Pesticides are toxicants that are purposely produced
to kill weeds (herbicides), insects (insecticides), fungi

(fungicides), and rodents (rodenticides) (72). Pesticides
are used heavily for agricultural purposes and to help
control infectious diseases. In 2011 and 2012, world
pesticide usage totaled almost 6 billion pounds annu-
ally, with herbicides accounting for approximately half
of this use (73). Owing to the constant use of pesticides,
humans are exposed daily via ingestion, inhalation,
and dermal contact. Furthermore, widespread use
has been shown to be hazardous to humans and other
living organisms because it has been linked to cancer,
asthma, diabetes, Parkinson disease, and cognitive
effects (72). Several pesticides have been shown to
impact reproduction, including atrazine, methoxychlor,
dichlorodiphenyltrichloroethane (DDT), p,p0-dichlor-
odiphenoxydichloroethylene (DDE), and vinclozolin.

Atrazine is one of the most effective and frequently
used herbicides in the world. Humans can be exposed
through occupational exposure when agricultural
workers spray the herbicide on crops (74). Furthermore,
atrazine contaminates soil, leading to human exposure
through contaminated agricultural products and our
waterways (74). Epidemiological studies have reported
water levels of atrazine ranging from 5.9mg/L to.10mg/L
(75). Studies have indicated that atrazine exposure can
affect reproduction in bothmales and females. In women,
atrazine exposure has been associated with an increase
in menstrual cycle irregularity (76). In animal studies,
atrazine delayed vaginal opening in female Sprague-
Dawley rats (100 mg/kg) (77) and decreased sperm
motility in male Fischer rats (60 and 120 mg/kg) (78).
Most transgenerational studies on pesticides have not
focused on atrazine; however, in one study, McBirney
et al. (33) exposed pregnant Sprague-Dawley rats via IP
injections of atrazine (25 mg/kg BW/d) from gestational
day 8 to 14 and found that atrazine increased testicular
disease and caused an early onset of puberty in females in
the F3 generation (Tables 1 and 2). Additionally, atrazine
exposure caused sperm differential DNA methylation
regions, or epimutations, which were associated with
testis disease in the F3 generation (33). Testis disease was
characterized by the presence of histopathologies, in-
cluding azoospermia, atretic seminiferous tubules, pres-
ence of vacuoles in basal regions of seminiferous tubules,
sloughed germ cells in the lumen of seminiferous tubules,
and lack of seminiferous tubal lumen (33). Owing to lack
of transgenerational studies on atrazine, future studies
should focus on how this chemical affects male and fe-
male reproduction in a transgenerational manner. Fur-
thermore, future studies should expose rodents via
different exposure routes to compare with human ex-
posure. The previous studies on atrazine used IP in-
jections, which is not a relevant route of exposure in
humans.
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Methoxychlor (MXC) is an organochlorine insecticide
used on agricultural crops and livestock (79). Although
MXC is no longer used in the United States, humans are
still exposed from agricultural products due to the ability
of MXC to remain in soil for long periods of time (80).
Furthermore, imported food to the United States is
contaminated with this insecticide. MXC concentrations
in water mains range from 0.0177 to 0.8053 mg/L (81).
Additionally, humans in other countries are exposed to
MXC by spraying and from agricultural products that
are affected by the presence of MXC in soil. Studies have
shown that MXC is a reproductive toxicant in both fe-
male and male rodents. Quignot et al. (82) found that
MXC (200 mg/kg) reduced ovarian weights and in-
creased corpora lutea number in female Sprague-Dawley
rats. MXC (200 mg/kg) also reduced the weights of the
testis, epididymis, seminal vesicles, and the prostate in
male Sprague-Dawley rats (82). Furthermore, MXC (25,
96, and 200 mg/kg/d) decreased sperm number in male
rodents (83).

Transgenerational studies examining the effects of
MXC on reproduction are limited (Table 1). However,
one study showed that prenatal exposure to MXC
(200 mg/kg/d) via IP injections from gestational day 8 to
14 increased the incidence of ovarian disease and poly-
cystic ovary disease in the F3 generation of Sprague-
Dawley rats (34). In contrast, MXC exposure did not
affect puberty in males or females, levels of estradiol in
females, or levels of testosterone in the F3 generation of
Sprague-Dawley rats (34). However, more studies are
needed to examine the mechanisms underlying the
transgenerational effects of MXC on male and female
reproduction using relevant dose exposures that mimic
daily human exposure with a more environmentally
relevant exposure route.

DDT is awell-known insecticide. It is no longer used in
the United States, but Asian and African countries still
make use of it today to control for malaria (84). Resi-
dents of cities in China have estimated daily intakes of
DDT ranging from 31.5 to 52.1 ng/kg BW/d (85). Similar
to other pesticides, DDT biodegrades slowly, leading to
constant exposure in the environment and accumulation
in our food chains (86). DDT is a known endocrine
disruptor that has been shown to negatively affect fer-
tility. In male Wistar rats, DDT (50 and 100 mg/kg)
decreased testis weight and sperm motility compared
with control (87). In female rats andmice, DDT increased
uterine weight compared with control (88). The main
metabolite of DDT is p,p0-DDE. This metabolite is still
found in both water and sediment, leading to daily ex-
posure (89). Similar to the parent compound of DDT,
p,p0-DDE has been shown to affect reproduction. DDE
(20 and 60 mg/kg) decreased motile sperm in Sprague-

Dawley rats (90). Furthermore, DDE (125 mg/g) de-
creased average litter size in femaleWistar rats compared
with control (91).

Only a few studies have examined the transgenera-
tional effects of DDT on male and female reproduction,
and the doses used in these studies are higher than those
reported in humans (Tables 1 and 2). Ancestral exposure
to DDT (25 or 50 mg/kg BW/d) via IP injection from
gestational day 8 until 14 increased the incidence of testis
disease (50 mg/kg BW/d) and decreased sperm count
(50mg/kg BW/d) in the F3 generation of Sprague-Dawley
rats (35). Furthermore, ancestral DDT (25 and 50 mg/kg
BW/d) exposure increased the incidence of polycystic
ovaries (25 and 50 mg/kg BW/d) and the occurrence of
uterine infections (50 mg/kg BW/d) in the F3 generation
of Sprague-Dawley rats (35). Additionally, DDT (25mg/kg
BW/d) increased the incidence of ovarian disease in the
F4 generation (35). The transmission of the polycystic
ovaries may be from sperm epimutations that were in-
duced by DDT and because many of the identified genes
have been associated with polycystic ovary disease (35).
In a similar study by Nilsson et al. (36), ancestral ex-
posure to DDT (25 mg/kg BW/d) via IP injections in-
creased the occurrence of cystic ovaries in the F3
generation of Sprague-Dawley rats. Furthermore, DDT
promoted the epigenetic transgenerational inheritance of
ovarian disease susceptibility by causing changes to DNA
methylation and noncoding RNA expression, as well as
mRNA expression in ovarian granulosa cells from young
female rats in the F3 generation. These changes may
contribute to the dysregulation of the ovary that can
promote disease susceptibility later in life (36). Although
these studies show that DDT causes many transgenera-
tional effects on reproduction, future studies should focus
on lower doses and environmentally relevant routes of
exposure.

The metabolite of DDT, DDE, has also been shown to
cause transgenerational effects on male reproduction
(Table 2). In one study, ancestral exposure to DDE
(100mg/kg) via oral gavage from gestational days 8 to 15
increased the percentage of male offspring with small
testis and infertility in the F3 generation of Sprague-
Dawley rats (47). Ancestral DDE exposure also de-
creased the number of sperm and sperm motility and the
expression of Igf2, but increased the expression ofH19 in
sperm in the F3 generation of rats (47). The altered
expression of Igf2 and H19 was caused by Igf2 differ-
entially methylated region 2 hypomethylation (47). These
data suggest that ancestral exposure to DDE alters the
paternally transcribed Igf2 gene and maternally tran-
scribed H19 gene, while altering sperm function in a
transgenerational manner. Furthermore, another study
by Song and Yang (37) with the same study design found
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that ancestral DDE (100 mg/kg) exposure decreased
elongated spermatids in seminiferous tubules and de-
creased the concentration of mobile sperm in the F3
generation of Sprague-Dawley rats (37). This impaired
spermatogenesis may be due to the transgenerational
sperm DNA hypomethylation of H19 and Gtl2 retained
in the somatic cells (37). Additionally, ancestral exposure
to DDE (100mg/kg) decreased the male fertility index for
males paired with females and increased the ratio of
females to males in the F3 generation of Sprague-Dawley
rats (37). This work should be expanded by examining
doses that are more relevant to human exposure, ad-
ministering doses in a way that mimics daily exposure,
and exploring a wider range of exposure windows.

Vinclozolin is a fungicide that is used on fruits, veg-
etables, ornamental plants, and turfgrass (92). With
vinclozolin being used on so many foodstuffs, humans
are often exposed through a contaminated diet (93). This
is of concern because dietary exposure to vinclozolin is
estimated to be 40 ng/kg/d in the United States pop-
ulation (94), and vinclozolin is known to be anti-
androgenic (95). Furthermore, animal studies have shown
that vinclozolin can affect reproduction in male Sprague-
Dawley rats by altering sperm function (82).

Studies have examined the transgenerational effects of
high doses of vinclozolin on reproduction in male and
female rodents (Tables 1 and 2). A study by Anway et al.
(48) found that ancestral exposure to vinclozolin
(100 mg/kg/d) via daily IP injections from embryonic
days 8 until 15 decreased sperm number and forward
motility in sperm, leading to male infertility in the F3
generation of Sprague-Dawley rats. Anway et al. (48)
also suggested that this phenotype could be caused by the
altered DNAmethylation patterns discovered in the male
germline. Additionally, Anway et al. (38) found that
ancestral exposure to vinclozolin (100 mg/kg/d) via IP
injections from embryonic days 8 until 14 decreased the
ratio of males to females in the F3 generation of Sprague-
Dawley rats. Vinclozolin (100 mg/kg/d) also reduced
spermatogenetic capacity in the F3 and F4 generations of
Sprague-Dawley rats (38). Furthermore, ancestral ex-
posure to vinclozolin (100 mg/kg BW/d) from gestational
day 8 until 14 via IP injections increased the occurrence
of cystic ovaries in the F3 generation of Sprague-Dawley
rats (36). Furthermore, studies indicate that vinclozolin
promoted epigenetic transgenerational inheritance by
causing changes to DNA methylation, noncoding RNA
expression, and mRNA expression in ovarian granulosa
cells from young female rats in the F3 generation, which
may contribute to the formation of cystic ovaries (36).
Additionally, ancestral exposure to vinclozolin (100 or
200 mg/kg/d) via IP injections from embryonic days 7
until 13 increased testis disease (100mg/kg/d), which was

associated with a loss of spermatogenic activity, re-
duction in germ cells per tubule cross-section, and in-
creased number of tubules with no spermatogenic cells
(azoospermia) in male CD-1 mice (39). Moreover, vin-
clozolin (200 mg/kg/d) increased the percentage of fe-
males with ovarian cysts, but it decreased the percentage
of motile epididymal sperm (200mg/kg/d) and number of
caudal epididymal sperm (200 mg/kg/d) in CD-1 mice in
the F3 generation (39). Analysis of the F3 generation
sperm epigenome identified differential DNA methylation
regions that may suggest a role of epigenetic modifications
in the germline that could explain the transgenerational
phenotypes observed in the study (39). Although many
transgenerational effects on vinclozolin have been ob-
served, some studies have not observed the same trans-
generational effects (96, 97). Therefore, future studies are
needed to resolve the discrepant findings between studies.

Studies have also examined the transgenerational ef-
fects of mixtures containing pesticides on reproduction in
females and males (Tables 1 and 2). Nilsson et al. (40)
showed that ancestral exposure to vinclozolin, pesticides
(permethrin and DEET), plasticizers (DEHP, DBP, and
BPA), plasticizers (half of doses for DEHP, DBP, and
BPA), dioxin, or jet fuel affected ovarianmorphology and
histology in female Sprague-Dawley rats. These chem-
icals decreased follicle counts (all treatments), increased
the number of small ovarian cysts (all treatments), in-
creased the number of large cysts (vinclozolin, pesticide,
plasticizers, and jet fuel treatments), and decreased large
antral follicles (pesticides only) at 1 year of age in the F3
generation of Sprague-Dawley rats (40). After examining
the effects of vinclozolin in greater detail, it was found
that vinclozolin alters expression of genes involved in
lipid metabolism and steroid precursor synthesis in the
epigenome and transcriptome of granulosa cells from
ovarian follicles in the F3 generation, and that these
alterations in gene expression have been shown to po-
tentially be involved in the pathology of polycystic
ovarian disease (40). In a study with a similar study
design except for the inclusion of vinclozolin, Manikkam
et al. (11) found that the mixture caused an early onset
of puberty (plastic, plasticizers, dioxin, and jet fuel treat-
ments), increased anogenital index (plasticizers, plasti-
cizers, dioxin, and jet fuel treatments), decreased the
number of ovarian follicles per section (all treatments),
decreased primordial follicle numbers (all treatments), and
decreased preantral follicle numbers (dioxin and jet fuel) in
the F3 generation of female Sprague-Dawley rats. When
examining males in this same study, these chemicals in-
creased anogenital index (plasticizers and dioxin), caused
an early onset of puberty (plasticizers and dioxin), and
decreased testosterone levels (plasticizers, dioxin, and jet
fuel) in the F3 generation of Sprague-Dawley rats (11).
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These studies are very important for understanding how
mixtures of chemicals affect reproduction, but, impor-
tantly, note that some mixtures included high doses that
may not be relevant to daily human exposure. Thus, future
studies should be conducted using environmentally rele-
vant doses of the mixtures.

Persistent Environmental Contaminants

Some endocrine disruptors are known to persist in our
environment for long periods of time due to their in-
solubility and lipophilicity, leading to their ability to
remain in soil. This persistence in the environment leads
to human exposure daily through the food chain (98, 99).
Some environmental contaminants that are considered to
be EDCs include PCBs and TCDD.

PCBs are a group of industrial chemicals that were
mass produced from the 1920s until they were banned in
1979 by the Toxic Substances Control Act owing to their
toxicity (98). They were used in many products such as
plasticizers in rubber and resins, carbonless copy paper,
wax extenders, inks, hydraulic fluids, and lubricants
(98). Almost 1.5 million tons of these chemicals were
produced, and although their production was banned,
they still persist in our environment today (100). PCBs
are chemically and thermally stable and lipophilic in
nature, allowing them to be highly resistant to degra-
dation, so they can be readily found in soils and bodies of
water, leading to bioaccumulation in cells and the food
chain (98, 99, 101). The mean dietary exposure to PCBs
in a cohort of 36,759 Swedish men was determined to be
3.3 ng/kg BW/d (102).

PCBs have been shown to affect fertility in males and
females. In women who were offspring of fish eaters, in
utero PCB exposure was associated with decreased
fecundability (103). In human sperm, PCBs have been
shown to decrease sperm motility and affect the fertil-
ization potential of sperm (104). With rodents, exposure
to PCBs (1, 10, and 100 mg/kg/d) in chow decreased
gonad weight in both male and female mice and it de-
creased the diameter of the seminiferous tubules in male
CD-1 mice (49). Furthermore, lactational PCB (1, 2, and
5 mg/kg BW/d) exposure decreased testis weight, ano-
genital distance, testosterone levels, and Leydig cells in
male Wistar rats (105). In utero exposure to PCBs
(2.5 mg/kg/d) decreased numbers of preantral and antral
follicles and increased atresia in female Long-Evans
rats (106).

PCBs have been shown to cause transgenerational
effects in male and female rodents (Tables 1 and 2).
Ancestral exposure to PCBs (1 mg/kg) via IP injections on
embryonic days 16 and 18 decreased the anogenital
index of females in the F3maternal line at PNDs 7 and 14

in Sprague-Dawley rats (41). Furthermore, at PND 60,
PCBs (1 mg/kg) increased estradiol levels in the maternal
and paternal lines and progesterone in the maternal line
of rats in the F3 generation (41). Similarly, Pocar et al.
(49) found that ancestral exposure to PCB chow (10 and
100 mg/kg/d) during pregnancy and lactation increased
the seminiferous tubule distribution, and it (1, 10,
100 mg/kg/d) decreased sperm viability in ;3-month-old
male CD-1 mice in the F3 generation. In contrast, PCB
ancestral exposure did not significantly change any re-
productive outcomes in the F3 generation female CD-1
mice (49). Importantly, note that the doses chosen for
these studies exceed normal dietary intake levels of PCBs,
which are estimated to be 3.3 ng/kg BW/d. Thus, future
studies should test whether doses that mimic human
exposure generate similar effects.

Dioxins are a group of chlorinated organic chemicals
that are unfortunate byproducts of manufacturing
processes, including pesticide manufacturing, chlorine
bleaching of paper pulp, combustion, and waste in-
cineration (107). One of the most toxic dioxins is TCDD.
Dioxins including TCDD are strongly lipophilic and
insoluble, leading them to concentrate in sediments and
attach to microscopic plants and animals, which are
eaten by larger animals, and eventually they become a
part of our food chain (107, 108). Estimated daily ex-
posure to TCDD is ;0.1 to 0.3 pg/kg/d (107). Humans
were also exposed to TCDD as a result of a chemical
explosion on 10 July 1976 in Seveso, Italy, leading to the
highest levels of TCDD exposure in a residential pop-
ulation (109). In women from the Seveso Women’s
Health Study, dose-related increases in serum TCDD
levels were associated with increased risk of infertility
(110), but TCDD exposure was not associated with
quality of ovarian function (111). TCDD exposure in
Seveso during infancy and TCDD exposure through
breast milk reduced sperm count, motility, and concen-
tration in male offspring (112, 113). TCDD has also been
shown to affect reproduction in rodents. Specifically,
TCDD impaired Sertoli cell function in male Wistar rats
(114) and decreased estradiol levels in female Sprague-
Dawley rats (115).

Many studies have focused on the transgenerational
effects of TCDD on male reproduction (Table 2). In one
study, ancestral exposure to TCDD (100 ng/kg BW/d)
via IP injections from gestational days 8 to 14 increased
testosterone levels in 1-year-old Sprague-Dawley rats in
the F3 generation (42). In contrast, in a study by
Sanabria et al. (116) in which rats were ancestrally
exposed to TCDD (1 mg/kg) via oral gavage on gesta-
tional day 15 only, TCDD did not affect testosterone
levels in the F3 generation of male Wistar rats. Re-
sults between these studies may differ due to different
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exposure routes and length of exposure. Another study
on the ancestral effects of TCDD exposure (10mg/kg) on
embryonic day 15.5 showed that TCDD decreased
normal spermmorphology and caused sperm tail defects
in a nonsignificant manner in the F3 generation of
C57BL/6 mice (43). Moreover, ancestral exposure to
TCDD (1 mg/kg) reduced the ability of F3 males to get
females pregnant and it decreased gestation length
among females that were pregnant in mice (43). Al-
though TCDD exposure causes transgenerational ef-
fects on reproduction, little is known about the
underlying mechanisms. Thus, future studies should
focus on elucidating the TCDD-induced epigenetic/
transgenerational mechanisms of inheritance.

Studies also have focused on the transgenerational
effects of TCDD on female reproduction (Table 1). In
one study, ancestral exposure to TCDD (100 ng/kg BW/d)
via IP injections from gestational day 8 until 14 increased
pubertal abnormalities, the incidence of primordial fol-
licle loss, and polycystic ovary disease at 1 year of age in
Sprague-Dawley rats (42). Analysis of the F3 generation
sperm epigenome discovered epimutations that affected
genes in pathways, including ribosome pathway, chemo-
kine signaling pathway, and natural killer cell–mediated
toxicity, which may relate to the disease phenotype of
polycystic ovary disease observed in this study (42).
Furthermore, Bruner-Tran et al. (44) found that ancestral
exposure to TCDD (10 mg/kg) via oral gavage on em-
bryonic day 15.5 caused adenomyosis, a condition that
has symptoms similar to endometriosis such as reduced
fertility, pelvic pain, heavy bleeding, and dysmenorrhea in
female C57BL/6 mice in the F3 generation. In addition,
TCDD (10 mg/kg) increased infertility and the incidence of
preterm birth in female C57BL/6 mice in the F3 generation
(43). Although these studies found that TCDD caused
negative outcomes on reproduction, the doses used in these
studies surpass the estimated daily exposure to TCDD.
Moreover, these studies do not use exposure routes that are
comparable to daily human exposure. Thus, future studies
are needed that use relevant doses and routes of exposure.

Conclusion

Men and women are exposed to many EDCs, including
phthalates, BPA, pesticides, and persistent environ-
mental contaminants such as PCBs and TCDD on a
daily basis. This is concerning because EDCs are known
to affect normal reproduction. This mini-review sum-
marizes that these EDCs negatively affect male and
female fertility in a transgenerational manner. Animal
studies show that in females, ancestral EDC exposure
can alter litter size, alter anogenital distance, cause early
puberty, disrupt estrous cyclicity, alter follicle numbers,

cause early reproductive aging, decrease fertility, in-
crease cysts in ovaries, alter sex ratios in pups, alter
sex steroid hormone levels, and cause adenomyosis
(Table 1). Furthermore, in males, ancestral EDC ex-
posure can alter anogenital distance, cause early pu-
berty, decrease fertility, cause testes disease, decrease
sperm count and motility, alter sperm morphology, and
alter sex steroid hormone levels (Table 2).

The mechanisms for how these chemicals affect re-
production, especially in a transgenerational manner, are
not fully understood. More studies are needed to un-
derstand how these chemicals affect reproduction in both
males and females, and how these effects occur over
multiple generations. Furthermore, studies are necessary
to understand transgenerational exposure through the
male line. Note that future studies should be reproduced
with different rodent strains to observe whether effects
vary among species and strain. Studies on transgenera-
tional effects of EDCs on humans are needed to un-
derstand how these chemicals affect human reproduction
in comparison with animal studies. Additionally, many
studies in this review have wide dose ranges that are not
always relevant to human exposure. Therefore, more
studies are needed with relevant dose ranges and mix-
tures of chemicals to compare with daily human exposure
because humans are exposed to mixtures of chemicals
on a daily basis.
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