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Abstract

Purpose of review: The purpose of this review is to describe epidemiologic and toxicological
literature investigating how endocrine-disrupting chemicals (EDCs) affect mammary gland
development and function, thereby impacting lactation duration.

Recent findings: Per- and polyfluoroalkyl substances appear to reduce breastfeeding duration
through impaired mammary gland development, lactogenesis, and suppressed endocrine signaling.
Halogenated aromatic hydrocarbons have differing associations with lactation duration, likely due
to the variety of signaling pathways that they affect, pointing to the importance of complex
mixtures in epidemiologic studies. While epidemiologic literature suggests that pesticides and
fungicides decrease or have no effect on lactation duration, toxicology literature suggests
enhanced mammary gland development through estrogenic and/or antiandrogenic pathways.
Toxicological studies suggest that phthalates may affect mammary gland development via
estrogenic pathways, but no association with lactation duration has been observed. Bisphenol A
was associated with decreased duration of breastfeeding, likely through direct and indirect action
on estrogenic pathways.

Summary: EDCs play a role in mammary gland development, function, and lactogenesis, which
can affect breastfeeding duration. Further research should explore direct mechanisms of EDCs on
lactation, the significance of toxicant mixtures, and transgenerational effects of EDCs on lactation.
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Introduction:

Review:

Human milk is the optimal nutrition for infants (1). Breastfeeding confers long-term health
benefits for children and mothers (2, 3), but global breastfeeding rates fall short of the
recommended six months’ exclusive breastfeeding and two years’ any breastfeeding.
Individuals stop breastfeeding for many reasons (1), and increasing evidence suggests that
endocrine-disrupting chemicals (EDCs) may also influence lactation duration via
interference with mammary gland development.

The mammary gland is highly dynamic throughout the life-course and develops over
prenatal, peripubertal, pregnancy, and involution phases. Each phase is characterized by
distinct morphological changes, regulated by endocrine-signaling pathways (4-9), that
prepare the gland for lactation and represent sensitive windows of EDC exposure (5).
Multiple reviews elucidate EDCs’ effects on mammary gland development in the context of
breast cancer (e.g., (5, 10-12)). Mechanisms of EDC action leading to breast cancer via
impaired mammary gland development may likewise affect lactation, as proper mammary
gland development is essential for lactation and optimal milk composition (13). Molecular
targets of EDCs on mammary gland development offer insight into biological mechanisms
underlying increasing epidemiologic evidence suggesting associations between maternal
EDC exposure and lactation duration.

We summarize the epidemiological and toxicological literature investigating the influence of
EDCs on mammary gland development and consequences for breastfeeding duration (Table
1). Generally, exclusive (no food or drink other than human milk) and any (human milk and
other food or drink) breastfeeding are classified in accordance with World Health
Organization definitions (14), but some studies allowed water within exclusive
breastfeeding.

Per- and polyfluoroalkyl substances (PFAS):

PFAS are anthropogenic, degradation-resistant chemicals widely used in oil- and water-
resistant consumer products, fire-fighting foam, and industrial surfactants (15). PFAS are
present in air, soil, biota, and water worldwide (16), and humans have consistent exposure
through ingestion of contaminated water and food (17, 18).

Epidemiologic evidence indicates that reduced breastfeeding duration may be among the
adverse health effects attributed to PFAS exposure. Collectively, cohort studies from the
Faroe Islands, Denmark, and Cincinnati, Ohio show that higher maternal serum PFAS
(including perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS),
perfluorononanoic acid (PFNA), and perfluorohexane sulfonic acid (PFHxS)) in pregnancy
are associated with shorter duration of exclusive and any breastfeeding (19-21), although the
specific PFAS implicated differ across studies. Among Norwegian mothers, no association
was found between maternal serum PFOA, PFOS, PFNA, PFHXS, or five other PFAS and
duration of exclusive or any breastfeeding (22). However, analysis of PFAS mixtures
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identified that PFOS and the perfluoroundecanoic acid:perfluorodecanoic acid ratio were
associated with decreased duration of any breastfeeding, and that the PFHxS:PFOA ratio
was associated with increased duration of any breastfeeding (22). Norwegian PFAS levels
were lower than other cohorts, which may partially explain discrepant results across studies.

Toxicological studies have found evidence for PEAS-mediated disruption of mammary gland
development and lactation. Specifically, mice exposed to PFOA during pregnancy displayed
reduced mammary gland differentiation and delayed epithelial involution (23). PFOA-
treated mice also did not have milk-filled alveoli just before birth, suggesting impaired
lactogenesis (23). An inverse association between PFOA and mammary gland development
also occurred in mice exposed to PFOA /in utero and as juveniles (23-27). Transgenerational
effects of prenatal PFOA exposure, including impacts on mammary gland development and
lactation, persist into the F2 generation (24). PFOA is known to activate peroxisome
proliferator-activated receptor-alpha (PPARa) (28, 29), which may impair lobularaveoli
development within the mammary gland (30). PFOA may also interfere with lactation
through suppression of prolactin and placental lactogen signaling (31), which stimulate
mammary epithelial cell growth and differentiation and milk production (9, 32).
Additionally, alterations in milk protein gene expression were observed during lactation
among PFOA-exposed dams (23), which can affect both milk quantity and quality (33).
Further research is needed to understand whether exposure timing and rodent strain-
specificity (25, 27) influence these effects of PFAS exposure on mammary gland
development.

Halogenated aromatic hydrocarbons:

Halogenated aromatic hydrocarbons encompass several classes of persistent and
bioaccumulative compounds that contain aromatic rings as central components of their
chemical structure, including polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-
dioxins (dioxins), polychlorinated dibenzofurans (PCDFs), and polybrominated biphenyl
ethers (PBDES) (34). Each class includes individual congeners that vary in chemical
structure and biological reactivity. PCBs and PBDESs were previously manufactured for
industrial applications and consumer products (34). Dioxins and PCDFs are produced as by-
products of synthetic chemical production or incineration of chlorinated organic compounds
(34). Ingestion of contaminated food, water, and dust is the most commaon, ongoing route of
human exposure (34).

Epidemiologic studies have found modest or equivocal associations of maternal PCB
exposure with breastfeeding duration (35-38). Studies of Michigan agricultural communities
and anglers observed no association between commercial mixtures of PCBs (Aroclor 1254
and 1260) and duration of exclusive or any breastfeeding (36, 37). Exposure at delivery in
both studies was modeled rather than measured, which may have misclassified true maternal
pregnancy levels. A cohort of Mexican-American agricultural workers in California found
that individual PCB congeners were associated with longer (PCB-49 and 52) or shorter
(PCB-138, 153, and 180) duration of any breastfeeding, whereas PCB-44 and 118 showed
no association with lactation duration (38). Collectively, these studies suggest that individual
PCB congeners impact breastfeeding duration differently, perhaps based on their endocrine-
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active characteristics, and point to the importance of accounting for chemical mixtures in
epidemiologic research.

Other halogenated aromatic hydrocarbons such as dioxins, PCDFs, and PBDEs are less well
studied. Among Michigan agricultural communities, no associations were found between
maternal serum levels of 2,2°,4,4’,5,5’hexabromobiphenyl as a marker of total PBDES and
duration of exclusive or any breastfeeding (37). We found no other studies exploring the
relation between other halogenated aromatic hydrocarbons and breastfeeding duration.

PCBs, dioxins, PCDFs, and PBDEs differ in the mechanisms by which they disrupt
mammary gland development. Dioxins, PCDFs, and certain PCB congeners can bind and
activate the aryl hydrocarbon receptor (AhR), which is involved with critical processes in
numerous organs and cells (reviewed in (39, 40)). Notably, these exogenous ligands are
associated with impaired development and function of mammary tissue via AhR-mediated
mechanisms (e.g., (41-44)) and the development and tumor aggression of breast cancer
(e.g., (29, 45, 46). The dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most
potent and most widely studied AhR agonist. /n vivo studies support a critical role for the
AR during /n utero, puberty, and pregnancy/lactation phases of mammary gland
development following activation by TCDD. Rodents exposed to TCDD across the life-
course exhibited adverse effects on mammary gland development, including decreased cell
proliferation, epithelial elongation, and branching; fewer and smaller terminal end buds;
reduced overall mammary gland size; and reduced milk production (41, 42, 44, 47). Other
dioxin-like compounds also activate the AhR at lower potencies (48), eliciting analogous
effects. Some PCB congeners (e.g., PCB-138, 153, and 180) are used as indicators in
epidemiologic literature but do not act through the AhR, and their effects on mammary gland
development are less well understood.

While PBDEs share structural similarities to chlorinated aromatic compounds, they bind but
do not activate the AhR (49). Nevertheless, female rats exposed to a PBDE mixture (DE-71)
during gestation and lactation had reduced epithelial growth, lateral branches, and terminal
end buds during puberty (50). However, exposure to environmentally-relevant levels of
PBDEs during gestation and lactation has not been shown to affect mammary gland
structure, milk synthesis protein biomarkers, or timing of weaning in lactating dams (51,
52). At these levels PBDEs perturbed p-catenin signaling (51) in a manner consistent with
worse clinical breast cancer outcomes (53), suggesting that breast tissue is a target for
PBDEs.

Organochlorine Pesticides (OCPs):

OCPs are persistent, bioaccumulative chlorinated hydrocarbons that have been used
worldwide since the 1940s and include dichlorodiphenyltrichloroethane (DDT),
methoxychlor, lindane, and hexachlorobenzene (HCB). DDT and other OCPs have been
banned in many countries since the 1970s (54) but are still used in many parts of the world
for agriculture and mosquito control related to malaria prevention (55-57).

Early studies of DDT and its breakdown product dichlorodiphenyldichloroethylene (DDE)
indicated that maternal serum DDE was associated with shorter lactation duration among
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cohorts in North Carolina (58), Mexico (59), and Michigan (36). However, among Mexican-
American women in California, serum levels of p,p’-DDE, p,p’-DDT, and o,p’-DDT were
associated with longer duration of any breastfeeding. The authors postulate that these results
differ from previous studies because of unmeasured confounders associated with
acculturation (38). The same study found that HCB was associated with shorter duration of
any breastfeeding, and that the lindane breakdown product B-hexachlorocyclohexane showed
no association with breastfeeding duration (38).

More recent studies in South Africa, where DDT is used in malaria control, and Chiapas,
Mexico where DDT is used for agriculture and malaria control identified no association
between DDT and its metabolites and duration of breastfeeding (38, 60, 61). Methodologic
differences may account for the discrepant findings across studies: among the South African
cohort OCP concentrations were measured in breastmilk 14-487 days postpartum, and
among the Chiapas cohort they were measured in maternal serum within 1 day of delivery.
These approaches may not reflect an analogous etiologic window to pregnancy serum levels
measured in other studies due to peripartum changes in maternal levels from cross-placental
and breastmilk OCP transfer (62—64).

OCPs’ effects on mammary gland development and function appear to occur through
estrogenic and/or antiandrogenic pathways (reviewed in (65)). DDT, DDE,
dichlorodiphenyldichloroethane, and other OCPs are highly biologically active as estrogen
receptor (ER) agonists and androgen receptor (AR) antagonists (66). DDT enhances
mammary gland development in pubertal rats, including increased cell proliferation (41).
Structural analogs of DDT, such as methoxychlor, continue to show that these compounds
increase mammary development (e.g., ductal and lobule growth) and gene expression
(reviewed in (65)).

These toxicological findings are somewhat inconsistent with much of the epidemiologic
literature, which largely finds DDE and DDT to be inversely or not associated with lactation
duration. One study postulates that the inverse or lack of association between DDE and DDT
and lactation duration found in epidemiologic literature is related to OCPs’ effect on
lactogenesis rather than sustained lactation, and women who are able to overcome this effect
and initiate breastfeeding would not have difficulty continuing lactation (61). In fact,
increased maternal serum DDE levels were associated with decreased breastfeeding
initiation among first-time breastfeeding mothers in a sensitivity analysis among the Chiapas
cohort (61) and among non-smokers in the Michigan anglers cohort (36).

Phthalates and Bisphenol A (BPA):

Phthalates are non-persistent chemical plasticizers and excipients present in consumer
products, including personal care products, medications, and dietary supplements (67, 68).

Epidemiologic research on phthalates and lactation is limited; one study in Cincinnati
observed no association between nine maternal pregnancy urinary phthalate metabolites with
duration of exclusive or any breastfeeding (69). BPA is a chemical used in the production of
plastics, and its ability to interfere with endocrine signaling has been apparent since its
creation as a synthetic estrogen in the 1930s (70). Limited epidemiologic evidence from a
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cohort of Mexican women suggests an adverse effect on lactation duration with higher
maternal urinary BPA (71). Other environmental phenols have not been examined in relation
to breastfeeding outcomes in human studies, to our knowledge.

Collectively, toxicological research indicate that phthalates may impair mammary gland
development, likely through estrogenic mechanisms (72). N-butyl benzyl phthalate increased
the proliferative index and expression of genes related to mammary tissue cell proliferation
following neonatal and pubertal exposures among rats (73, 74). Diethylhexyl phthalate
(DEHP) exposure during pregnancy increased cell proliferation and number of alveolar buds
in mice at concentrations relevant to human exposures (75). However, environmentally-
relevant DEHP exposures during lactation were not associated with mammary gland
endpoints in rats (76).

BPA and many of its analogues (e.g., bisphenol S (BPS)) interfere with nuclear receptor
signaling as ER agonists (77, 78), allowing for both direct and indirect estrogen activity
effects on mammary gland development and function. For example, in utero, perinatal, and
juvenile BPA exposure in rodents caused increased branching, duct development, number
and volume of terminal end buds, and mammary epithelial cell proliferation, resulting in
increased number of alveolar lobule cells (79-81), including at environmentally-relevant
concentrations (82). Morphological changes persist into adulthood (80, 81). BPA exposure
during gestation also impairs milk yield, lipid fraction, and protein synthesis (83, 84).
Exposure to BPS also resulted in altered mammary gland development, including ERa and
prolactin signaling in a manner suggestive of early involution and reduced nursing initiation
in pups (85-87). Some studies have indicated potential non-monotonic dose-responses (88,
89), whereas others found no evidence of non-monotonicity (90). Timing of exposure during
pregnancy is also likely important and an area of active research (87, 91). Collectively, these
findings provide evidence that BPA and its analogues affect mammary gland development
and lactation and provide additional support that these are outcomes susceptible to
environmental EDCs, particularly those that are estrogenic.

Future Directions:

Toxicological and epidemiological research highlights the potential for modifiable
environmental risk factors to influence human lactation. While the capacity for EDCs to
impair mammary gland development is clear, the relationships between impaired mammary
gland development reported in toxicological studies and altered lactation in humans are less
well defined (11, 92). There is a need for further epidemiologic research exploring
associations between EDCs and lactation outcomes, particularly with emerging highly
fluorinated compounds, newer pesticides and fungicides, phthalates, and BPA analogues and
other environmental phenols, which have scant evidence to date.

Consideration of additional exposure scenarios is likewise critical. Exposures to
environmental contaminants rarely occur in isolation, and future research should evaluate
joint exposures to complex environmental mixtures, particularly given toxicological
evidence that EDCs may work through interrelated estrogenic, antiandrogenic, and
antiestrogenic pathways to influence mammary gland development. Toxicological evidence
of transgenerational effects of EDCs on lactation highlights the need for epidemiologic
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research assessing EDC exposures during sensitive windows (e.g., pregnancy) and across
generations, though such studies are logistically challenging to conduct.

Conclusions:

Toxicological and epidemiological research support that EDCs play a role in mammary
gland development and function, which affect lactation duration. Further studies are needed

to

better understand the direct mechanism of EDCs on lactation, the significance of toxicant

mixtures, and the transgenerational effects of EDCs on breastfeeding.

Acknowledg

Fu

ements:

nding Sources: This work was supported in part by grant P20GM104416 from the National Institute of General

Medical Sciences of the National Institutes of Health.

References
1.

10

11.

12.

13.

Breastfeeding: World Health Organization; 2020 [Available from: https://www.who.int/health-
topics/breastfeeding-tab=tab_1. Access date June 15, 2020

. Rameez RM, Sadana D, Kaur S, Ahmed T, Patel J, Khan MS, et al. Association of Maternal

Lactation With Diabetes and Hypertension: A Systematic Review and Meta-analysis. JAMA Netw
Open. 2019;2(10):e1913401.

. Horta BL, Victoria CG. Long-term effects of breastfeeding: A systematic review. World Health

Organization; 2013.

. Crowley WR. Neuroendocrine Regulation of Lactation and Milk Production. 5. Hoboken, NJ, USA:

John Wiley & Sons, Inc.; 2014. p. 255-91.

. Endocrine-disrupting compounds and mammary gland development: Early exposure and later life

consequences, (2006).

. Inman JL, Robertson C, Mott JD, Bissell MJ. Mammary Gland Development: Cell Fate

Specification, Stem Cells and the Microenvironment. Development. 2015;142(6):1028-42.
[PubMed: 25758218]

. Macon MB, Fenton SE. Endocrine disruptors and the breast: Early life effects and later life disease.

J Mammary Gland Biol Neoplasia. 2013 3; 18(1): 43-61. [PubMed: 23417729]

. Watson CJ, Khaled WT. Mammary Development in the Embryo and Adult: A Journey of

Morphogenesis and Commitment. Development. 2008;135(6):995-1003. [PubMed: 18296651]

. Napso T, Yong HEJ, Lopez-Tello J, Sferruzzi-Perri AN. The role of placental hormones in

mediating maternal adaptations to support pregnancy and lactation. Frontiers Media S.A; 2018. p.
1091-.

. Rodgers KM, Udesky JO, Rudel RA, Brody JG. Environmental chemicals and breast cancer: An
updated review of epidemiological literature informed by biological mechanisms. Environ Res.
2018 1;160:152-182 [PubMed: 28987728]

Rudel RA, Fenton SE, Ackerman JM, Euling SY, Makris SL. Environmental exposures and
mammary gland development: State of the science, public health implications, and research
recommendations. 2011. p. 1053-61.

Davis B, Fenton SE. The Mammary Gland. In: Waling MA, Rousseaux CG, Haschek WM, Bolon
B, editors. Fundamentals of Toxicologic Pathology. Third ed: Academic Press; 2018. p. 547-63.
Brisken C, Rajaram RD. Alveolar and lactogenic differentiation. Journal of Mammary Gland
Biology and Neoplasia. 2006;11(3-4):239-48. [PubMed: 17111223]

14. The World Health Organization’s infant feeding recommendation 2001 [Available from: https://

Curr Opin

www.who.int/nutrition/topics/infantfeeding_recommendation/en/. Access date June 26, 2020

Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.


https://www.who.int/health-topics/breastfeeding-tab=tab_1
https://www.who.int/health-topics/breastfeeding-tab=tab_1
https://www.who.int/nutrition/topics/infantfeeding_recommendation/en/
https://www.who.int/nutrition/topics/infantfeeding_recommendation/en/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Criswell et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Page 8

Cousins IT, Vestergren R, Wang Z, Scheringer M, MacLAchlan MS. The precautionary principle
and chemicals management: The example of perfluoroalkyl acids in groundwater. Environment
International. 2016;94:331-40. [PubMed: 27337597]

Kotthoff M, Muller J, Jurling H, Schlummer M, Fielder D. Perfluoroalkyl and polyfluoroalky!l
substances in consumer products. Environmental Science and Pollution Research. 2015;22:14546—
59. [PubMed: 25854201]

Opinion of the Scientific Panel on Contaminants in the Food chain on Perfluorooctane sulfonate
(PFOS), perfluorooctanoic acid (PFOA) and their salts, The EFSA Journal (2008). 653, 1-131.

Buck R, Franlkin J, Berger U, Conder J, Cousins I, Voogt Pd, et al. Perfluoroalkyl and
polyfluoroalkyl substances in the environment: terminology, classification, and origins. Integr
Environ Assess Manag. 2011;7(4):513-41. [PubMed: 21793199]

Fei C, McLaughlin J, Lipworth L, Olsen J. Maternal concentrations of perfluorooctainesulfonate
(PFOS) and perfluorooctanoate (PFOA) and duration of breastfeeding. Scandinavian Journal of
Work, Environment, and Health. 2010;36(5):413-21.

Romano ME, Xu Y, Calafat AM, Yolton K, Chen A, Webster GM, et al. Maternal serum
perfluoroalkyl substances during pregnancy and duration of breastfeeding. Environmental
Research. 2016;149:239-46. [PubMed: 27179585]

Timmermann CAG, Budtz-Jargensen E, Petersen MS, Weihe P, Steuerwald U, Nielsen F, et al.
Shorter duration of breastfeeding at elevated exposures to perfluoroalkyl substances. 2017;68:164—
70.

Rosen EM, Brantsater AL, Carroll R, Haug LS, Singer AB, Zhao S, et al. Maternal Plasma
Concentrations of Per- and Polyfluoroalkyl Substances and Breastfeeding Duration in the
Norwegian Mother and Child Cohort. 2018;2:e027.

White SS, Calafat AM, Kuklenyik Z, Villanueva LT, Zehr RD, Helfant L, et al. Gestational PFOA
exposure of mice is associated with altered mammary gland development in dams and female
offspring. 2007;96:133-44.

White SS, Stanko JP, Kato K, Calafat AM, Hines EP, Fenton SE. Gestational and chronic low-dose
PFOA exposures and mammary gland Growth and differentiation in three generations of CD-1
mice. 2011;119:1070-6.

Tucker DK, Macon MB, Strynar MJ, Dagnino S, Andersen E, Fenton SE. The mammary gland is a
sensitive pubertal target in CD-1 and C57BI/6 mice following perinatal perfluorooctanoic acid
(PFOA) exposure. 2015;54:26-36.

Macon MB, Villanueva LT, Tatum-Gibbs K, Zehr RD, Strynar MJ, Stanko JP, et al. Prenatal
Perfluorooctanoic Acid Exposure in CD-1 Mice: Low-Dose Developmental Effects and Internal
Dosimetry. Toxicol Sci. 2011;122(1):134-45. [PubMed: 21482639]

Yang C, Tan YS, Harkema JR, Haslam SZ. Differential effects of peripubertal exposure to
perfluorooctanoic acid on mammary gland development in C57BI/6 and Balb/c mouse strains.
Reproductive Toxicology. 2009;27(3-4):299-306. [PubMed: 19013232]

Rosen EM, Brantsater AL, Carroll R, Haug L, Singer AB, Zhao S, et al. Maternal Plasma
Concentrations of Per- and polyfluoroalkyl Substances and Breastfeeding Duration in the
Norwegian Mother and Child Cohort. Environmental epidemiology (Philadelphia, Pa).
2018;2(3):e027-¢.

Schlezinger JJ, Puckett H, Oliver J, Nielsen G, Heiger-Bernays W, Webster TF. Perfluorooctanoic
acid activates multiple nuclear receptor pathways and skews expression of genes regulating
cholesterol homeostasis in liver of humanized PPARa mice fed an American diet. Toxicology and
Applied Pharmacology, 405, 15 10 2020, 115204 [PubMed: 32822737] * This study demonstrated
a new model for understanding PFAS’ role in dyslipidemia, based on dysregulation of hepatic
PPARa gene expression. Rats fed an American diet and environmentally-relevant levels of PFOA
in drinking water were found to have increased liver mass and hepatic lipid accumulation. PFOA
induced hepatic PPARa and androstane receptor target gene expression and decreased expression
of three out of four cholesterol homeostasis pathway genes (Hmgcr, Ldlr, and Cyp7al).

Yang Q, Kurotani R, Yamada A, Kimura S, Gonzalez FJ. Peroxisome Proliferator-Activated
Receptor a Activation during Pregnancy Severely Impairs Mammary Lobuloalveolar Development
in Mice. Endocrinology. 2006;147(10):4772-80. [PubMed: 16857745]

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Criswell et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9

Suh CH, Cho NK, Lee CK, Lee CH, Kim DH, Kim JH, et al. Perfluorooctanoic acid-induced
inhibition of placental prolactin-family hormone and fetal growth retardation in mice. Molecular
and Cellular Endocrinology. 2011;337(1-2):7-15. [PubMed: 21241770]

Soares MJ. The prolactin and growth hormone families: Pregnancy-specific hormones/cytokines at
the maternal-fetal interface. BioMed Central; 2004. p. 1-15. [PubMed: 14713321]

Bhat SA, Ahmad SM, Ganai NA, Khan SM, Malik AA, Shah RA, et al. Association of DGAT1,
beta-casein and leptin gene polymorphism with milk quality and yield traits in Jersey and its cross
with local Kashmiri cattle. Journal of Entomology and Zoology Studies 2017; 5(6): 557-561
Casarett and Doull’s Toxicology: The Basic Science of Poisons, Ninth Edition. Klaassen CD,
editor. New York: McGraw-Hill Education; 2019.

Rogan WJ, Ragan NB. Some evidence of effects of environmental chemicals on the endocrine
system in children. Int J Hyg Environ Health. 2007 10 ; 210(5): 659-667. [PubMed: 17870664]
Karamus W, Davis S, Fussman C, Brooks K. Maternal concentration of dichlorodiphenyl
dichloroethylene (DDE) and initiation and duration of breast feeding. 2005;19.

Thomas AR, Marcus M, Zhang RH, Blanck HM, Tolbert PE, Hertzberg V, et al. Breast-Feeding
Among Women Exposed to Polybrominated Biphenyls in Michigan. 2001;109:1133-7.

Weldon RH, Webster M, Harley KG, Bradman A, Fenster L, Davis MD, et al. Serum persistent
organic pollutants and duration of lactation among Mexican-American women. J Environ Public
Health 2010;2010:861757. [PubMed: 20671963]

Mulero-Navarro S, Fernandez-Salguero PM. New Trends in Aryl Hydrocarbon Receptor Biology.
Front Cell Dev Biol. 2016;11(4):45.

Nebert DW. Aryl Hydrocarbon Receptor (AHR): “Pioneer Member” of the Basic-Helix/Loop/
Helix per-Arnt-sim (bHLH/PAS) Family of “Sensors” of Foreign and Endogenous Signals. Prog
Lipid Res. 2017;67:38-57. [PubMed: 28606467]

Brown N, Lamartiniere C. Xenoestrogens Alter Mammary Gland Differentiation and Cell
Proliferation in the Rat. Environ Health Perspect. 1995;103(7-8):708-13. [PubMed: 7588483]
Fenton S, Hamm J, Birnbaum L, Youngblood G. Persistent abnormalities in the rat mammary gland
following gestational and lactational exposure to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD).
Toxicol Sci. 2002;67:63-74. [PubMed: 11961217]

La Merrill M, Kuruvilla BS, Pomp D, Birnbaum LS, Threadgill DW. Dietary fat alters body
composition, mammary development, and cytochrome P450 induction after maternal TCDD
exposure in DBA/2J mice with low-responsive aryl hydrocarbon receptors. Environ Health
Perspect. 2009;117:1414-9. [PubMed: 19750107]

Vorderstrasse BA, Fenton SE, Bohn AA, Cundiff JA, Lawrence BP. A novel effect of dioxin:
Exposure during pregnancy severely impairs mammary gland differentiation. Toxicological
Sciences. 2004;78(2):248-57. [PubMed: 14718648]

La Merrill M, Harper R, Birnbaum LS, Cardiff RD, Threadgill DW. Maternal Dioxin Exposure
Combined with a Diet High in Fat Increases Mammary Cancer Incidence in Mice. Environ Health
Perspect. 2010;118(5).

Wang Z, Monti S, Sherr DH. The diverse and important contributions of the AHR to cancer and
cancer immunity. Current Opinion in Toxicology. 2017;2:93-102.

Lewis B, Hudgins S, Lewis A, Schorr K, Sommer R, Peterson RE, et al. In Utero and Lactational
Treatment with 2,3,7,8-Tetrachlorodibenzo-p-dioxin Impairs Mammary Gland Differentiation but
Does Not Block the Response to Exogenous Estrogen in the Postpubertal Female Rat. Toxicol Sci.
2001;62(1):46-53. [PubMed: 11399792]

Van den Berg M, Birnbaum LS, Denison M, De Vito M, Farland W, Feeley M, et al. The 2005
World Health Organization Reevaluation of Human and Mammalian Toxic Equivalency Factors for
Dioxins and Dioxin-Like Compounds. Toxicol Sci. 2006;93(2):223-41. [PubMed: 16829543]
Peters A, Nikmeijer S, Gradin K, Backlund M, Bergman A, Poellinger L, et al. Interactions of
Polybrominated Diphenyl Ethers With the Aryl Hydrocarbon Receptor Pathway. Toxicol Sci.
2006;92(1):133-42. [PubMed: 16601081]

Kodavanti PRS, Coburn CG, Moser VC, MacPhail RC, Fenton SE, Stoker TE, et al.
Developmental Exposure to a Commercial PBDE Mixture, DE-71: Neurobehavioral, Hormonal,
and Reproductive Effects. Toxicol Sci. 2010;116(1):297-312. [PubMed: 20375078]

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Criswell et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Page 10

Dianati E, Wade MG, Hales BF, Robaire B, Plante I. From the Cover: Exposure to an
Environmentally Relevant Mixture of Brominated Flame Retardants Decreased p-f-Cateninser675
Expression and Its Interaction With E-Cadherin in the Mammary Glands of Lactating Rats.
Toxicol Sci. 2017;159(1):114-23. [PubMed: 28903489]

Tung EWY, Yan H, Lefévre PLC, Berger RG, Rawn DFK, Gaertner DW, et al. Gestational and
Early Postnatal Exposure to an Environmentally Relevant Mixture of Brominated Flame
Retardants: General Toxicity and Skeletal Variations. Birth Defects Research Part B:
Developmental and Reproductive Toxicology. 2016;107(3):157-68. [PubMed: 27286044]
Dolled-Filhart M, McCabe A, Giltnane J, Cregger M, Camp RL, Rimm DL. Quantitative In situ
Analysis of B-Catenin Expression in Breast Cancer Shows Decreased Expression Is Associated
with Poor Outcome. Cancer Res. 2006;66(10):5487-94. [PubMed: 16707478]

DDT Ban Takes Effect [press release]. https://archive.epa.gov/epa/aboutepa/ddt-ban-takes-
effect.html: United States Environmental Protection Agency1972. Access date June 26, 2020

Rehwagen C. WHO recommends DDT to control malaria. BMJ (Clinical research ed).
2006;333(7569):622-.

Roberts DR, Laughlin LL, Hsheih P, Legters LJ. DDT, Global Strategies, and a Malaria Control
Crisis in South America. Centers for Disease Control and Prevention (CDC); 1997. p. 295-302.

Ecobichon DJ. Pesticide use in developing countries. Toxicology. 2001;160(1-3):27-33. [PubMed:
11246121]

Rogan W, Gladen B, McKinney J, Carreras N, Hardy P, Thullen J, et al. Polychlorinated Biphenyls
(PCBs) and Dichlorodiphenyl Dichloroethene (DDE) in Human Milk: Effects on Growth,
Morbidity, and Duration of Lactation. Am J Public Health. 1987;77(10):1294-7. [PubMed:
3115123]

Gladen B, Rogan W. DDE and Shortened Duration of Lactation in a Northern Mexican Town. Am
J Public Health. 1995;85(4):504-8. [PubMed: 7702113]

Bouwman H, Kylin H, Sereda B, Bornman R. High levels of DDT in breast milk: Intake, risk,
lactation duration, and involvement of gender. 2012;170:63-70.

Cupul-Uicab LA, Gladen BC, Hernandez-Avila M, Weber J-P, Longnecker MP. DDE, A
degredation product of DDT, and duration of lactation in a highly exposed area of Mexico.
Environmental Health Perspectives. 2008;116(2):179-83. [PubMed: 18288315]

Zhang X, Wu X, Lei B, Jing Y, Jiang Za, Zhang X, et al. Transplacental transfer characteristics of
organochlorine pesticides in paired maternal and cord sera, and placentas and possible influencing
factors. Environmental Pollution. 2018;233:446-54. [PubMed: 29100182]

Dewan P, Jain V, Gupta P, Banerjee BD. Organochlorine presticide residues in maternal blood, cord
blood, placenta, and breastmilk and their relation to birth size. Chemosphere. 2013;90(5):1704-10.
[PubMed: 23141556]

Mitro SD, Johnson T, Zota AR. Cumulative chemical exposures during pregnancy and early
development. Curr Environ Health Rep. 2015;2(4):367-78. [PubMed: 26341623]

Kass L, Gomez AL, Altamirano GA. Relationship between agrochemical compounds and
mammary gland development and breast cancer. Journal is Mol Cell Endocrinol; 2020 5
15;508:110789.* This review delineates a relationship between agrochemicals in their role as
endocrine disruptors and changes in proliferative and organizational deregulation of the mammary
epithelial cells as well as expression and signaling of steroid receptors in the breast. The article
suggests that body burden of pesticides may increase the risk of developing breast cancer.

Kojima H, Katsura E, Takeuchi S, Niiyama K, Kobayashi K. Screening for estrogen and androgen
receptor activities in 200 pesticides by in vitro reporter gene assays using Chinese hamster ovary
cells. Environmental Health Perspectives. 2004;112(5):524-31. [PubMed: 15064155]

Braun J, AC J, Williams P, Smith K, Calafat A, Hauser R. Personal care product use and urinary
phthalate metabolite and paraben concentrations during pregnancy among women from a fertility
clinic. J Expo Sci Environ Epidemiol. 2014;24(5):459-66. [PubMed: 24149971]

Romano M, O’Connell K, Du M, Rehm C, Kantor E. Use of dietary supplements in relation to the
urinary phthalate metabolite concentrations: Results from the National Health and Nutrition
Examination Survey. Environ Res. 2018;172:437-43. [PubMed: 30826666]

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.


https://archive.epa.gov/epa/aboutepa/ddt-ban-takes-effect.html
https://archive.epa.gov/epa/aboutepa/ddt-ban-takes-effect.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Criswell et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 11

Rosen-Carole CB, Auinger P, Howard CR, Brownell EA, Lanphear BP. Low-Level Prenatal Toxin
Exposures and Breastfeeding Duration: A Prospective Cohort Study. 2017;21:2245-55.

Dodds EC, Lawson W. Synthetic estrogenic agents without the phenanthrene nucleus. Nature 1936;
137(3476): 996.

Kasper N, Peterson KE, Zhang Z, Ferguson KK, Sanchez BN, Cantoral A, et al. Association of
Bisphenol A Exposure with Breastfeeding and Perceived Insufficient Milk Supply in Mexican
Women. 2016;20:1713-9.

Lee K-Y, Shibutani M, Takagi H, KAto N, Takigami S, Uneyama C, et al. Diverse developmental
toxicity of di-n-butyl phthalate in both sexes of rat offspring after maternal exposure during the
period from late gestation through lactation. Toxicology. 2004;203(1-3):221-38. [PubMed:
15363597]

Moral R, Wang R, Russo IH, Mailo DA, Lamartiniere CA, Russo J. The plasticizer butyl benzyl
phthalate induces genomic changes in rat mammary gland after neonatal/prepubertal exposure.
BMC Genomics. 2007;8.

Moral R, Santucci-Pereira J, Wang R, Russo IH, Lamartiniere CA, Russo J. In utero exposure to
butyl benzyl phthalate induces modifications in the morphology and the gene expression profile of
the mammary gland: an experimental study in rats. Environmental Health. 2011;10.

Li L, LiuJC, Zhao Y, Lai F-N, Yang F, Ge W, et al. Impact of diethylhexyl phthalate on gene
expression and development of mammary glands of pregnant mouse. Histochemistry and Cell
Biology. 2015;144:389-402. [PubMed: 26170149]

Manservisi F, Gopalakrishnan K, Tibaldi E, Hysi A, lezzi M, Lambertini L, et al. Effect of
maternal exposure to endocrine disrupting chemicals on reproduction and mammary gland
development in female Sprague-Dawley rats. 2015;54:110-9.

Molina-Molina JM, Amaya E, Grimaldi M, Sdenz JM, Real M, Fernandez MF, et al. In vitro study
on the agonistic and antagonistic activities of bisphenol-S and other bisphenol-A congeners and
derivatives via nuclear receptors. Toxicology and Applied Pharmacology. 2013;272(1):127-36.
[PubMed: 23714657]

Pelch KE, Wignall J, A, Goldstone AE, Ross PK, Blain R, B, Shapiro AJ, et al. NTP Research
Report on Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional
Alternatives: Research Report 4 Research Triangle Park, NC: National Toxicology Program; 2017.
Mandrup K, Isling L, Christiansen S, Hass U. Low-dose effects of bisphenol A on mammary gland
development in rats. Andrology. 2016;4:673-83. [PubMed: 27088260]

Soto AM, Brisken C, Schaeberle C, Sonnenschein C. Does cancer start in the womb? Altered
mammary gland development and predisposition to breast cancer due to in utero exposure to
endocrine disruptors. J Mammary Gland Biol Neoplasia. 2013 6 ; 18(2): 199-208 [PubMed:
23702822]

Colerangle JB, Roy D. Profound effects of the weak environmental estrogen-like chemical
bisphenol A on the growth of the mammary gland of Noble rats. The Journal of Steroid
Biochemistry and Molecular Biology. 1997;60(1-2):153-60. [PubMed: 9182870]

Vandenberg LN, Maffini MV, Perinaaz WR, Sonnenschein C, Rubin B, Soto AM. Exposure to
Environmentally Relevant Doses of the Xenoestrogen Bisphenol-A Alters Development of the
Fetal Mouse Mammary Gland. Endocrinology. 2007;148(1):116-27. [PubMed: 17023525]
Altamirano GA, Mufioz-de-Toro M, Luque EH, Gémez AL, Delconte MB, Kass L. Milk lipid
composition is modified by perinatal exposure to bisphenol A. Molecular and Cellular
Endocrinology. 2015;411:258-67. [PubMed: 25976663]

Kass L, Altamirano GA, Bosquiazzo VL, Luque EH, Mufioz-de-Toro M. Perinatal exposure to
xenoestrogens impairs mammary gland differentiation and modifies milk composition in Wistar
rats. Reproductive Toxicology. 2012;33(3):390-400. [PubMed: 22349186]

LaPlante CD, Catanese MC, Bansal R, Vandenberg LN. Bisphenol S Alters the Lactating
Mammary Gland and Nursing Behaviors in Mice Exposed During Pregnancy and Lactation.
2017;158:3448-61.

Tucker DK, Bouknight SH, Brar SS, Kissling GE, Fenton SE. Evaluation of prenatal exposure to
bisphenol analogues on development and long-term health of the mammary gland in female mice.
2018;126:087003-17.

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Criswell et al.

87.

88.

89.

90.

91.

92.

Page 12

Kolla S, Morcos M, Martin B, Vandenberg LN. Low dose bisphenol S or ethinyl estradiol
exposures during the perinatal period alter female mouse mammary gland development.
Reproductive Toxicology. 2018;78:50-9. [PubMed: 29526645]

Jenkins S, Wang J, Eltoum I, Desmond R, Lamartiniere CA. Chronic Oral Exposure to Bisphenol
A Results in a Nonmonotonic Dose Response in Mammary Carcinogenesis and Metastasis in
MMTV-erbB2 Mice. Environ Health Perspect. 2011;119(11).

Acevedo N, Davis B, Schaeberle CM, Sonnenschein C, Soto AM. Perinatally Administered
Bisphenol A as a Potential Mammary Gland Carcinogen in Rats. Environ Health Perspect.
2013;121(9).

Badding MA, Barraj L, Williams AL, Scrafford C, Reiss R. CLARITY-BPA Core Study: Analysis
for non-monotonic dose-responses and biological relevance. Food and Chemical Toxicology.
2019;131:110554.* This study conducted a non-monotonic dose-response (NMDR) analysis from
the CLARITY-BPA Core Study to assess the proposed potential NMDR effects of BPA and found
little evidence for NMDR associated with BPA.

Hindman AR, Mo XM, Helber HL, Kovalchin CE, Ravichandran N, Murphy AR, et al. Varying
Susceptibility of the Female Mammary Gland to In Utero Windows of BPA Exposure.
Endocrinology. 2017;158(10):3435-47. [PubMed: 28938483]

Brody JG, Rudel RA, Kavanaugh-Lynch M. Testing chemicals for effects on breast development,
lactation, and cancer. Environ Health Perspec. 2011; 119(8): A326-7

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Criswell et al.

Page 13

Key Points:

EDCs appear to affect breastfeeding duration by impacting mammary gland
development and function and associated lactogenesis signaling.

PFAS reduce breastfeeding duration through impaired mammary gland
development, lactogenesis, and suppressed endocrine signaling.

Individual halogenated aromatic hydrocarbons differ in their impact on
lactation duration, likely due to the variety of signaling pathways they affect.

While epidemiologic literature suggests that pesticides and fungicides
decrease or have no effect on lactation duration, toxicological literature
suggests that these chemicals enhance mammary gland development through
estrogenic and/or antiandrgogenic pathways.

More research is needed to explore the relation between EDCs and lactation,
identify mechanisms by which EDCs influence lactation, account for the
significance of toxicant mixtures, and explore transgenerational effects of
EDCs on lactation.
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Mechanisms of action from the toxicological literature and findings from the epidemiological literature
supporting effects of endocrine-disrupting chemicals on breastfeeding

* Accelerated mammary gland development
(e.g., branching, duct development,
mammary epithelial cell proliferation) (79—
82)

¢ Reduced mammary gland differentiation,
milk yield, lipid fraction, and protein
synthesis (83, 84)

e Altered ERa and prolactin signaling (85—
87)

Group Example / Potential Mechanism of Toxicity in Overview of Epidemiologic Evidence of Association
Subgroup Relation to Mammary Gland Development | with Breastfeeding
and Lactation
Per - & PFOA ¢ PPARa activation (28, 29) « Epidemiologic studies generally support an
polyfluoroalkyl » Impaired mammary gland differentiation, association of greater PFAS with shorter duration of
substances (PFAS) lobular alveoli development, epithelial breastfeeding (19-21)
involution (23-27, 30) « One study suggests that low level exposures to
e Suppression of prolactin and placental specific, less well-studied PFAS, may increase
lactogen signaling (31) breastfeeding duration (22)
e Alterations in milk protein gene
expression (23)
» Transgenerational impacts on mammary
gland development (24)
Halogenated TCDD * AhR activation (48) « To our knowledge, the influence of dioxins and
aromatic * Reduced mammary gland size, epithelial dibenzofurans on breastfeeding have not been
hydrocarbons elongation, branching, terminal end bud characterized in the epidemiologic literature.
development, and milk production (41, 42, « Associations of PCBs with breastfeeding duration
44, 47) are mixed (35-38)
« One study observed no association of PBDEs with
PCDFs * AhR activation (48) either initiation of duration of any or exclusive
o - breastfeeding (37)
PCBs » Dioxin-like PCBs activate the AhR (48)
PBDEs « Bind, but do not activate, the AhR (49)
» Disrupt mammary gland development,
including B-catenin signaling (50, 51)
Organochlorine DDT * ER agonist and AR antagonist (66) « DDT exposure is generally associated with shorter
Pesticides (OCPs) * Enhanced mammary gland development duration of breastfeeding (36, 58, 59)
in pubertal rats (41) * Some studies observe longer duration of
breastfeeding (38) or no association (60, 61) with
exposure to DDT or its breakdown products
Phthalates and BBP, * Impaired mammary gland (72) « Epidemiologic investigations of the influences of
Bisphenols DEHP » BBP increases the proliferative index and phthalates or BPA and its substitutes on breastfeeding
expression of cell proliferation genes in are sparse
mammary tissue (73, 74) « Limited epidemiologic evidence suggests no
» DEHP increases cell proliferation and association of phthalates with breastfeeding duration
number of alveolar buds (75) (69) and shorter duration of any breastfeeding with
* Mammary gland effects are not observed greater BPA exposure (71)
at environmentally-relevant concentrations
(76)
BPA, BPS * ER agonist (77, 78)

Table Abbreviations: AhR = Aryl hydrocarbon receptor; AR = Androgen receptor, BBP= N-butyl benzyl phthalate, DDT =
Dichlorodiphenyltrichloroethane, DEHP = Diethylhexyl phthalate, ER = Estrogen receptor, PBDEs = Polybrominated diphenyl ethers, PCBs =
Polychlorinated biphenyls, PCDFs = Polychlorinated dibenzofurans, PFOA= Perfluorooctanoic acid, PPARa = Peroxisome proliferator-activated
receptor-alpha, TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2021 December 01.




	Abstract
	Introduction:
	Review:
	Per- and polyfluoroalkyl substances (PFAS):
	Halogenated aromatic hydrocarbons:
	Organochlorine Pesticides (OCPs):
	Phthalates and Bisphenol A (BPA):
	Future Directions:

	Conclusions:
	References
	Table 1 (Original):

