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to breast cancers diagnosed within 5 years of pregnancy (88). Data 
also suggest that use of aspirin or nonsteroidal anti-inflammatory 
drugs may improve breast cancer survival [(89) and reviewed 
therein].

Animal Models and Mechanistic Studies of the PLC: 
Conclusions and Future Directions
Animal models may improve our knowledge of the mechanisms 
by which the PLC may influence breast cancer risk. A  major 

Figure 2.  Schematic representation of the involution process. Involution 
occurs in two phases. The first phase is reversible phase, lasting up to 48 
hours in the mouse, that is characterized by extensive cell death, which 
results in detachment of dying cells into the alveolar lumen. These cells 
upregulate cell surface markers such as CD14 in a Stat3-dependent man-
ner and are subsequently phagocytosed by the viable epithelium. In the 

second phase of involution, tissue remodeling and redifferentiation of 
adipocytes is associated with a second wave of cell death that returns the 
gland to a near-prepregnant state. The second phase is associated with 
an influx of macrophages and mast cells that facilitate tissue remodeling 
and with extracellular matrix (ECM) breakdown by matrix metallopro-
teases (MMP). LIF = leukemia inhibitory factor. Adapted from (73).

Figure 3.  Proinflammatory involution environment promoting breast carcinogenesis. A  model depicting COX-2, derived from the involuting 
mammary gland, mediating collagen fibrillogenesis and COX-2 promoting invasion (brown cells) of tumor cells exposed to involution collagen. 
NSAIDS = Nonsteroidal anti-inflammatory drugs; DCIS = Ductal carcinoma in situ. Reproduced with permission from (75).
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challenge, however, is making findings from animal studies rele-
vant to human biology. Weaning in animal models is generally a 
rapid process, whether physiologically or experimentally induced 
(eg, teat sealing or removal of pups from mother). However, a pro-
longed weaning model may more accurately reflect the more grad-
ual weaning process that occurs in women. The timing of weaning 
(prolonged vs rapid) may influence the duration of involution, and, 
therefore, affect the gene expression program and components of 
the microenvironment. One report described an expansion of mur-
ine mammary stem cells during pregnancy and then a drop to or 
below baseline levels after weaning (90). Similar rules may apply 
to the human breast; however, the scarcity of human breast tis-
sue specimens during the PLC poses considerable challenges to 
conducting such studies in humans. To this end, human breast milk 
may provide a source of cells for study.

Conclusions
The PLC is a complex period that permanently alters breast biol-
ogy and influences breast cancer risk. The major research conclu-
sions and future directions emerging through discussions among 
the multidisciplinary attendees at the National Cancer Institute 
workshop entitled “Postpartum Remodeling, Lactation and Breast 
Cancer Risk: Towards Improved Risk Assessment and Prevention” 
are summarized in Box 1.

The relationship of breastfeeding to breast cancer risk, 
particularly with regard to specific tumor subtypes, requires further 
study. Human studies suggest that pregnancy/lactation may offer 
strong protection against certain types of breast cancer in the long 
term but may be associated with increased breast cancer risk for 
other types in the short term. The latter is in agreement with studies 
in animal models that demonstrate that breast remodeling in the 
postweaning period may be associated with breast cancer growth 
and metastases. The protective effects of longer breastfeeding 
durations against aggressive breast cancer are now supported by a 
number of studies, particularly for BRCA1 mutation carriers, but our 
understanding of the underlying mechanisms is limited. Improving 
knowledge of PLC effects on the breast stem and/progenitor cell 
pools and the breast microenvironment in relation to breast cancer 
subtypes is a priority. Identification of mechanisms and markers 
related to postpartum breast changes among humans may have value 
for risk assessment and prevention. As animal research progresses, 
human studies could be designed to understand breast involution in 
relation to cancer risk and to explore the importance of inflammatory 
pathways in driving tumor aggressiveness. Human breast milk may 
provide a biospecimen for understanding the mechanisms that are 
important in the PLC and identifying biomarkers with potential 
value for risk assessment or early breast cancer detection. Given the 
importance of the PLC in breast carcinogenesis, research in this 

Box 1. Summary and research recommendations from the National Cancer Institute workshop “Postpartum Breast Remodeling, Lactation, and 
Breast Cancer Risk: Towards Improved Risk Assessment and Prevention”

Summary of Research Presented

1.	 In the general population, long durations of lactation are associated with a small reduction in overall breast cancer risk, in addition 
to many other health benefits for mother and child.

2.	 Breastfeeding may provide greater protection against triple-negative, basal-like, and BRCA1 mutation–associated breast cancer, sug-
gesting particular protection against aggressive types of tumors.

3.	 In humans, effects of parity and lactation on breast cancer risk are largely inseparable.

4.	 First pregnancy induces hormonal changes, some of which persist long-term. It is unclear how lactation affects the long-term hor-
monal environment over and above that of pregnancy.

5.	 Data from animal models demonstrate a molecular “involution signature” regulated by Stat3 signaling.

6.	 Recent pregnancy may increase near-term risk of breast cancer and poor prognosis. In the rodent model, involution of the mammary 
gland demonstrates shared characteristics with wound healing and promotes tumorigenesis. Nonsteroidal anti-inflammatory drugs 
can inhibit tumorigenesis induced by involution in this model.

7.	 Aspects of the research in rodent models may be applicable to human breast remodeling postweaning; however, the rodent mam-
mary gland differs in composition and organization from the human breast. The degree to which involution induces inflammation 
may also vary across animal models and from animal to human but may be modifiable.

8.	 Multiple components of milk can be assessed and vary with both physiological and pathological states (eg, weaning, inflammation, 
infection). These include hormones, cytokines, glycoproteins, and methylation of epithelial cells found in milk. Association of these 
markers with breast cancer risk is yet to be determined.

Recommendations for Future Research

1.	 Examine datasets to determine associations between parity, lactation, and breast cancer risk and outcomes, including studies of 
women who are BRCA1 mutation carriers and assessment of relationships by molecular subtype.

2.	 Refine analyses of lactation by collecting more detailed data (eg, duration per child, period of exclusive breastfeeding, weaning 
strategy/duration).

3.	 Use animal models to try to separate effects of parity and lactation.

4.	 Use animal models to examine the role of involution in promoting different breast cancer subtypes and the mechanisms and markers 
related to these processes.

5.	 Determine association of parity and lactation with long-term physiological states (eg, hormones, breast stem cells, breast 
microenvironment).

6.	 Conduct methods studies that explore collection, storage, and variability (within a woman over time and between women) of milk 
samples with regard to different markers in milk (eg, hormones, glycoproteins, cytokines, epithelial cells).

7.	 Examine associations of soluble or cellular components in milk with markers of breast cancer risk (eg, mammographic density).
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area may lead to important translational advances in risk assessment, 
early detection, or prevention of breast cancer.
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