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Chapter 2

NUTRIENT TRANSFER: MAMMARY GLAND
REGULATION
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1. INTRODUCTION

Breast-milk is arguably the ultimate functional food providing the
nursing infant with basic nutrition as well as a complex mixture of
immunomodulatory components, bioactive compounds and a vast array of
hormones1. Having been breast-fed as an infant has been associated with
enhanced cognitive development2 and may also provide protection against
cardiovascular disease3,  4, obesity5 and type 16 and type 2 diabetes7 later  in
life. Appropriate trace element intake is essential for optimal growth and
development and as such may play a role in some of the positive outcomes
associated with breastfeeding. Breast-fed infants are entirely dependent upon
the mother to provide an appropriate trace element supply and evidence
indicates that trace element requirements of term infants are generally met by
exclusive breast-feeding through about the first 6  months  of  life8.  After  6
months of age, introduction of complementary foods with adequate trace
element content is essential to meet the nutritional needs of the growing
infant. This is due in part to milk iron (Fe), zinc (Zn) and copper (Cu)
concentrations declining throughout lactation9. Furthermore, milk Fe, Zn and
Cu concentrations are relatively refractory to maternal trace mineral status10,
even when the maternal diet varies considerably11. There is currently little
information regarding the mechanisms through which the mammary gland
regulates milk trace element concentrations. Similarities between humans
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and rodents12 allow us to use rodent models to examine the regulation of
mammary gland mineral transport. Recently, several transporters for Fe, Zn
and Cu have been found to control trace element uptake and efflux in various
cell types. We have utilised the lactating rat to determine changes in
mammary gland Fe, Cu and Zn transporter expression and localisation that
occur throughout lactation and in response to maternal trace mineral
deficiency in hopes of elucidating some of the changes which may be
occurring in lactating women.

2. MAMMARY GLAND IRON TRANSPORT

Adequate Fe intake is essential for optimal growth, hematopoiesis and
cognitive development during infancy. Iron deficiency anemia is the most
common nutrient deficiency and is estimated to affect 1 to 2 billion people
worldwide.13 While maternal Fe deficiency has not been associated with
neonatal Fe deficiency anemia per se, neonatal Fe stores are decreased14

leaving  the  newborn  at  increased  risk  for  Fe  deficiency  if  Fe  intake  is
inadequate. Milk Fe concentration in humans and rats normally declines
throughout the course of lactation.9,15 However, little correlation between
maternal Fe status and milk Fe concentration in lactating women11 or
between marginal Fe deficiency and milk Fe concentration in rats has been
observed16, indicating that mammary gland Fe transport is a tightly regulated
process thus ensuring appropriate Fe transfer to the neonate.

Cellular Fe transport is tightly regulated and consists of Fe uptake across
the plasma membrane, the partitioning of Fe into specific intracellular pools
and  Fe  export  across  the  plasma  membrane  in  some  cell  types  such  as  the
secretory mammary epithelial cell. Iron uptake into the mammary gland is
facilitated by transferrin receptor (TfR). However, no correlation between
milk Fe concentration and TfR expression has been observed, suggesting
that the control of milk Fe level occurs following Fe uptake into the

fuse with acidic endosomes. The acidic environment facilitates the release of
Fe from the transferrin–TfR complex within the endosomal vesicle. Iron is

While we have determined that DMT1 is expressed in the mammary
gland16, its localisation and the role it plays in mammary gland Fe
metabolism have not yet been characterised. Once Fe has entered the
mammary epithelial cell it may partition into a chelatable Fe pool or
participate in a multitude of cellular processes such as sequestration into
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 17 17 Once diferric transferrin binds to TfR at the cell surface   ,
the transferrin–TfR complex is internalised in clathrin-coated vesicles that

transported out of the endosome by divalent metal transporter 1 (DMT1).
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ferritin (Ft) for storage, incorporation into Fe containing proteins in the
endoplasmic reticulum (ER) or export across the luminal membrane into
milk. How Fe secretion into milk is facilitated is currently unknown.
However, ferroportin (FPN) or IREG1 is localised to the endoplasmic
reticulum in reticuloendothelial cells where it is assumed to facilitate Fe
transport into an intracellular vesicle prior to secretion.20 We have
determined that FPN is expressed in the mammary gland 16 and speculate
that mammary gland FPN similarly transports Fe into secretory vesicles
destined for export into milk.

To address questions regarding the regulation of mammary gland Fe
transport  we  have  used  the  lactating  rat  as  a  model  to  localise  DMT1  and
FPN and determine changes in mammary gland Fe transporter expression
throughout lactation and in response to maternal Fe deficiency. Using
immunohistochemistry, we have determined that both DMT1 and FPN are
localised to intracellular vesicles and this cellular localisation in combination
with predicated membrane topology suggests that DMT1 may play a role in
endosomal Fe export while FPN may indirectly participate in the secretion of
Fe into milk.21 As mentioned previously, milk Fe concentration declines
throughout lactation and this decline is associated with declining levels in
TfR and FPN expression. In contrast, mammary gland Fe concentration and
DMT1 expression both remain constant throughout lactation further
suggesting that DMT1 may play a role in mediating cellular Fe pools.16

These results taken together suggest that the decline in milk Fe concentration
that occurs throughout normal lactation results from decreased Fe uptake and
secretion from the mammary gland into milk and not from tissue Fe
depletion and may partially reflect the improvement in maternal Fe status
that occurs during the postnatal period.22 Maternal Fe deficiency in lactating
rats reduced mammary gland Fe levels during lactation and similar to
observations in lactating women, milk Fe concentration was not affected.
The maintenance of milk Fe level was associated with decreased mammary
gland ferritin and DMT1 expression while TfR and FPN expression were not
affected. These results further suggest that the primary regulators of milk Fe
secretion may be TfR and FPN and indicate that milk Fe levels are
maintained during Fe deficiency due to an uncoupling of the “normal” tissue
Fe-responsive regulatory mechanisms in the mammary gland.

3. MAMMARY GLAND COPPER TRANSPORT

Copper (Cu) plays an essential role as a cofactor for enzymes that
generate cellular energy, cross-link connective tissue and mobilise cellular
iron.23 A large amount of Cu is accreted by the fetal liver 24 and is effectively
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mobilised during early neonatal life25. However, studies in rodents indicate
that total body Cu content increases during suckling suggesting that Cu must
be absorbed from their diet as well26. During lactation, milk provides the sole
source of Cu to the offspring; however, milk Cu concentration decreases as
lactation progresses in both rodents12 and humans27. Currently, the
mechanisms in the mammary gland which facilitate the decrease in milk Cu
concentration are not understood.

Three mammalian Cu-specific transport proteins have been identified in
the mammary gland28-30. The Menkes Cu ATPase (ATP7A) belongs to the P-
type ATPase family of transmembrane proteins, and mutations in the
ATP7A gene are associated with impaired cellular Cu export31. ATP7A
expression is ubiquitous and its gene product is localised to both a
perinuclear and vesicular compartment in mammary glands of mice and
humans in the non-lactating state29, 32. However, during lactation mammary
gland ATP7A expression is increased and ATP7A protein re-localises to the
plasma membrane29 suggesting that mammary gland ATP7A plays an active
role in mammary gland Cu transport during lactation. The Wilson Cu
ATPase  (ATP7B)  also  belongs  to  the  P-type  ATPase  family  and  is
homologous to ATP7A30. Individuals with Wilson disease have mutations in
the ATP7B gene which eliminates the ability of ATP7B protein to
appropriately localise to an intracellular compartment in the liver, resulting
in impaired biliary Cu excretion and subsequent hepatotoxicity31.  In  the rat
mammary gland during mid-lactation, ATP7B is localised to an intracellular
compartment and to the luminal membrane of secretory mammary epithelial
cells28. Similar to observations in patients with Wilson disease, a murine
mutation in ATP7B (toxic milk, tx) results in defective ATP7B translocation
in the mammary gland thus impairing Cu export into milk (~20 % of
normal). This mis-localisation of ATP7B in the mammary gland results in
neonatal death from Cu deficiency suggesting it plays a major role in
mammary gland Cu export into milk. 30 Prior to export into milk, Cu must be
imported into the mammary gland; however, the mechanisms the mammary
gland  uses  to  accomplish  Cu  import  are  not  well  understood.  In  the
circulation, Cu is tightly complexed with ceruloplasmin (Cp), associated
with albumin and, to a lesser degree, small molecular weight ligands such as
amino acids25.  Recently  Ctr1,  an  essential  Cu  import  protein,  has  been
identified and found to be expressed in all tissues examined33, 34 including
the mammary gland28. Studies in transfected cell models indicate that Ctr1
imports Cu+1 with high affinity33,35 and import is believed to require
multimerisation of several Ctr1 proteins36, possibly forming a channel37.
Additionally, recent evidence indicates that Ctr1 is vesicular and is
endocytosed and degraded in response to physiological levels of
extracellular Cu38, presumably providing a rapid method of modulating Cu
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import. Similar to what has been observed in numerous cell types37, we have
determined that Ctr1 in the mammary gland is localised to both the plasma
membrane and intracellular vesicles28.

We  used  a  lactating  rat  model  and  characterised  changes  in  Cu
transporter expression and localisation during lactation. Similar to
observations in humans9, milk and plasma Cu concentration declined
through lactation as did mammary gland Cu levels. The decrease observed in
milk Cu level as lactation progresses may be primarily a result of the
internalisation of Ctr1 from the serosal membrane as lactation progresses in
combination with reduced Cu availability from maternal circulation due to
decreasing plasma Cu concentration. These changes may facilitate the

localisation of ATP7B is maintained throughout lactation while the amount
of ATP7A protein is higher during early compared to late lactation.
Although the role of ATP7A in mammary gland Cu export is currently
unknown, high expression of ATP7A during early lactation may facilitate
enhanced Cu secretion into milk during this period, while the longitudinal
decrease in ATP7A level may reduce the ability of the mammary gland to
secrete Cu into milk as lactation proceeds. However, the possibility that
ATP7A plays a yet unknown role in mammary gland Cu transport cannot be
excluded.

While Cu deficiency is uncommon, marginal Zn intake is very common
and Zn deficiency during pregnancy and lactation has been associated with
secondary affects on Cu metabolism in the offspring. Research from our
group has recently demonstrated an inverse correlation between maternal Zn
status and milk Cu concentration
unknown. We used the lactating rat as a model and determined that marginal
maternal Zn intake similarly resulted in increased milk Cu concentration and
Cp activity. Furthermore, Zn deficient rats had increased mammary gland
Ctr1, ATP7A and ATP7B expression and also relocalised ATP7A to larger
vesicles in the mammary gland, potentially increasing Cu secretion into
secretory vesicles. Thus, suboptimal maternal status of one trace element
may affect the milk concentration of other essential trace elements,
emphasising the need for adequate maternal nutrition of multiple trace
elements to ensure optimal trace element transfer to the nursing infant.

4. MAMMARY GLAND ZINC TRANSPORT

Zinc is a nutrient required for many proteins involved in DNA synthesis,
protein synthesis, mitosis and cell division. Adequate Zn supply is
particularly important during the periods of rapid neonatal growth and

depletion of mammary gland Cu levels. Furthermore, the protein level and

28; however, the underlying mechanisms are
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development as illustrated by observations of early neonatal death associated
with low milk Zn levels in lethal milk (lm) mice.39 During lactation, a
substantial amount of Zn is taken up by the human mammary gland and
secreted into milk (0.5-1 mg/d), facilitating the movement of almost twice
the  amount  of  Zn  that  is  transferred  daily  across  the  placenta  to  the  fetus
during pregnancy,40 which illustrates the extraordinary activity of mammary
gland Zn transport. Furthermore, milk Zn concentration is maintained over a
wide range of dietary Zn intake,41-42 which suggests that mammary gland Zn
import and export are tightly coordinated in order to provide adequate Zn to
the nursing infant. Interestingly, although plasma Zn concentration increases,
milk Zn concentration decreases throughout the normal course of lactation in
both rodents and humans;12 however, the transport mechanisms that regulate
this longitudinal decrease are not well understood.43

Recently, a number of mammalian proteins have been described which
participate in Zn trafficking from the cytosol across membranes.44 These are
divided into two distinct families. The ZnT family of Zn transporters is a
member of the larger cation diffusion facilitator family (CDF) and currently
contains 7 members (ZnT-1 through ZnT-7). With the exception of ZnT-545,
they are structurally similar having six transmembrane domains and a
histidine-rich domain that is believed to play a key role in Zn binding;
however, the specific mechanisms these transporters utilise to transport Zn
remain unknown. The importance of optimal mammary gland Zn transfer is
recognised by the early death from severe Zn deficiency of pups suckled
from dams exhibiting a nonsense mutation in the Zn transporter ZnT-4,
known as the lethal milk (lm) mouse.39 Although this suggests that ZnT-4
plays an important role in facilitating milk Zn secretion, observations that
milk from these mice still contains measurable amounts of Zn (~50% of
normal)46 and  that  pup  survival  can  be  improved  by  maternal  Zn
supplementation, indicate that the mammary gland can utilise other Zn
transport mechanisms to facilitate the export of Zn into milk. Thus far, ZnT-
1 is the only Zn transporter that has been implicated in cellular Zn export.47

ZnT-1 may therefore export Zn across both the serosal and luminal
membranes of the mammary epithelial cell, the cell-type responsible for the
secretion of milk components during lactation.48 ZnT-2  is  expressed  in  the
mammary gland48 and is primarily associated with the luminal membrane,
possibly exporting Zn from the cytosol into secretory vesicles.49-50 However,
the physiological significance of this vesicular Zn sequestration remains
obscure.

The  initial  step  in  milk  Zn  secretion  is  Zn  import  from  the  maternal
circulation into the mammary gland. Although Zip1 expression is ubiquitous,
abundant expression of Zip2, Zip3 and Zip4 is tissue-specific.51 The
expression of Zip3 is restricted to tissues with an unusually high requirement
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for Zn such as brain, eye, pancreas and thymus. Additionally, we have
detected Zip3 expression in the mammary gland and like other Zip family
members,52-55 Zip3 is localised to the plasma membrane in mammary

observations in humans,56 the plasma Zn concentration of lactating rats
increases to pre-pregnancy levels as lactation progresses. Concurrent with
the increasing plasma Zn level, mammary gland Zn concentration, ZnT-1
and ZnT-2 expression increase while ZnT-4 and Zip3 expression peaks
during early lactation and then declines, but remains significantly higher
than during early lactation.48 While ZnT-1 expression increases throughout
lactation, the formation of two distinct ZnT-1 complexes of different size
may help to explain differential cellular localisation. Interestingly, the
intensity of luminal-associated ZnT-1 staining is particularly high during
early lactation and declines as lactation continues. This suggests that ZnT-1
may play a significant role in mediating the transfer of Zn into milk during
early lactation and that its contribution diminishes as lactation progresses.
While the expression of ZnT-2 slightly increases throughout lactation and
the staining intensity of ZnT-2 at the serosal membrane remains constant, the
intensity of ZnT-2 staining at the luminal membrane decreases through
lactation. This decline in luminal staining as lactation proceeds provides an
additional mechanistic explanation for the decline in milk Zn concentration.
ZnT-4 in the mammary gland is also localised to both serosal and luminal
mammary cell compartments; however, its relative distribution shifts from
the luminal membrane during early lactation to a more even intracellular
distribution during late lactation possibly reducing its overall contribution to
milk Zn secretion. The peak in ZnT-4 and Zip3 expression during early
lactation also suggests that mammary gland Zn uptake and milk Zn secretion
are enhanced via these transporters during early lactation and further
provides a mechanistic explanation behind the decline in milk Zn levels that
has been observed.

Milk Zn level is maintained over a wide range of dietary Zn intake and
most studies have failed to show a positive effect of Zn supplementation on
milk Zn level, despite increased plasma Zn levels. This indicates that the
regulation of milk Zn secretion is tightly controlled. Some studies have
observed an inverse relationship between milk Zn (which is high) and
plasma Zn (which is low) in women from developing countries; however,
the mechanisms the mammary gland uses to facilitate this regulation is
unknown. Using the lactating rat as a model, we determined effects of low
Zn intake on mammary gland Zn transporter expression at mid-lactation and

epithelial cells. Taken together, these data suggest that Zip3 may play a 
unique regulatory role in mammary gland Zn import and thus ultimately 
in milk Zn secretion.

We  used  the  lactating  rat  as  a  model  and  determined  that,  similar  to
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found that similar to observations in humans, although plasma Zn levels are
reduced, milk Zn concentration is maintained during marginal Zn intake.
Furthermore, we speculate that milk Zn level may be homeostatically
maintained via decreased Zn export back across the serosal membrane into
maternal circulation, as ZnT-1 expression is decreased, and increased Zn
secretion into milk, as ZnT-4 expression is increased. However, this effect is
dependent upon the severity of Zn deficiency as once Zn intake is further
compromised, milk Zn level decreases and is associated with decreased
expression of Zip3, ZnT-1, ZnT-2 and ZnT-4, suggesting a threshold to
which the mammary gland can respond to adequately maintain milk Zn
levels.

4.1 Regulation of Zip3 and ZnT-4 by prolactin

Within the mammary gland, the highly specialised, secretory mammary
epithelial cell is responsible for the secretion of milk components and thus
facilitates the transport of large amounts of Zn from the maternal circulation
into milk. Differentiation of proliferating mammary epithelial cells into a
fully functional, secretory cell-type is hormonally regulated and essential for
preparing these cells for secretion.57 Furthermore, once differentiated,
secreting mammary epithelial cells require episodic hormonal stimulation in
order to maintain the expression, production and secretion of many milk
components58 similar to the requirements for galactopoeisis59,60. During
lactation, prolactin (PRL), primarily secreted by the anterior pituitary
gland61-63, is responsible for regulating milk protein synthesis and
maintaining lactation,64-65 and circulating PRL levels decline as lactation
progresses.

As we have characterised changes in Zn transporters that occur during
lactation, we aim to further understand the regulatory mechanisms which
facilitate these changes. The redundancy in the mammary gland Zn transport
system has  led  us  to  question  the  unique  role  each  Zn  transporter  plays  in
this process. The use of gene silencing techniques has greatly aided the
understanding of many complex biological processes66 and  is  becoming  an
increasingly common tool in evaluating protein functionality and essentiality
in specific cell types. Using gene silencing we reduced Zip3 expression in
cultured mouse mammary epithelial cells by ~80% and subsequently
decreased Zn uptake, demonstrating that Zip3 facilitates Zn import into
mammary epithelial cells. Furthermore, decreased cell viability following
Zip3 knock-down illustrates the biological essentiality of Zip3 in mammary
epithelial  cells  and  may  reflect  the  unique  requirement  for  enhanced  Zn
transport via Zip3 in this highly specialised cell type. As mentioned
previously, PRL secretion is episodic and circulating PRL level declines
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throughout lactation, and thus we speculate that PRL may play a role in
mediating  changes  in  milk  Zn  (as  well  as  Fe  and  Cu)  concentrations.  To
investigate the mechanisms through which PRL affects Zip3 and ZnT-4 we
used cultured mouse mammary epithelial cells and observed that PRL
exposure transiently stimulated both serosal Zn uptake and luminal Zn
export in these cells. However, this increase in Zn transport was associated
with increased ZnT-4 expression but decreased Zip3 expression indicating
that increased Zn transporter protein levels was not the only explanation for
the observed increase in Zn transport. Using confocal microscopy we have
determined effects of PRL on Zip3 and ZnT-4 localisation in mouse
mammary epithelial cells. Similar to the localisation of Zip3 in lactating rat
mammary gland48,  Zip3  was  localised  to  the  plasma  membrane  and  to  a
vesicular compartment of mammary epithelial cells, indicating that Zip3
may episodically facilitate mammary epithelial cell Zn import52.
Furthermore, PRL exposure facilitates the movement of Zip3-associated
vesicles towards the plasma membrane presumably increasing Zn uptake
into the cell. ZnT-4 on the other hand, generally stains throughout the entire
mammary epithelial cell, but stains in very tight association with a
perinuclear compartment following PRL exposure.

One  important  question  that  arises  is:  how  does  PRL  mediate  these
transcriptional, translational and post-translational effects on Zip3 and ZnT-
4? PRL binds to PRL receptor and through a series of phosphorylation
events can stimulate the JAK2/STAT567-68 and MAP kinase69 pathways,
ultimately resulting in increased nutrient transport into the mammary gland70

and stimulated milk protein production and secretion.71-72 Preliminary
evidence  indicates  that  PRL  stimulates  both  Zip3  and  ZnT-4  mRNA
expression, although changes in ZnT-4 expression appear to be transient, and
inhibition of either JAK/STAT or MAPK signalling pathways using
chemical antagonists results in decreased expression suggesting that these

mechanisms. A more convoluted question is: how does PRL stimulation
result in the movement of Zip3 and ZnT-4 from one cellular location to
another? We have preliminary evidence that indicates that both Zip3 and
ZnT4 are themselves phosphorylated and studies are currently underway to
determine if this phosphorylation is altered by PRL exposure.

5. CONCLUSION

In summary, using the lactating rat as a model we have determined that
milk Zn, Cu and Fe levels are regulated temporally through coordinated
changes in gene expression, protein levels and localisation of mineral-

pathways somehow participate in the regulatory control of Zn transport 
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specific  transporters.  While  milk  Zn,  Cu  and  Fe  levels  remain  somewhat
refractory to maternal trace mineral status, maternal malnutrition may have
unique effects on mammary gland mineral transporters through secondary
effects on hormonal signalling in the mammary gland.

ACKNOWLEDGEMENTS

The work from our laboratory was supported by grants from the National
Institutes of Health (NIH DK35747) and intramural faculty research grants.

REFERENCES

S.L. Kelleher and B. Lönnerdal

 

1. Picciano MF (1998) Human milk: nutritional aspects of a dynamic food. Biol Neonate 
74:84-93. 

2. Gomez-Sanchez M, Canete R, Rodero I, Baeza JE, Gonzalez JA (2004) Influence of 
breast-feeding and parental intelligence on cognitive development in the 24-month-old 
child. Clin Ped 43:753-761. 

3. Martin RM, Ness AR, Gunnell D, Emmett P, Smith GD (2004) Does breast-feeding in 
infancy lower blood pressure in childhood? The Avon Longitudinal Study of Parents and 
Children (ALSPAC). Circulation 109:1259-1266. 

4. Lawlor DA, Najman JM, Sterne J, Williams GM, Ebrahim S, Smith GD (2004) 
Associations of parental, birth, and early life characteristics with systolic blood pressure at 
5 years of age: findings from the Mater-University study of pregnancy and its outcomes. 
Circulation 110:2417-2423. 

5. Arenz S, Ruckerl R, Koletzko B, von Kries R (2004) Breast-feeding and childhood 
obesity-systematic review. Int J Obes 28:1247-1256. 

6. Dosch HM, Becker DJ (2002) Infant feeding and autoimmune diabetes. Adv Exp Med Biol 
503:133-140. 

7. Young TK, Martens PJ, Taback SP et al (2002) Type 2 diabetes mellitus in children: 
prenatal and early infancy risk factors among native Canadians. Arch Ped Adolesc Med 
156:651-655. 

8. Dewey KG (1998) Growth characteristics of breast-fed compared to formula-fed infants. 
Biol Neonate 74:94-105. 

9. Lönnerdal B, Keen CL, Hurley LS (1981) Iron, copper, zinc and manganese in milk. Ann 
Rev Nutr 1:149-174. 

10. Lönnerdal B (1986) Effects of maternal dietary intake on human milk composition. J Nutr 
116:499-513. 

11. Domellof M, Hernell O, Dewey KG, Cohen RJ, Lönnerdal B (2004) Factors influencing 
concentrations of iron, zinc, and copper in human milk. Adv Exp Med Biol 554:355-358. 

12. Keen CL, Lönnerdal B, Clegg M, Hurley LS (1981) Developmental changes in 
composition of rat milk: trace elements, minerals, protein, carbohydrate and fat. J Nutr 
111:226-236. 

13. ACC/SCN (1992) Second Report on the World Nutrition Situation: Volume 1: Global and 
Regional Results, ed. ACC/SCN. Geneva. 



NUTRIENT TRANSFER: MAMMARY GLAND REGULATION 25

 

14. Agarwal RMD, Tripathi AM, Agarwal KN (1983) Cord blood haemoglobin, iron and 
ferritin status in maternal anemia. Acta Paed Scand 72:545-548. 

15. Keen CL, Lönnerdal B, Clegg M, Hurley L (1981) Developmental changes in composition 
of rat milk: trace elements, minerals, protein, carbohydrate and fat. J Nutr 111:226-236. 

16. Leong WI, Lönnerdal B (2005) Iron transporters in rat mammary gland: effects of 
different stages of lactation and maternal iron status. Am J Clin Nutr 81:445-453. 

17. Sigman M, Lönnerdal B (1990) Response of rat mammary gland transferrin receptors to 
maternal dietary iron during pregnancy and lactation. Am J Clin Nutr 52:446-450. 

18. Georgieff MK, Wobken JK, Welle J, Burdo JR, Connor JR (2000) Identification and 
localization of divalent metal transporter-1 (DMT-1) in term human placenta. Placenta 
21:799-804. 

19. Tabuchi M, Yoshimori T, Yamaguchi K, Yoshida T, Kishi F (2000) Human 
NRAMP2/DMT1, which mediates iron transport across endosomal membranes, is 
localized to late endosomes and lysosomes in HEp-2 cells. J Biol Chem 275:22220-22228. 

20. Abboud S, Haile DJ (2000) A novel mammalian iron-regulated protein involved in 
intracellular metabolism. J Biol Chem 275:19906-19912. 

21. Kelleher SL, Lönnerdal B (2005) Low vitamin A intake affects milk iron level and iron 
transporters in rat mammary gland and liver. J Nutr 135:27-32. 

22. Chan SM, Nelson EA, Leung SS, Li CY (2001) Postnatal iron status of Hong Kong 
Chinese women in a longitudinal study of maternal nutrition. Eur J Clin Nutr 55:538-546. 

23. Linder MC, Wooten L, Cerveza P, Cotton S, Shulze R, Lomeli N (1998) Copper transport. 
Am J Clin Nutr 67:965S-971S. 

24. Reinstein NH, Lönnerdal B, Keen CL, Hurley LS (1984) Zinc-copper interactions in the 
pregnant rat: fetal outcome and maternal and fetal zinc, copper and iron. J Nutr 114:1266-
1279. 

25. Linder MC, Lomeli NA, Donley S et al (1999) Copper transport in mammals. Adv Exp 
Med Biol 448:1-16. 

26. Keen CL, Lönnerdal B, Sloan MV, Hurley LS (1980) Effect of dietary iron, copper and 
zinc chelates of nitrilotriacetic acid (NTA) on trace metal concentrations in rat milk and 
maternal and pup tissues. J Nutr 110:897-906. 

27. Lönnerdal B (1998) Copper nutrition during infancy and childhood. Am J Clin Nutr 
67:1046S-1053S. 

28. Kelleher SL, Lönnerdal B (2003) Marginal maternal Zn intake in rats alters mammary 
gland Cu transporter levels and milk Cu concentration and affects neonatal Cu 
metabolism. J Nutr 133:2141-2148. 

29. Ackland ML, Anikijenko P, Michalczyk A, Mercer JFB (1999) Expression of Menkes 
copper-transporting ATPase, MNK, in the lactating human breast: possible role in copper 
transport into milk. J Histochem Cytochem 47:1553-1561. 

30. Michalczyk AA, Reiger J, Allen KJ, Mercer JFB, Ackland ML (2000) Defective 
localization of the Wilson disease protein (ATP7B) in the mammary gland of the toxic 
milk mouse and the effects of copper supplementation. Biochem J 352:565-571. 

31. Danks, DM (1995), Disorders of copper transport. In: The Metabolic and Molecular Basis 
of Inherited Disease, (D Valle, Ed.), McGraw Hill: New York. pp. 2211-2235. 

32. Grimes A, Hearn CJ, Lockhart P, Newgreen DF, Mercer JF (1997) Molecular basis of the 
brindled mouse mutant (Mo(br)): a murine model of Menkes disease. Hum Molec Gen 
6:1037-1042. 

33. Lee J, Prohaska JR, Dagenais SL, Glover TW, Thiele DJ (2000) Isolation of a murine 
copper transporter gene, tissue specific expression and functional complementation of a 
yeast copper transport mutant. Gene 254:87-96. 



26 S.L. Kelleher and B. Lönnerdal

 

34. Lee J, Prohaska JR, Thiele DJ (2001) Essential role for mammalian copper transporter 
Ctr1 in copper homeostasis and embryonic development. PNAS 98:6842-6847. 

35. Zhou B, Gitschier J (1997) hCTR1: a human gene for copper uptake identified by 
complementation in yeast. PNAS 94:7481-7486. 

36. Lee J, Pena MMO, Nose Y, Thiele DJ (2002) Biochemical characterization of the human 
copper transporter Ctr1. J Biol Chem 277:4380-4387. 

37. Klomp AEM, Top BBJ, Van Den Berg ET, Berger R, Klomp LWJ (2002) Biochemical 
characterization and subcellular localization of human copper transporter 1 (hCTR1). 
Biochem J 364:497-505. 

38. Petris MJ, Smith K, Lee J, Thiele DJ (2002) Copper-stimulated endocytosis and 
degradation of the human copper transporter, hCtr1. J Biol Chem 278:9639-9646. 

39. Huang L, Gitschier J (1997) A novel gene involved in zinc transport is deficient in the 
lethal milk mouse. Nature Gen 17:292-297. 

40. King JC (2002) Enhanced zinc utilization during lactation may reduce maternal and infant 
zinc depletion. Am J Clin Nutr 75:2-3. 

41. Moore CME, Roberto RDJ, Greene HL (1984) Zinc supplementation in lactating women: 
evidence for mammary control of zinc secretion. J Ped 105:600-602. 

42. Krebs NF (1998) Zinc supplementation during lactation. Am J Clin Nutr 68:509S-512S. 
43. Luizzi JP, Bobo JA, Cui L, McMahon RJ, Cousins RJ (2003) Zinc transporters 1, 2 and 4 

are differentially expressed and localized in rats during pregnancy and lactation. J Nutr 
133:342-351. 

44. McMahon RJ, Cousins RJ (1998) Regulation of the zinc transporter ZnT-1 by dietary zinc. 
PNAS 95:4841-4186. 

45. Kambe T, Narita H, Yamaguchi-Iwai Y et al (2002) Cloning and characterization of a 
novel mammalian zinc transporter, ZnT-5, abundantly expressed in pancreatic beta-cells. J 
Biol Chem 277:19049-19055. 

46. Ackland ML, Mercer JF (1992) The murine mutation, lethal milk, results in production of 
zinc-deficient milk. J Nutr 122:1214-1218. 

47. McMahon RJ, Cousins RJ (1998) Mammalian Zinc transporters. J Nutr 28:667-670. 
48. Kelleher SL, Lönnerdal B (2003) Zn transporter levels and localization change throughout 

lactation in rat mammary gland and are regulated by Zn in mammary cells. J Nutr 
133:3378-3385. 

49. Palmiter RD, Cole TB, Findley SD (1996) ZnT-2, a mammalian protein that confers 
resistance to zinc by facilitating vesicular sequestration. EMBO 15:1784-1791. 

50. Murgia C, Vespignani I, Cerase J, Nobili F, Perozzi G (1999) Cloning, expression and 
vesicular localization of transporter Dri27/ZnT4 in intestinal tissue and cells. Am J Phys 
277:G1232-G1239. 

51. Wang F, Dufner-Beattie J, Kim BE, Petris MJ, Andrews GK, Eide DJ (2004) Zinc-
stimulated endocytosis controls activity of the mouse ZIP1 and ZIP3 zinc uptake 
transporters. J Biol Chem 279:24631-24639. 

52. Dufner-Beattie J, Langmade SJ, Wang F, Eide D, Andrews GK (2003) Structure, function 
and regulation of a subfamily of mouse zinc transporter genes. J Biol Chem 278:50142-
50150. 

53. Eide DJ (2003) The SLC39 family of metal ion transporters. In: The ABC of Solute 
Carriers. (MA Hediger, Editor). Springer-Verlag: New York. 

54. Gaither LA, Eide DJ (2000) Functional expression of the human hZIP2 zinc transporter. J 
Biol Chem 275:5560-5564. 

55. Gaither LA, Eide DJ (2001) The human ZIP1 transporter mediates zinc uptake in human 
K562 erythroleukemia cells. J Biol Chem 276:22258-22264. 



NUTRIENT TRANSFER: MAMMARY GLAND REGULATION 27

 

56. Moser PB, Reynolds RD (1983) Dietary zinc intake and zinc concentrations of plasma, 
erythrocytes, and breast milk in antepartum and postpartum lactating and non-lactating 
women: a longitudinal study. Am J Clin Nutr 38:101-108. 

57. Desrivieres S, Prinz T, Laria NC-P et al (2003) Comparative proteomic analysis of 
proliferating and functionally differentiated mammary epithelial cells. Molec Cell 
Proteomics 2:1039-1054. 

58. Neville MC, McFadden TB, Forsyth I (2002) Hormonal regulation of mammary 
differentiation and milk secretion. J Mammary Gland Biol Neoplasia 7:49-65. 

59. Rillema JA, Hill MA (2003) Prolactin regulation of the pendrin-iodide transporter in the 
mammary gland. Am J Physiol Endocrinol Metab 284:E25-28. 

60. Rillema JA, Houston TL, Jokn-Pierre-Louis K (2003) Prolactin, cortisol and insulin 
regulation of nucleoside uptake into mouse mammary gland explants. Exp Biol Med 
228:795-799. 

61. Lkhider M, Depal S, Bousquet MO (1996) Rat prolactin in serum, milk and mammary 
tissue: characterization and intracellular localization. Endocrinol 137:4969-4979. 

62. Lkhider M, Delpal S, LeProvost F, Ollivier-Bouquet M (1997) Rat prolactin synthesis by 
lactating mammary epithelial cells. FEBS Letters 401:117-122. 

63. Iwasaka T, Umemura S, Kakimotot K, Koizumi H, Osamura YR (2000) Expression of 
prolactin mRNA in rat mammary gland during pregnancy and lactation. J Histochem 
Cytochem 48:389-395. 

64. Ball RK, Friis RR, Schoenenberger CA, Doppler W, Groner B (1988) Prolactin regulation 
of beta-casein gene expression and of a cytosolic 120-kd protein in a cloned mouse 
mammary epithelial cell line. EMBO J 7:2089-2095. 

65. McManaman JL, Hanson L, Neville MC, Wright RM (2000) Lactogenic homones regulate 
xanthine oxidoreductase and beta-casein levels in mammary epithelial cells by distinct 
mechanisms. Arch Biochem Biophys 373:318-327. 

66. Geley S, Muller C (2004) RNAi: ancient mechanism with a promising future. Exp 
Gerentol 39:985-998. 

67. Wartmann M, Cella N, Hofer P et al (1996) Lactogenic hormone activation of Stat5 and 
transcription of the beta-casein gene in mammary epithelia cells is independent of the p42 
ERK2 mitogen-activated protein kinase activity. J Biol Chem 271:31863-31868. 

68. Winklehner-Jennewein P, Geymayer S, Lechner J et al (1998) A distal enhancer region in 
the human beta-casein gene mediates the response to prolactin and glucocorticoid 
hormones. Gene 217:127-139. 

69. Mitev V, Bayat-Sarmandi M, Lemnaouar M, Puissant C, Houdebine LM (1996) The effect 
of prolactin on casein kinase II, MAP kinase and PKC in rabbit mammary cells and Nb2 
rat lymphoid cells. Biochem Pharmacol 52:1719-1727. 

70. Selvaraj NG, Omi E, Gibori G, Rao MC (2000) Janus kinase 2 (JAK2) regulates prolactin-
mediated chloride transport in mouse mammary epithelial cells through tyrosine 
phosphorylation of Na+-K+-2Cl- cotransporter. Molec Cell Endocrinol 14:2054-2065. 

71. Ollivier-Bousquet M (1978) Early effects of prolactin on lactating rabbit mammary gland. 
Ultrastructural changes and stimulation of casein secretion. Cell Tiss Res 187:25-43. 

72. Lkhider M, Petridou B, Aubourg A, Ollivier-Bousquet M (2001) Prolactin signaling to 
milk protein secretion but not to gene expression depends on the integrity of the Golgi 
region. J Cell Sci 114:1883-1891. 


