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Abstract

!
The capacity of milk to provide adequate iron may be critical to breastfed infants

as human milk is often their sole source of iron during early infdbdyemely

low iron contentin human milkhas been documented, yetether the iron in
breastmilk is adequafor exclusively breastfed infants atite underlying
mechanism responsible fmw iron in human millare still unclarifiedThis study
was designed to investigatee adequacy of iron intaken breastfed infantandthe
iron trafficking pathway in lactating human epithelial cells.

First, through the metanalysis ofandomised controlled feeding triaRET) it
was determined thaton supplementation tieealtty exclusvely breastfed infants
improves theiriron statis and cognitive development, but may deklssir physical
growth. There was no evidence to suggest iron supplementation could cause other
adverse effects.

In order to address why ira@oncentrations aew in human milkthe expression
of iron membrangransporters and irebinding proteins genes in human breast
milk samples was determinelNA extracted fronthe breast milk fat globular
fraction originates exclusively from epithelial cells when mothers are healthy.
Transcript for theraansferrin receptol (TFRQO, divalent metal transporter 1
(DMT1, SLC11A2, transferrin TF) and lactoferrinl(TF) werepresentHowever,

the transcript encodintdpe iron transmembrane release profemoportin EPN),



encoded by th€LC40Algene was absenih human milk This contradicts
existing reports oits presence in the rat mammary glamsl comparison of the
iron transporter genespressed in thmouseepithelial cellline HC11 to human
milk confirms the presence of the transferrin receptorditfze divalenimetal

transporter 1n lactating epithelial cells1 both species.

In further analyses it was confirmed that RNA extracted from human milk fat is
originated from epithelial cells, while RNA extracted from cells isolated from the

breastmilkoriginated fromboth epithelial cells and leukocytes.

The transcripts encoding the transferrin receptor 1, divalent metal transporter 1,
transferrin and lactoferrirLTF), transferrin receptor 2 were presenRiNA

isolated from both the milk fat anide milk cells. Transcripts forwo other
transportersthe ONatural Resistandssociated Macrophage ProteinO(encoded by
SLC11A) andferroportin (encoded b8LC40A) were onlyfoundin the RNA

isolated from milk cells, and might therefore not play a role in iron dearet

through the mammary epithelial cell.

Overall, thesefindingssuggesthatRNA from milk fatrather tharcellsisolated
form milk could be a novel tool to investigate the biological functions of lactating
epithelial cellsThe lack of iron exporter itactating epithelial cells suggests that

iron trasnmembrane expartaynotbe used during human lactation.
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Chapter I.Introduction

1.1Background
Iron (Fe) is an essential trace mineral that plays an important role in theitaisdy
involved in erythropoiesis artie synthesisand functioningdf Fe-requiring
enzymes. Therefore, humans require a certain amount of dietérymaintain
biochemical functions of the body. The capacity of milk to provide adeégate
can be criticafor breastfed infantbecausét may be their sole source Béfor
most of infancy. Regulation of adequate amewhfeis not only important to
normal mammary gland physiologyis also critical tathelactating process he
Fecontent inhumanbreast milk is around 0.3mg/L, which is cons&tHow in
comparisorto maternal serurire. The Fe status of exclusively breastfed infants
remains a controversial topic in neonatal nutritiith some voices supporting a
Fesupplementation while others regard this as harmful due to potéatial

overload.

The mechanismof Fetransferfrom maternal serunmto thebreast milk is still
unknownfor humars. Currentavailable datdave only been obtained from a rat
model,which may not be a good model for huntmtausehe Febinding proteins
in milk and the concentration of Fenmilk in human and rats are differeithus,

understandinghe underlying mechanisms Bétransport by the human mammary

%



glands had a much broader apped&lue to ethical and technical problems, lactating
human mammary gland tissuedifficult to obtain for research ud@.this project,
RNA from breastmilk will be used as a nmvasive sourcerlhis work will

illuminate on this issue by determinitite Fetransportes in lactating epithelial
cells.The studies were designed to compare humdmasuse as a means to

extrapolate on existing rodent data.

1.2 Hypothesis andObjectives
1.2.1 Hypothesis
Iron transporters ithe human mammary gland aresponsibldor low iron

concentration in human breast milk

1.2.20bjectives
1. Investigatehe evidence fothe benefits and risks of daily or&le

supplementation in exclusively breastfed infants.

2. Determinethe Fetransporters expressedamouse mammary epithelial cell line

before and after prolactin stimulation.
3. Determindhe Fetransporters expressed in mRNA friwsnmanmilk fat.

4. Determindhe Fetransporters expressed in Alactating human epithelial cells.
5. Compare th&etransporters expressed in mRNA frowmmanmilk fat and that

from humanmilk cells.



Chapter Il.!  Literature Review

2.1 Iron Metabolism in the Human Body

2.1.1 Intestinal iron absorption
Iron (Fe) uptake by enterocytes depends on the forms of the Fe (Figyrd Be
major sources of Fe include free All@me Fe, heme and ferritin. It has been
proposed that heme Fe is transported by an intestinal heme transporter, heme
carrier protein 1 (HCP1(1), or another transport€?2). However, this process has
not been fully determined yet. Ferritin enters the enterocytes via an unknown
mechanism, and it is then degraded in the lysos¢®ebslon-heme ferric Fe must
be reduced to ferrous Fe by duodenal cytochrome b (DCYA)B) other cell
surface ferrireductases firf&), then it is transported into the enteytesvia
divalent metal transport¢DMT1) (6). Once it enters the cell, cellular Fe can
either be stored as ferritin, used by the intracellular compartments, or exported into
the blood for the use by other tissues in the WBYyintracellular ferrous Fe is
transferred across the bas@ral membrane derroportin(FPN) (3), and then it is
oxidized to ferric Fe by hephaestin (HEPH), a membsamshored, multicopper
ferroxidasg(7). Then ferric Fe binds twansferrin(TF) in the interstitial fluids and

circulates throughout the body.
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Figure 2-1 Model of iron transporthrough theduodenal enterocytes
Heme Fe is transported liyge heme carrier protein 1H{CP1) or another
transporter. Ferritin enters the enterocytes via an unknown mechanism, and it is
then degraded in the lysosomes. N@me Fe is trasported into the enterocytes
via the divalent metal transporteDMT1). Intracellular ferrous Fe is transferred
across the basolateral membranefbyroportin (FPN). Then ferric Fe binds to
transferrin (TF) in the interstitial fluids and circulates throughout the body.

2.1.2 Cellular iron uptakeThetransferrincycle
The prevalent expression wansferrin receptor (TFRQ reveals that it facilitates
cellular Fe uptake in most cell8) (Figure 22). TF-bound Fe enters the cells is
mediated by FRC(9). Fe TF binds TFRC on the cell surface and enters the cell as

the FeTF-TFRC complex10), which is endocytosedto the endosome. Due to
(!



the acidity of endosom€4l, 12), Fe is released from the complex and the TF
TFRC is returned to the d¢aurface. The released Fe is possibly reduced from
ferric to ferrous by the ferrireductase, STEAR3), and it is transported out of the
endosome by DMT1. Fe is eithecatal tothe mitochondria or stored as ferritm

the cytoso(14).

|
Figure 2-2 Cellular iron uptake via the TF cycle
Fe-TF binds TFRC on the cell surface and enters the cell as Hid-H&~RC
complex, which is endocytosed into the endosome. Due to the acidity of endosomes,
Fe is releasedrom the complex and the TH-RC is returned to the cell surface.
The released Fe is transported out of the endosome by DMT1. Cytosolic Fe is
either located to the mitochondria or stored as ferritin.

)!



2.1.3 Iron metabolism in macrophage
Macrophages plays an important role in recycling Fe in the {dglySenescent
red blood cells are recognized and internalized by macrophages in the
reticuloendothelial system (Figure3}. Feis released frorhemoglobin(Hb) in
the phagolysosome and then transported to the cytosaltbsal resistance
associated macrophage proteiNtamp1). Then, it is either stored in ferritin or
transported out of the cell by FRN6). Heme igransported from the
phagolysosome to the cytosol by HRG1 (a conserved {temsporting permease)

(17), and it may be effluxed froe cell by FLVCR1, the heme expor{é&6).

"[678+**679/++
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Figure 2-3 Iron metabolism in macrophage
Fe is released from Hb in the phagolysosome and then transported to the cytosol
by Nrampl. Then, it is either stored in ferritin or transported out of the cell by

*|



FPN. Heme is transported from the phagolysosome to the cytosol by HRG1 and it
may be effluxettom the cell by FLVCR1.

2.1.4 Potential iron transport mechanism in mammary epithelial cells
To date,no datais available on Fe transport mechanism in human lactating
epithelial cells. TFR1, DML and FPNorthologus have been identified in the
mammary tissues of lactating raf{d8, 19). Leong and Lonneral (2005)
investigated DMT1 and FPN in rat mammary glands at different stages of lactation
and found that milk Fe, DMT1, and FPN de&sed throughout lactation. Thus,
they proposed that DMT and FPN are possibly involved in the transfer of Fe to

milk (19).

Based on experiments on rats, a possible Fe transport mechanism in lactating
mammary epithelial cells has been proposed (Figute Ee in serm is bound to

TF. FeTF binds to the TFRC at the mammary epithelial cell surface and enters the
cell as the FEF-TFRC complex. In the endosome, Fe is released from the
complex due to the acidic environment, and then theTHRC complex is
recycled to theplasma membran€20). Fe is most likely exported from the
endosome by DMT{19). Fe released from the endosome can be either used by the
mitochondria, stored as ferritin, or be secreted across the luminal membrane into
milk. Export of Fe from the mammary gland is most likely achieved by FPN,

which is the only known transport mechanithat mediates cellular Fe effl(0).

+l



However, it should be noted that milk Fe concentrations in rat milk are at least 25
times higher than that in humaf#l). In addition, unlike the mouse and human, in
rats, TF is the Fbinding protein in milk(22). Thus, the Fe transport mechanism in

lactating rats could be different from the mechanism in lactating humans.

— #8

Figure 2-4 Potential iron transport mechanism in rat mamnaegmyhelial cell(23)

Fe in serum is bound to TF. A& binds to the TFRC at the mammary epithelial

cell surface and enters the cell as theTHe TFRC complex. In the endosome, Fe

is released from the complex due to the acedicironment, and then the ITH-RC
complex is recycled to the plasma membrane. Fe is most likely exported from the
endosome by DMTL1. Export of Fe from the mammary gland is most likely achieved
by FPN.



2.2Iron Transporters and Iron Binding Proteins
Fetrafficking in mammalian systems depends—@transporters. A summary of
these proteins is provided in Taldd, each of whictwill be discussed in more

detail below



Table2-1 Cellular distributionand function of iron transporters and iron binding proteins

Gene Protein Predominant tissue Major subcellular Function Link to disease

name name distribution localization

TFRC Transferrin | bone marrow, lymph node| endosome, cellular iron uptake| immunodeficiency

receptor 1 | brain, retina, cerebellum, | extracellular, erythropoiesis, and gastric

spinal cord, heart, skeletal| plasma membrane, neurologic adenosquamous
muscle, colon, liver, lung, | cytosol, mitochondrion | development carcinoma
thyroid, breast, skin,
placenta, prostate

TfR2 Transferrin | brain, retina, liver, thyroid, | plasma membrane cellular uptake of | hereditary

receptor 2 | breast, skin, prostate transferrinbound | hemochromatosis
iron type iii

SLC11A1 | NRAMP1 | brain, retina, cerebellum, | endosome, plasma iron metabolism; | tuberculosis, lefsy,
spinal cordpreast, skin, membrane, lysosome, | host resistance to | rheumatoid arthritis
prostate vacuole certain pathogens | and Gohn disease

SLC11A2 | DMT1 bone marrow, brain, retina] endosomeGolgi transports divalent | hypochromic
cerebellum, spinal cord, | apparatus, lysosome, | metals; iron microcytic anemia
heart, kidney, pancreas, | nucleus, absorption
thyroid, breast, skin, plasma membrane,
placenta, prostate vacuole

SLC40A1 | Ferroportin | bone marrow, lympinode, | plasma membrane, iron export from hemochromatosis

retina, spinal cord, heart,
skeletal muscle, colon,
kidney, liver, lung,
pancreas, thyroid, breast,
skin, placenta, prostate

endosome

duodenal epithelial
cells

type 4




TF Transferrin | brain, lymph,cortex, retina,| endosome, extracellulan transport iron from | familial
spinal cord, liver, pancreag plasma membrane the intestine, hypotransferrinema,
breast, skin reticuloendothelial | iron overload,
system, and liver
parenchymal cells
to all proliferating
cells in the body
LTF Lactoferrin | whole blood, white blood | extracellular, nucleus, | major ironbinding | dental caries,
cell, kidney, lung, stomach| lysosome, plasma protein in milk; superficial siderosis
salivary gland, breast, membrane body secretions of the central nervou
prostate, testis with an system
antimicrobial
activity
Footnotes:

Summary from http://www.genecards.phftps://www.ncbi.nim.nih.gov/gere

#

#
#



2.2.1Transferrin receptor ITFRC)

Fe entry into most cellsnainly occursthrough transferrin receptor§o date,two

transferrn receptors have been identip@&RC and transferrin receptor 2 (TFR2).

TFRC bindsthe circulating transferrin at the cellular membrane surface iand

entes the cell aghe TFRGTF complex(24). TFRC consiss of 760 amino acids

andits mRNA expression is highly regulated by Fe status.The humanTFRC

gene is localized to the long arm of chromosome 3 (3929) (F@&)e TFRC

expression is dowregulated inFe replete conditions and tpegulated in iron

deficient conditios (25). A mutation of TFRC is associated with degrading the

development and functioning of erythroid tiss(2§).
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Figure 2-5 Genelocalizationof TFRC

The human TFRC gene is localized to the long arm of chromosome 3.(3g29)



2.2.2Transferrin receptor ZTFR2

The sequence homology ©FR2is similarto TFRC which can also bind and
transport transfemibound Febut with a much lower affinity27). The human
TFR2gene is localized to the long arm of chromosome 7 (7g22.1) (Figbxdts
MRNA expression seeng®se noto beregulated byrestatus rather, it isup-
regulated by eleatedlevels of diferric transferrin(28, 29). Unlike TFRC, TFR2
is not ubiquitously expressed. It is mostly expressed in the(B@erA

homozygous nonsenseutation ofTFR2is associated with severe hepdie

overload(31).
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Figure 2-6 Gene localization oTFR2
The human TFR2 gene is localized to treglarm of chromosome 7 (7922.1).

#
2.2.3NRAMP1(SLC11A}

The SLC11 family of proteins has two mammalian memb¢RAMP 1

(SLC11A1) and DMT1 (SLC11A2). SLC11A1 is al®O kDa integal

I$#



membrane phosphoglycoprotéatated athe lysosomal compartment of
macrophages and thetertiary granules of neutrophils, whiblave a64% amino
acid sequence identity and 78% simtlawith SLC11A2(32-34). It is expressed
abundantly in phagocyteand is expressions stimulated by mycobacterial
infection inmacroplages (35, 36). It has been suggested tl&iC11A1 assistthe
macrophagal antimicrobial function by moving divalent metal ions (VrFe*)

from the phagolysosomeiithout these essential cofactors for bacteeaved
enzymes may stop the growth of bact¢8d. The humarSLC11Algeneis

localized to the long arm of chromosome 2 (2q8agure2-7). Themutations of

this geneareassociatd with someinfectious diseases and inflammatory diseases,

such as tuberculosis, leprosy, rheumatoid arthritis and Gdiseasd38).
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Figure 2-7 Gene localization o6LC11A1
The human SLC11A1 gene is localized to the long arm of chromosome 2 (2935)
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2.2.4DMT1 (SLC11A2
The other SLC11 family member, SLC11A2 adivalent metal transporter
(DMT1) thatis known for transportingerrousFethroughthe apical membranof
the intestinal epithelial cell89, 40). DMT1 is alsoneededor the release of
tranderrin-boundFefrom endosometo the cytosol during transferrin receptor
mediated cellulaFe uptake Experimentsn micehaveshownthat DMT1 playg an
importantrole in both intestinaFe absorption an@érythropoiesig41). The
SLC11A2proteincontains about 56670 amino acig, and its size is
apprximately65kDa in sizg42). The humarSLC11AZyene idocalized to the
long arm of chromosome 122q13.12 (Figure2-8). SLC11Ads widely
expressed, especially the proximal duodenum, immature erythroid cells dinel

placentaA lackof SLC11AZancause sesrelDA (42).
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Figure 2-8 Gene localization o6LC11A2
The human SLC11A2 gene is localized tddhg arm of chromosome 12
(12913.12)
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2.2.5Ferroportin (SLC40A)
To date SLC40A1 EPN) is the only known membrane exporteediating Fe
releasg4?2). ThehumanSLC40Algere is localized to chromosome 2gencodes
a protein of 570 amino acids with a size of 62 KBigure2-9). SLC40Alis
expressed at high levels on the surface of aediseciallymacrophages,
enterocyteshepatocytes and the placental syncytiotropho§lasit it isalso
present on almost all cel{42). In humans with reduced FPN function, iron
quickly accumulates ithe macrophagesd;e concentréonsincreasean the
parenchymal celld~e absorptiordecreasem theintestineandFelevelsdecrease
in theplasma(42). Mutations of huma®-PN havebeen associated witfeloading

syndromewhich could lead to either type IV hemochromatosis®N disease
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Figure 2-9 Gene localization 05LC40A1
The human SL4DA1 gene is localized to the long arm of chromos@r{#g32.9.
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2.2.5Transferrin (TF)
Themajormembersf the TF superfamily aréF and lactoferrifLTF).
Approximately 34 mg of plasmairculatingFeis bound to TF. The principal
function of serum TF is transportige to the sites of utilization and storage within
the body.TF is approximately 80 kDa isize andit is synthesized primarily in the
liver (43). The umanTF gene is localized to the long arm of chromosome 3 (22.1)
(Figure2-10). Mutations ofTF areassociated with familial hypotransferrinemia

andFeoverload.
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Figure 2-10 Gene localization of F

2.2.6Lactoferrin (LTF)
LTF is the most abundafe-binding proteinin human milk(44). It has been
shownto havemultiple protective functionsncludingantimicrobial/antiviral
activity, immunomodulatory activity, anticancand antioxidant activity45-47).

LTF has 711 amino acids, anddtapproximately 80 kDa in sid8). The luman
I(#



LTF gene is localized to the short arm of ahasome 33022.1) (Figure2-11).
LTF is highlyabundantn mucosakecretionsand significant levels of it are also
located tosecondary neutrophil granulé$8, 49). Mutations of this genare

associated with dental caries and superficial siderosis of the central nervous system
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Figure 2-11 Gene localization of TF
The human LTF gene is localized to the short arm of chromosome 3 (39g22.1)
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2.3 Importance of Fe in Infant Development

2.3.1 Biological functions of Fe
Fe is an essential trace mineral that plays an important rthle lnmman body; it is
involved in erythropoiesis and the synthesis and functioning-oééering
enzymesHb in red blood cells is a major f®unded protein in the body; it
transfers oxyge from the lungs to the tissugsl). Myoglobin is another Fe
bounded protein that transports and stores oxygen in muscl¢5&lIsThe
oxygen transport and storage function of Hb andgiotan is facilitated by the
heme group. The heme group consists of a central Fe atom and a porphyrin ring.
Fe is also an integral part of several functional enzymes, such as cytochromes,
which transfer energy in the mitochondria during the oxidative lboétmn. For
example, Cytochrome P450 is a tyggd-erequiring enzymen thesynthesis
pathway of cholesterol and conversion of cholesterol into steroids hormones and
bile salts(53); it detoxifies foreign substances in the liyg4); and it is involved in
signal controlling in some neurotransmitters, such as the dopamine and serotonin

systemsn the brain(55).

2.3.2 Fe content in milk
For exclusive breastfed infants, breast milk is their sole source of Fe. The Fe
concentration in human colostrum is approximately 0.8 pg/ml; in mature breast

milk it is 0.20.4 ug/mi(56). In contrast, the Fe concentrations in the milknoft
* #



other species are much higher (Tabi®) 2The Fe concentration in mature milk in

rat is 510 pg/ml,which is about 25 times higher than the Fe concentration in
human milk. Although the Fe concentration is low in human milk, it is independent
of the motherOs Fe status and it cannot be increased through maternal diet or Fe

supplementatio57, 58).

Table2-2 Iron concentration in milk of various speci@&$)

Species Iron concentration in mature milk(pg/ml)
Human 0.2-0.4

Rat 5-10

Mice 15

Dog 2-8

Pig 1-2

Cow 0.1-0.2

2.3.3 Fe requirement for infants
The literature reports conflicting results for the Fe requirement for infants. For
newborn infants, most of the Fe in the body is found in Hb and some body stores.
When a newborn is transferred from the uterus environment into an exgben
atmosphere, thHb level falls from 170 g/L to 120 g/L during the first 6 weeks of
life because Hb synthesis is paused. For exclusively breastfed infants, the major

source of Fe comes from the Fe stored in their own body because the Fe content in
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breast milk is extremgllow. Some reseaners have assumed thaud -term

infantOs body has a sufficient amount of Fe until about 4 to 6 months of age. Thus,
based on the average Fe concentration in human milk, the Institute of Medicine
recommendshatDietary Reference Intakes (DRIs) of Fe for infants before the age
of 6 months is 0.27 mg/®%9). However, théAmerican Academy of Pediatrics
recommends that exclusively bre&sd, full-term infants receive 1 mg/kg per day

of Fe supplement beginning at the age of 4 mof@Qs.

2.3.4 Iron deficiency anemia
Maintaining an adequate level of Fe is critical to an infantOs physical and
neurological development. Iron deficiency (ID) is commonly considered to
develop in three stages: iron depletiman-deficient erythropoiesis, and iron
deficiency anemia (IDA). IDA is a common cause of anemia in infants. The World
Health Organization defines anemia as: OAnaemia is a condition in which the
number of red blood cells or their oxygearrying capacityd insufficient to meet
physiologic needs, which vary by age, sex, altitude, smoking, and pregnancy
status®1). ID is usually defined by one of the accessible markers of Fe status,
such as serum ferritin and blood Hb concentration. However, the European Society
for Paediatric Gastroenterology Hepatology and Nutrition (ESPGHAN) Committee
on Nutrition has notedhat current reference ranges andaffi for the different

Fe status biomarkers are inadequately defined in infants because of the great
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physiological changes in Fe status and red cell morphology during the first year of

life (62).

It is estimated that nearly 25% of preschool children develop IDA in the worldwide
(63). Althoughno national study ofD in infants in Canadhas been conducted

over the pasBO0 years, the data from some studiasesuggestedhatIDA is a

health problen{64). A studyconductedn Vancouver foundhatabout 15% of
breastfed infants developed anemiatié age o8 monthg65). For preterm

infants, the prevalence tDA is higher(above 25%during their infancy(66).
Otherstudieshavesuggested thdhe prevalence of ID/IDA in breaded infantsis

higher thamreviously expecte(b7, 68).

2.3.5 Effects on neurodevelopment
Feis critical for the rapid development oftlcentral nervous system during
infancy. Animal studies have shown that Fe is critical for brain development, such
as myelination, monoamine neurotransmitter function, neuronal and glial energy
metabolism(69). Some human studies have suggested that l€aryyassociated
with later neurodevelopmental impairme(i§). A longitudinalfollow-up study in
Costa Rica that asseskchangsin cognitive functioning aftelD in infancy by
evaluatingfour subsequent follovups at 5, 114, 1918, and 19 years of age. The

results showed thalhe participantsin thestudygroup that had IDn infancy had



lower cognitivescores over time than tiparticipants in thgroup with good~e
statug(71-73). Theresults of these studibsiveincreased concerns that eally

may irreversibly affect longerm neurodevelopment. A metaaalysis of 17
randomized clinical trials in children indicated that iron supplementation had a
positive effect on mental development indioghich suggestthat Fe

supplements have positive cotyve effects in irordeficient children(74).
Consequentlyearly prevention oD seemgo beextremely important. In a
doublemasled, randomized study, Friel et demonstrated healthy, bredst
babiesthat received Fsupplementation from 1 to 6 months had better scores in
Bayley mental and psychomotor developmental indexes and visual acuity at 13
months of age than babie$o received no Fe supplementatiffb). However,
whetheror notFe ha& positive neurodevelopment effects on exclusively breastfed

infants still needto be clarified.

2.3.6 Possible adverse effects of Fe
Some concerns have been voieddut Fe supplementation, lés is a potent pr
oxidant andt cannot be actively excreted by huméng). Some studiesave
suggested that Fe supplementation may have adverse effects-ogpieir infants,
such as increased risk oféctions and impaired grow{[77). Increased risk of

severe infections seems to be restricted to malarious re@i@nslowever,

"$#



current evidences not definitive The negative effect of Fe supplements still needs

to be confirmed in metanalyseg79).
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2.4 The Cellular Origin of Cells in Human Breastmilk

2.4.1 Anatomy of humalactatingmammary glansl
The importanbiological role & lactatingmammary glanslis to produce milk to
nourishababy. The anatomy of human lactating mammary gladdferent from
aresting mammary glanlightly below the center dhebreast igheareola,
which is a ring of pigmented skin that surrounds the niggdeh mammary gland
has 1525 lobeghatare @dded andeparatedrom each other by conneat
tissues and faMammary gland lobukeare the small units within the lob#sat
containghemilk production glang, alveoli. Milk is synthesised in the epithelial

cells and passthrough the milk duct to the nipp(80).

Figure2-12 Anatomy of human mammary glamds

(Source https://commons.wikimedia.org/wiki/File:Breast _anatomy.png)
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Each mammary gland has-P5% lobes (purple) that are padded and separated
from each other by connecting tissues and fat (yellow). Mammary gland lobules
are the small units within the lobes thantains the milk production glands,
alveoli. Milk is synthesized in the epithelial cells and passes through the milk duct
(blue) to the nipple.

2.4.2Cell type distribution in human milk
Breast nilk contairs lipids, proteins, carbohydratasd bioactive moleculesuch
as vitamins and immunomodulatory factoshichprovide immunologial,
developmental and nutritional support to the infamaddition to its biochemical
compounds, breast milk contaimaternal cellswhichcan be retrieved
noninvasively via expressed breastn{iBd). The cell content of human milk
ranges approximately between 1%&ad 1.3 x10cells/mL, with a wide range of
individual variation the cell viability is approximately 90%:olostrumlikely
contairs more cells than the mature m{{&2). Breastmilk contains a heterogeneous
mix of cells includingepithelial cellsleukocytesand stem cell§32). Cell
distribution isdiversebetween women at the same lactation stage. When the
mothers and infants are healthy, the dominant cetlsenolostrumarethe
leukocytes whilghe dominant cells in mature midikeepithelial cell§83-85).

However, with the incidence of infection, thepulation of thédeukocytes

increass in breast milK85).



2.4.2.1Epithelial cells
Epithelial cellscontributeto the function and structure of lactating mammary
glands. If the mother and infants are healtbpithelial cells are to constitute up to
98% of the cells in breast mi(i86). In the paststudies have suggested that
epithelial cells in breast milarosefrom theevacuation of dead cells from
mammary glansl However, most recent studieavefound that cells from fresp
expressed human milk have high viability base@tmpan blue exclusn test.
Moreover, they can be cultured and form functioning colofd@s88). This leads
to thehypothesis that these epithelial cafidreast milkare detached from the
ducts passively due tbemilk producing process, such as milk synthesis, ejection
and breast expansi@89). A few observatiorstudieshavesuggested thahe
majority of the mature milk cells are lactocy{eslk secreting cells}84, 90). In
addition to these studieldassiotolet al. reported significamfene expressioof ! -
casén, the milk containing proteim freshly expressed breast milk ce2).
However, util now, the majority of previous studidsaveexamined the @thelial
cells morphologically; thughe function and character of breast milk epithelial

cells requires further investigatimsingmolecular analysis.

2.4.2.2Leukocytes
Leukocytesin breast milkare most often studiday focusing on theirnmundogy

functions.Leukocytes are the dominant cell type in colostroaotconstitute less
o(#



than 2% of cells in mature breast milk whenth@ther and infant are healtk§1).
It is believed that milk leukocytes grnatedin theblood andaretransported into
the milk via the paracellular pathwé§2). Theyare recruited tthe mammary
glands whenaninfectionoccurs Breastmilk leukocytes include variougpes of
cells,such as macrophagidymphocytes and monocyte§t4, 85, 93). Undera
phase contrashicroscope, the macrophages are mobile and actiy@#dl he
bactericidafunction of human milk leukocytdsasbeen testeth vitro (95). In
animal modelsit has been reported thailk leukocytes can be transferred from
theintestine to the blood circulation and different orgéd& 97). Recently
research in humaround thathe human milk leukocyte couimicreased whea
mother oraninfant ha aninfection (85, 98). Overall, ths evidencesuggestshe
protective mechanissof living human milk leukocytes to both motksemd

infants.

2.4.2.3Stem cells
The humanbody containstem cells that can be differentiated into different cell
types.Normally, stem cells araccessible frorbone marrowadipose tissue and
blood(99). Recently,researcherbavediscoveredhat breastmilk contagstem
cellswith multi-lineage potential88). Hassiotou et afound that human milk stem
cells expressed a set of pluripotency mark@®s. These markersncluding

transcription factors (TF$OU class 5 homeobd®©CT4), sex determinging
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region Y-box2 S0OX2 andnanog homeoboXNANOG), comprise the core self
renewal circuitry of human embryonic stem cdlllmreover fresh isolated human
milk stem cellcanbedifferentiated under differemt vitro environmerg. They

can bedifferentiatednto mammary gland cellsuch as lactocytes and
myoepithelial cellsas well ather cell types, such as neuron cells, mesodermal
cells, and endodermal ce(l88). The origin of human milk stem cells is still
unknown. It has been suggested that mammary epithelium could be the origin of
thesemilk stem cells becausg) positive staining of pluripotency genspresent

in both ductal and alveolar compartments, and 2) the gene is highly expressed
during lactation(88, 100). The other possible origin of human milk stem cells is
from the maternal bloodstream, since other parts of the body (such as bone marrow)

express similar pluripotency gen@s, 101).

In animal moded, stem cls from breastmilk can survivroughthe
gastrointestinlatract of offspring, immigratento the bloodstream and reach the
organs ofaneonatg102). This evidence suggedtsatthe biological function of
breastmilk stem cells not only restrictédto maternal breast remodelingther, it

alsoimpactsthe offspring.
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2.5Use ofBreastmilk in Gene Expression Studies
Due totechnical and ethical difficultiesnost studies @cell cultures and rodent
models for mammary gland biology research. Although breast tissue could be
obtained by surgery, healthy lactating tisgueardy used in lactation research
(103 104). Alternately, breastmilk has been propossd nonrinvasive sourcef
lactating epithelial cellfor research. As discussed abowés proposedhat cells
in breastmilk reflect the epithelium of the lactating mammary gléi2 88). The
MRNA extracted from breastlk cells has been used to examthe gene
expression of target proteinsdifferent @ll types othuman lactatingnammary
glands. More recentlyRNA from milk fat globulehas beemised tadetermine
maternal genomic informatioRNA in thecytoplasm of mamary epithelial cells
is wrappedy fat globulesandit entersmilk during the milk producing process
(105 106). Thus,theRNA in thefat globules of milk is expected to represent the

transcriptomen milk-secretory cells

Table 23 summarizethe gene expression studies thate usedbreastmilk
MRNA. Most of the studies harvestthemilk cells prior to mRNAextraction
Earlier studies use thaugnidine thiocyanate method to extract tHeMA from
milk cells (107, 108). More recentlycommerciallyavaliableextraction kis have
beenused to extract the RNAom milk cells(88, 91). Howeve, the available

extraction kitcannotbe used to extract the RNA from milk fat globules diredtly.
S+



2007, Maningat et a(109) reported thathe RNeasy kit canot isolae RNA from

milk fat efficiently; the author®f that studydeterminedhat a TRIzol based
extractionresulted in sufficienyields which was confirmed in subsequent studies
(110, 1112).

Cells isolated from human breast milkdhizeen used as a source of RNA to
investigate gene expression. Howevepeataling on the maternal hdabtate the
breast milk carriea varietal source of cells, posting challenges when the gene
expression of the lactating epithelial cell is to be investgated. RNActeedraiom

the milk fat fraction seems to represent the transcriptome of the lactating epithelial
cell, but extraction mcedures could be optimized further.

Realtime polymerase chain reaction (FPCR) is the method most frequently used

in these studies to tlteetermine the expression pf target geddwse targeted

genes include cytokines, glucose transporters, drugpimaiess and cell markers.

In addition to RTPCR, microarrayhave been used to determine the transcriptome.
RNA from breast milk was most often used to investigate the expression of
immunological proteins and cell markers. Only one study investigatedithemnt
transporter (glucose transporter). In future studies, RNA from breast milk could be
used to investigate the nutrient transporters in lactating epithelium for a better
understanding of lactation physiology. As more research on breast milk agh mod

is being conducted, studies use different methodologies and a comparison of their
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methods is lacking. Consequently, future studies should optimize and standardize a

milk RNA extraction procedure to advance the use of breast milk.
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Table2-3 Summary of gene expression studies using breastmilk

Reference Sample size Breastmilk Method Target genes Findings
fraction Extraction Analysis

(Srivastava eal.,1996) N/A Cells Guanidine RT-PCR Cytokines Cells in breast milk

(207 thiocyanate metho expressed mRNA fg
cytokines

(Tunzi et al., 2000) 6(individual) |Cells TRIZOL RT-PCR hBD-1 and hBDB2 |Cells harvesteddm

(112 breast milk expresse
hBD-1

(Obermeier et al.,2000) |4(pooled) |[Cells Guanidine RT-PCR SGLT1 and SGLT1 expressed ir

(108 thiocyanate metho GLUT1 milk cells

(Takahata et al.,2001) 7(individual) |Cells MagExtractor semt quantitative/IL-18 IL-18 expressed in

(113 MFX-2000 RT-PCR colostrum

(Alcorn et al., 2002) 6(pooled) |Cells Immunomagnetic [RT- PCR Drug transporters |Drug transporters

(119 separation expressed in lactatir

techniques+ mammary epithelial
RNeasymini kit cells

(Takahata et al.,2003) 5(pooled) |Cells ISOGEN semt quantitative Chemokine IP-10 and MIG gene

(115 RT-PCR expressed in milk
cells

(Nagatomo et al., 2004) |Pooled Cells ISOGEN Microarray, cytokinerelated |OPN gene highly

(116 RT-PCR genes expressed in milk
cells

(Maningat et al., 2007) pooled Fat globulesRNeasy, but later |Microarray, I -lactalbumin I -lactalbumin mMRNA

(209 switch to Trizol |RT-PCR is abundant in the
milk fat globules

(Frankenberger et al., 200{3 (pooled) |[Cells TRI-Reagent RT-PCR M-Ficolin breast milk showed

(117)

very low level of
M-Ficolin transcriptg




(Maningat et al.,2009) 6(pooled) |Fat globulesTRIzol Microarray manmary epithelig14,070 transcripts
(110 cell-specific gene |were expressed and
represented the milk
fat globules
transcriptome
(Maningat et al.,2011) 6(pooled) |Fat globule§TRIzol Microarray Global 681 gene altered
(111 expression after
rhGH administration
(Hassiotou et al., 2012) |Pooled Cells RNeasy extramn |[RT-PCR Pluripotency gene{Milk cells expressed
(88 kit pluripotency genes
(Twigger et al.,2015) 66(individual)Cells RNeasy extramn |[RT-PCR Various cell type |Stem cell markers
(91 kit markers myoepithelial
marker, and lactocyl
marker were highly
expressed.
(Sharp et al.,2016) Pooled Cells QIAGEN RNeasy |human mammary epitheligMilk cells highly
(118 Micro kit Affymetrix array, |cell-specific gene |expressed milk
RT-PCR synthesigelated

genes




2.6 Conclusion
Fe excreted through the breast milk is the sole source of intake in exclusively
breastfed infants. Fe concentrations up to 0.4 pg/ml in mature milk (119) are
relatively low in humans, often causing IDA in exclusively breastfed infants, and

this could result in permanent neurodevelopmental impairments (71-73).

However, Fe supplementation for newborns and babies in early infancy is
controversial, especially since current scientific evidence does not sufficiently
support either of two major theories about the low amounts of Fe secreted into
human breast milk: 1) the Fe contents of human milk are low in comparison to
other mammals, warranting supplementation and 2) the Fe contents of human milk
1s low due to the need of “Fe withholding”, which protects against intestinal
infections, implicating that an infant’s own stores of Fe are sufficient and Fe

supplementation would be detrimental.

Until now, knowledge about the Fe secreting pathways in the milk-secretory
mammary epithelial cells 1s lacking. Recent progress in molecular biology has
shown that Fe trafficking in mammals depends on a) TF as a carrier protein in the
blood (and intracellular storage protein), b) TFRC or TFR2 mediating endocytosis,
c) the two membrane transporters, SLC11A1 (NRAMP1) and SLC11A2 (DMT1),

mediating transmembrane uptake and d) SLC40A1 (FPN) mediating



transmembrane release. Importantly, in the absorbing intestinal epithelial cells,
SLC11A2 functions as the proton-dependent apical transmembrane importer, while

SLC40A1 mediates basolateral release into the blood stream.

The molecular basis of Fe excretion into the breast milk has not yet been
determined, but no correlation has been found between maternal Fe intake and the
Fe content in breast milk (57), supporting the theory that a fixed Fe excretion
pathway exists in the secreting mammary epithelial cells. Therefore, we
hypothesize that currently known proteins in the Fe trafficking pathway are

involved in Fe excretion through the mammary epithelial cells of humans.

Due to ethical restrictions in the sampling of human lactating mammary tissue,
most data on Fe transporters in the lactating mammary glands have been obtained
from experiments on the rats, where the milk Fe concentrations are at least 25
times higher than that in humans (21). Moreover, the Fe-binding protein in rat milk
(TF) 1s different than the Fe-binding protein in human milk (22). Therefore, the Fe
excretion pathway is likely to be different in rats and humans, warranting specific

investigations of human Fe excretion pathways.

Current research studies are in the process of establishing experimental settings
and models to overcome the ethical restrictions about obtaining tissue samples

from lactating human mammary glands. Studies have shown that RNA isolated
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from human milk fat globules predominantly contains transcripts from the
secreting epithelial cells. RNA isolated from breastmilk cells also contain maternal
epithelium transcripts (103).

In addition to the previously described work, this project aims to further advance
these issues by determining the Fe transporter genes expressed in lactating
mammary epithelial cells using fresh human breast milk as a non-invasive

biospecimen.

19



10

2.7 Reference

Shayeghi M, Latunde-Dada GO, Oakhill JS, et al. Identification of an
intestinal heme transporter. Cell 2005;122(5):789-801.

Qiu A, Jansen M, Sakaris A, et al. Identification of an intestinal folate
transporter and the molecular basis for hereditary folate malabsorption. Cell
2006;127(5):917-28.

Gulec S, Anderson GJ, Collins JF. Mechanistic and regulatory aspects of
intestinal iron absorption. Am J Physiol Gastrointest Liver Physiol
2014;307(4):G397-4009.

McKie AT, Barrow D, Latunde-Dada GO, et al. An iron-regulated ferric
reductase associated with the absorption of dietary iron. Science
2001;291(5509):1755-9.

Ohgami RS, Campagna DR, McDonald A, et al. The Steap proteins are
metalloreductases. Blood 2006;108(4):1388-94.

Mackenzie B, Garrick MD. Iron Imports. II. Iron uptake at the apical
membrane in the intestine. Am J Physiol Gastrointest Liver Physiol
2005;289(6):G981-6.

Chen H, Attieh ZK, Su T, et al. Hephaestin is a ferroxidase that maintains
partial activity in sex-linked anemia mice. Blood 2004;103(10):3933-9.
Garrick MD Human iron transporters. Genes Nutr 2011;6(1):45-54.

Jandl JH, Inman JK, Simmons RL, et al. Transfer of iron from serum iron-
binding protein to human reticulocytes. J Clin Invest 1959;38(1, Part 1):161-
85.

Ponka P, Beaumont C, Richardson DR. Function and regulation of

transferrin and ferritin. Semin Hematol 1998;35(1):35-54.

1&#



11

12

13

14

15

16

17

18

19

van Renswoude J, Bridges KR, Harford JB, et al. Receptor-mediated
endocytosis of transferrin and the uptake of fe in K562 cells: identification
of a nonlysosomal acidic compartment. Proc Natl Acad Sci U S A
1982;79(20):6186-90.

Paterson S, Armstrong NJ, lacopetta BJ, et al. Intravesicular pH and iron
uptake by immature erythroid cells. J Cell Physiol 1984;120(2):225-32.
Ohgami RS, Campagna DR, Greer EL, et al. Identification of a
ferrireductase required for efficient transferrin-dependent iron uptake in
erythroid cells. Nat Genet 2005;37(11):1264-9.

Wang J, Pantopoulos K. Regulation of cellular iron metabolism. Biochem J
2011;434(3):365-81.

Knutson M, Wessling-Resnick M. Iron metabolism in the reticuloendothelial
system. Crit Rev Biochem Mol Biol 2003;38(1):61-88.

Korolnek T, Hamza I. Macrophages and iron trafficking at the birth and
death of red cells. Blood 2015;125(19):2893-7.

White C, Yuan X, Schmidt PJ, et al. HRG1 is essential for heme transport
from the phagolysosome of macrophages during erythrophagocytosis. Cell
Metab 2013;17(2):261-70.

Schulman HM, Ponka P, Wilczynska A, et al. Transferrin receptor and
ferritin levels during murine mammary gland development. Biochim
Biophys Acta 1989;1010(1):1-6.

Leong WI, Lonnerdal B. Iron transporters in rat mammary gland: effects of
different stages of lactation and maternal iron status. Am J Clin Nutr

2005:81(2):445-53.



20

21

22

23

24

25

26

27

28

29

Montalbetti N, Dalghi MG, Albrecht C, et al. Nutrient transport in the
mammary gland: calcium, trace minerals and water soluble vitamins. J
Mammary Gland Biol Neoplasia 2014;19(1):73-90.

Kelleher SL, Lonnerdal B. Low vitamin a intake affects milk iron level and

iron transporters in rat mammary gland and liver. J Nutr 2005;135(1):27-32.

Hoshino A, Hisayasu S, Shimada T. Complete sequence analysis of rat
transferrin and expression of transferrin but not lactoferrin in the digestive
glands. Comp Biochem Physiol B Biochem Mol Biol 1996;113(3):491-7.
Lonnerdal B. Trace element transport in the mammary gland. Annu Rev
Nutr 2007;27(27):165-77.

Hentze MW, Muckenthaler MU, Andrews NC. Balancing acts: molecular
control of mammalian iron metabolism. Cell 2004;117(3):285-97.
Mullner EW, Neupert B, Kuhn LC. A specific mRNA binding factor
regulates the iron-dependent stability of cytoplasmic transferrin receptor
mRNA. Cell 1989;58(2):373-82.

Levy JE, Jin O, Fujiwara Y, et al. Transferrin receptor is necessary for
development of erythrocytes and the nervous system. Nat Genet
1999;21(4):396-9.

Kawabata H, Yang R, Hirama T, et al. Molecular cloning of transferrin
receptor 2. A new member of the transferrin receptor-like family. J Biol
Chem 1999;274(30):20826-32.

Johnson MB, Enns CA. Diferric transferrin regulates transferrin receptor 2
protein stability. Blood 2004;104(13):4287-93.

Robb A, Wessling-Resnick M. Regulation of transferrin receptor 2 protein
levels by transferrin. Blood 2004;104(13):4294-9.

(0 #



30

31

32

33

34

35

36

37

38

Kawabata H, Nakamaki T, Ikonomi P, et al. Expression of transferrin
receptor 2 in normal and neoplastic hematopoietic cells. Blood
2001;98(9):2714-9.

Camaschella C, Roetto A, Cali A, et al. The gene TFR2 is mutated in a new
type of haemochromatosis mapping to 7q22. Nat Genet 2000;25(1):14-5.
Courville P, Chaloupka R, Cellier MF. Recent progress in structure-function
analyses of Nramp proton-dependent metal-ion transporters. Biochem Cell
Biol 2006;84(6):960-78.

Cellier MF, Courville P, Campion C. Nrampl phagocyte intracellular metal
withdrawal defense. Microbes Infect 2007;9(14-15):1662-70.
Canonne-Hergaux F, Calafat J, Richer E, et al. Expression and subcellular
localization of NRAMP1 in human neutrophil granules. Blood
2002;100(1):268-75.

Zhong W, Lafuse WP, Zwilling BS. Infection with Mycobacterium avium
differentially regulates the expression of iron transport protein mRNA in
murine peritoneal macrophages. Infect Immun 2001;69(11):6618-24.
Govoni G, Gauthier S, Billia F, et al. Cell-specific and inducible Nramp1
gene expression in mouse macrophages in vitro and in vivo. J Leukoc Biol
1997;62(2):277-86.

Mackenzie B, Hediger MA. SLCI11 family of H+-coupled metal-ion
transporters NRAMP1 and DMT 1. Pflugers Arch 2004;447(5):571-9.

Ates O, Dalyan L, Musellim B, et al. NRAMPI1 (SLC11A1) gene
polymorphisms that correlate with autoimmune versus infectious disease
susceptibility in tuberculosis and rheumatoid arthritis. Int J Immunogenet

2009;36(1):15-9.

(" #



39

40

41

42

43

44

45

46

47

48

Gunshin H, Mackenzie B, Berger UV, et al. Cloning and characterization of
a mammalian proton-coupled metal-ion transporter. Nature
1997;388(6641):482-8.

Tandy S, Williams M, Leggett A, et al. Nramp2 expression is associated
with pH-dependent iron uptake across the apical membrane of human
intestinal Caco-2 cells. J Biol Chem 2000;275(2):1023-9.

Gunshin H, Fujiwara Y, Custodio AO, et al. Slc11a2 is required for
intestinal iron absorption and erythropoiesis but dispensable in placenta and
liver. J Clin Invest 2005;115(5):1258-66.

Montalbetti N, Simonin A, Kovacs G, et al. Mammalian iron transporters:
families SLC11 and SLC40. Mol Aspects Med 2013;34(2-3):270-87.

Srai SK, Sharp P. Proteins of iron homeostasis. In: G. J. Anderson and G. D.
McLaren eds. Iron physiology and pathophysiology in humans. New York
Human Press; 2012.

Blanc B, Isliker H. Isolation and characterization of the red siderophilic
protein from maternal milk: lactotransferrin. Bull Soc Chim Biol (Paris)
1961;43(929-43.

Valenti P, Antonini G. Lactoferrin: an important host defence against
microbial and viral attack. Cell Mol Life Sci 2005;62(22):2576-87.

Baker EN, Baker HM. A structural framework for understanding the
multifunctional character of lactoferrin. Biochimie 2009;91(1):3-10.

Zhang Y, Lima CF, Rodrigues LR. Anticancer effects of lactoferrin:
underlying mechanisms and future trends in cancer therapy. Nutr Rev
2014;72(12):763-73.

Giansanti F, Panella G, Leboffe L, et al. Lactoferrin from milk: nutraceutical

and pharmacological properties. Pharmaceuticals (Basel) 2016;9(4).

(+#



49

50

51

52

53

54

55

56

57

58

59

Bennett RM, Kokocinski T. Lactoferrin content of peripheral blood cells. Br
J Haematol 1978;39(4):509-21.

Doetzer AD, Brancher JA, Pecharki GD, et al. Lactotransferrin gene
polymorphism associated with caries experience. Caries Res
2015;49(4):370-7.

Ganz T, Nemeth E. Regulation of iron acquisition and iron distribution in
mammals. Biochim Biophys Acta 2006;1763(7):690-9.

Ordway GA, Garry DJ. Myoglobin: an essential hemoprotein in striated
muscle. J Exp Biol 2004;207(Pt 20):3441-6.

Nebert DW, Russell DW. Clinical importance of the cytochromes P450.
Lancet 2002;360(9340):1155-62.

van Waterschoot RA, Rooswinkel RW, Wagenaar E, et al. Intestinal
cytochrome P450 3A plays an important role in the regulation of detoxifying
systems in the liver. FASEB J 2009;23(1):224-31.

Warner M, Stromstedt M, Wyss A, et al. Regulation of cytochrome P450 in
the central nervous system. J Steroid Biochem Mol Biol 1993;47(1-6):191-4.
Lonnerdal B, Keen CL, Hurley LS. Iron, copper, zinc, and manganese in
milk. Annu Rev Nutr 1981;1(149-74.

Domellof M, Lonnerdal B, Dewey KG, et al. Iron, zinc, and copper
concentrations in breast milk are independent of maternal mineral status. Am
J Clin Nutr 2004;79(1):111-5.

Celada A, Busset R, Gutierrez J, et al. No correlation between iron
concentration in breast milk and maternal iron stores. Helv Paediatr Acta
1982;37(1):11-6.

Micronutrients [oMUPo. Dietary Reference Intakes for Vitamin A, Vitamin

K, Arsenic, Boron, Chromium, Copper, lodine, [ron, Manganese,

(1 #



60

61

62

63

64

65

66

67

68

69

Molybdenum, Nickel, Silicon, Vanadium, and Zinc. Washington (DC):
National Academies Press (US); 2001.

Baker RD, Greer FR, Committee on Nutrition American Academy of
Paediatric. Diagnosis and prevention of iron deficiency and iron-deficiency
anemia in infants and young children (0-3 years of age). Pediatrics
2010;126(5):1040-50.

WHO. Anaemia. www.who.int/topics/anaemia/en. Accessed 7 September,

2013.

Domellof M, Braegger C, Campoy C, et al. Iron requirements of infants and
toddlers. J Pediatr Gastroenterol Nutr 2014;58(1):119-29.

McLean E, Cogswell M, Egli I, et al. Worldwide prevalence of anaemia,
WHO Vitamin and Mineral Nutrition Information System, 1993-2005.
Public Health Nutr 2009;12(4):444-54.

Hartfield D. Iron deficiency is a public health problem in Canadian infants
and children. Paediatr Child Health 2010;15(6):347-50.

Innis SM, Nelson CM, Wadsworth LD, et al. Incidence of iron-deficiency
anaemia and depleted iron stores among nine-month-old infants in
Vancouver, Canada. Can J Public Health 1997;88(2):80-4.

Rao R, Georgieff MK. Iron therapy for preterm infants. Clin Perinatol
2009;36(1):27-42.

Calvo EB, Galindo AC, Aspres NB. Iron status in exclusively breast-fed
infants. Pediatrics 1992;90(3):375-9.

Dube K, Schwartz J, Mueller MJ, et al. Iron intake and iron status in
breastfed infants during the first year of life. Clin Nutr 2010;29(6):773-8.
Beard J. Iron deficiency alters brain development and functioning. J Nutr

2003;133(5 Suppl 1):1468S-728.

((#



70

71

72

73

74

75

76

77

78

Lozoff B, Georgieff MK. Iron deficiency and brain development. Semin
Pediatr Neurol 2006;13(3):158-65.

Lozoff B, Jimenez E, Wolf AW. Long-term developmental outcome of
infants with iron deficiency. N Engl J Med 1991;325(10):687-94.

Lozoff B, Jimenez E, Hagen J, et al. Poorer behavioral and developmental
outcome more than 10 years after treatment for iron deficiency in infancy.
Pediatrics 2000;105(4):E51.

Lozoff B, Jimenez E, Smith JB. Double burden of iron deficiency in infancy
and low socioeconomic status: a longitudinal analysis of cognitive test
scores to age 19 years. Arch Pediatr Adolesc Med 2006;160(11):1108-13.
Sachdev H, Gera T, Nestel P. Effect of iron supplementation on mental and
motor development in children: systematic review of randomised controlled
trials. Public Health Nutr 2005;8(2):117-32.

Friel JK, Aziz K, Andrews WL, et al. A double-masked, randomized control
trial of iron supplementation in early infancy in healthy term breast-fed
infants. J Pediatr 2003;143(5):582-6.

Domellof M. Iron requirements, absorption and metabolism in infancy and
childhood. Curr Opin Clin Nutr Metab Care 2007;10(3):329-35.

lannotti LL, Tielsch JM, Black MM, et al. Iron supplementation in early
childhood: health benefits and risks. Am J Clin Nutr 2006;84(6):1261-76.
Sazawal S, Black RE, Ramsan M, et al. Effects of routine prophylactic
supplementation with iron and folic acid on admission to hospital and
mortality in preschool children in a high malaria transmission setting:
community-based, randomised, placebo-controlled trial. Lancet

2006;367(9505):133-43.

("#



79

80

81

82

83

84

85

86

87

Ramakrishnan U, Nguyen P, Martorell R. Effects of micronutrients on
growth of children under 5 y of age: meta-analyses of single and multiple
nutrient interventions. Am J Clin Nutr 2009;89(1):191-203.

Marieb EN, Hoehn K. The reproductive system. In: E. N. Marieb and K.
Hoehn eds. Human anatomy & physiology. Boston: Pearson Education, Inc.;
2010.

Cregan MD, Fan Y, Appelbee A, et al. Identification of nestin-positive
putative mammary stem cells in human breastmilk. Cell Tissue Res
2007;329(1):129-36.

Hassiotou F, Geddes DT, Hartmann PE. Cells in human milk: state of the
science. J Hum Lact 2013;29(2):171-82.

Boutinaud M, Jammes H. Potential uses of milk epithelial cells: a review.
Reprod Nutr Dev 2002;42(2):133-47.

Ho FC, Wong RL, Lawton JW. Human colostral and breast milk cells. A
light and electron microscopic study. Acta Paediatr Scand 1979;68(3):389-
96.

Hassiotou F, Hepworth AR, Metzger P, et al. Maternal and infant infections
stimulate a rapid leukocyte response in breastmilk. Clin Transl Immunology
2013;2(4):e3.

Hassiotou F, Hartmann PE. At the dawn of a new discovery: the potential of
breast milk stem cells. Adv Nutr 2014;5(6):770-8.

Thomas E, Zeps N, Rigby P, et al. Reactive oxygen species initiate luminal
but not basal cell death in cultured human mammary alveolar structures: a

potential regulator of involution. Cell Death Dis 2011;2(e189.

($#



88

89

90

91

92

93

94

95

96

97

Hassiotou F, Beltran A, Chetwynd E, et al. Breastmilk is a novel source of
stem cells with multilineage differentiation potential. Stem Cells
2012;30(10):2164-74.

Piper KM, Berry CA, Cregan MD. The bioactive nature of human
breastmilk. Breastfeed Rev 2007;15(3):5-10.

Gaffney EV, Polanowski FP, Blackburn SE, et al. Origin, concentration and
structural features of human mammary gland cells cultured from breast
secretions. Cell Tissue Res 1976;172(2):269-79.

Twigger AJ, Hepworth AR, Lai CT, et al. Gene expression in breastmilk
cells is associated with maternal and infant characteristics. Sci Rep
2015;5(12933.

Hassiotou F, Geddes D. Anatomy of the human mammary gland: Current
status of knowledge. Clin Anat 2013;26(1):29-48.

Goldman AS, Goldblum RM. Transfer of maternal leukocytes to the infant
by human milk. Curr Top Microbiol Immunol 1997;222(205-13.

Smith CW, Goldman AS. The cells of human colostrum. 1. In vitro studies
of morphology and functions. Pediatr Res 1968;2(2):103-9.

Johnson DF, France GL, Marmer DJ, et al. Bactericidal mechanisms of
human breast milk leukocytes. Infect Immun 1980;28(2):314-8.

Zhou L, Yoshimura Y, Huang Y, et al. Two independent pathways of
maternal cell transmission to offspring: through placenta during pregnancy
and by breast-feeding after birth. Immunology 2000;101(4):570-80.
Schnorr KL, Pearson LD. Intestinal absorption of maternal leucocytes by

newborn lambs. J Reprod Immunol 1984;6(5):329-37.

(vt



98

99

100

101

102

103

104

105

106

107

Riskin A, Almog M, Peri R, et al. Changes in immunomodulatory
constituents of human milk in response to active infection in the nursing
infant. Pediatr Res 2012;71(2):220-5.

Wagner W, Wein F, Seckinger A, et al. Comparative characteristics of
mesenchymal stem cells from human bone marrow, adipose tissue, and
umbilical cord blood. Exp Hematol 2005;33(11):1402-16.

Roy S, Gascard P, Dumont N, et al. Rare somatic cells from human breast
tissue exhibit extensive lineage plasticity. Proc Natl Acad Sci U S A
2013;110(12):4598-603.

Kuroda Y, Kitada M, Wakao S, et al. Unique multipotent cells in adult
human mesenchymal cell populations. Proc Natl Acad Sci U S A
2010;107(19):8639-43.

Hassiotou F, Heath B, Ocal O, et al. Breastmilk stem cell transfer from
mother to neonatal organs. . Experimental Biology. San Diego, USA; 2014.
Baumgartel KL, Conley YP. The utility of breastmilk for genetic or genomic
studies: a systematic review. Breastfeed Med 2013;8(3):249-56.

Lemay DG, Hovey RC, Hartono SR, et al. Sequencing the transcriptome of
milk production: milk trumps mammary tissue. BMC Genomics
2013;14(872.

Patton S, Huston GE. Incidence and characteristics of cell pieces on human
milk fat globules. Biochim Biophys Acta 1988;965(2-3):146-53.

Huston GE, Patton S. Factors related to the formation of cytoplasmic
crescents on milk fat globules. J Dairy Sci 1990;73(8):2061-6.

Srivastava MD, Srivastava A, Brouhard B, et al. Cytokines in human milk.

Res Commun Mol Pathol Pharmacol 1996;93(3):263-87.

(&#



108

109

110

111

112

113

114

115

116

Obermeier S, Huselweh B, Tinel H, et al. Expression of glucose transporters

in lactating human mammary gland epithelial cells. Eur J Nutr
2000;39(5):194-200.

Maningat PD, Sen P, Sunehag AL, et al. Regulation of gene expression in
human mammary epithelium: effect of breast pumping. J Endocrinol
2007;195(3):503-11.

Maningat PD, Sen P, Rijnkels M, et al. Gene expression in the human
mammary epithelium during lactation: the milk fat globule transcriptome.
Physiol Genomics 2009;37(1):12-22.

Maningat PD, Sen P, Rijnkels M, et al. Short-term administration of thGH
increases markers of cellular proliferation but not milk protein gene
expression in normal lactating women. Physiol Genomics 2011;43(8):381-
91.

Tunzi CR, Harper PA, Bar-Oz B, et al. Beta-defensin expression in human
mammary gland epithelia. Pediatr Res 2000;48(1):30-5.

Takahata Y, Takada H, Nomura A, et al. Interleukin-18 in human milk.
Pediatr Res 2001;50(2):268-72.

Alcorn J, Lu X, Moscow JA, et al. Transporter gene expression in lactating
and nonlactating human mammary epithelial cells using real-time reverse
transcription-polymerase chain reaction. J Pharmacol Exp Ther
2002;303(2):487-96.

Takahata Y, Takada H, Nomura A, et al. Detection of interferon-gamma-
inducible chemokines in human milk. Acta Paediatr 2003;92(6):659-65.
Nagatomo T, Ohga S, Takada H, et al. Microarray analysis of human milk
cells: persistent high expression of osteopontin during the lactation period.

Clin Exp Immunol 2004;138(1):47-53.

( #



117

118

119

Frankenberger M, Schwaeble W, Ziegler-Heitbrock L. Expression of M-
Ficolin in human monocytes and macrophages. Mol Immunol
2008;45(5):1424-30.

Sharp JA, Lefevre C, Watt A, et al. Analysis of human breast milk cells:
gene expression profiles during pregnancy, lactation, involution, and
mastitic infection. Funct Integr Genomics 2016;16(3):297-321.

Lonnerdal B, Keen CL, Hurley LS. Trace element metabolism in man and

animals(TEMA)-4. In: J. M. Howell, J. M. Gawthome and C. L. White eds.

Nestly, South Australia: Griffen Press; 1981:249.

" #



Bridge to Chapter I11

Exclusive Breastfed Babies: Are They Getting Enough Iron?
Cai C, Morales M, Goldberg J, Friel JK.

Departments of Human Nutritional Sciences and Pediatrics,
University of Manitoba, Winnipeg, Canada, R3T 6C5

This editorial was published in Journal of Vitamin & Minerals.

Citation :
Cai C, Morales M, Goldberg J, Friel JK. (2015). Exclusive Breastfed Babies: Are
They Getting Enough Iron?. Vitamin & Mineral 4:e137. doi: 10.4172/2376-

1318.1000e137

4



An important question pertaining to the nutritional needs of human infants
currently remains unanswered. Are exclusively breastfed infants, whose sole
source of iron 1s breast milk, receiving an adequate amount of iron? The iron
concentrations in the milk of other, non-human species are considerably higher
than that of humans. The iron concentration in human colostrum is approximately
0.8 pg/ml, while that in mature human milk is 0.2-0.4 pg/ml. In contrast, the iron
concentration in mature rat milk is 5-10 pg/ml, a value that is roughly 25 times
higher (1). Although iron concentration in human milk is low, it is seemingly
independent of the mother’s iron status. It therefore cannot be increased through
alterations in the maternal diet, or by use of supplementation (2). Further, studies
have shown that the iron concentration in mother’s milk is fairly similar in those
with high and low intakes of iron (3, 4). There is still much controversy, as well as
a lack of agreement among the scientific community with regards to what should
be recommended for infants when it comes to iron. Do they need more iron,
possibly provided through supplementation? Are they obtaining sufficient amounts
of iron through the natural process of breast feeding? This article aims to show
both the concerns and the relevant support for each side of this argument.

IDA is a common cause of anemia in infants. Early iron deficiency is associated
with later neurodevelopmental impairment (5). A longitudinal study in Costa Rica

assessed changes in cognitive functioning following iron deficiency in infancy.
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This was done by scheduling 4 follow-up visits at the ages of 5, 11-14, 15-18, and
19 years old. The results showed that iron deficient infants had lower cognition
scores compared to the control group, which included infants with good iron status
(6-8). These findings increase the concern that early iron deficiency may lead to
irreversible negative changes in long-term neurodevelopment, and accentuate the
fact that maintaining adequate iron status is critical to the infant’s neurological
development. Since iron is a critical nutrient involved in brain development, it is
recommended by Health Canada that babies’ first complementary foods be iron-
rich (9).

Although there is no current national data on iron deficiency in Canadian infants
over the last 30 years, data from smaller studies suggests that iron deficiency
anemia is a significant health problem (10). For example, a study in Vancouver
found that approximately 15% of breast-fed infants developed anemia at 8 months
of age (11). Further, the prevalence of iron deficiency anemia has been found to be
even higher in preterm infants, and may be above 25% during their infancy (12).
The rationale in Canada of waiting 6 months before introducing solids to provide
iron is not convincing. First of all, it is unclear whether data from current animal
models sufficiently represents human iron metabolism. The iron content of
mother’s milk from species other than humans and cows is generally much higher

(13). Additionally, iron intakes of animals in the a for mentioned studies were



much higher than the daily iron intake of exclusively breast-fed infants per
bodyweight. Secondly, since lactoferrin expressed in human milk is only 5% to 8%
saturated with iron, it would be expected to have antibacterial properties (14). Iron-
binding proteins in human milk, including lactoferrin, may play an important part
in resistance to infantile enteritis caused by E. coli (15, 16). This effect is abolished
by saturating lactoferrin with iron. Therefore, the anti-pathogenic property of iron
may be related to the binding forms of iron, rather than the amount of iron. Thirdly,
early supplementation of iron may improve cognitive development of infants. In a
double-blind, randomized study, Friel et al demonstrated that healthy, breast-fed
babies given iron supplementation between the ages of 1 and 6 months had better
scores on the Bayley mental and psychomotor developmental indexes, as well as
better visual acuity at 13 months of age than did the babies in the non-iron
supplement group (17). From these data, the American Academy of Pediatrics
recommended that exclusively breast-fed full-term infants receive 1 mg/kg of iron
supplementation per day, beginning at 4 months of age (18). This policy supports
the concept that the small amount of iron in human milk may not be enough for the
physical and neurological development of exclusively breast-fed infants.

Why did the human species evolve to rely, during the first months of life, on an
iron endowment instead of a continuous source of this element in mother’s milk?

In order to shed light on such an intriguing question, it must be analyzed from an
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evolutionary perspective. It is hypothesized that the environment in which babies
were raised, as well as their exposures during the first months of life, were quite
different in ancient times as compared to current conditions in developed countries.
However, these ancient conditions were not necessarily worse than those of the
less fortunate populations in the present day. In ancient times, continual exposure
to pathogens from the environment and from food, capable of causing infectious
diseases and threatening survival, constantly put the continuation of the human
species at risk. This exposure was unavoidable and likely played a key role in
shaping several mechanisms for infection prevention and host defense (19, 20).
Among these mechanisms, those involving iron obtainment, metabolism, and
utilization are of special interest, since iron is an essential element for survival and
present in every cell in the body. Iron is also required for intracellular reactions
involving certain commensal and pathogenic microbes which reside on the
mucosal surfaces of the intestine (21). Health Canada recommends that healthy,
full-term infants should be breastfed until 6 months of age, at which point iron-rich
complementary foods should be introduced. This recommendation is in accordance
with the above hypothesis of auto-regulation in iron obtainment and utilization (9).
It 1s known that human milk is low in iron, and that the iron content in human milk
is independent of maternal iron status in all cases except those involving severe

maternal anemia (22-24). This suggests regulation for transport of iron from the



mammary glands into breast milk (19). Interestingly, while iron in human milk
declines during lactation (24), infants from 6 to 9 months develop an enhanced
capacity to absorb iron, thereby avoiding iron deficiency (25). Overall, such
mechanisms might suggest that too much iron is not desirable. In fact, there has
been speculation as to whether unrestrained absorption and excessive iron in the
intestinal lumen might be detrimental. This harmful effect could lead to iron
accumulation in tissues, which may lead to damage (26), or the creation of a
supportive environment for pathogenic, iron-requiring bacteria (21). Certainly,
there are beneficial gut colonizing bacteria, such as lactobacilli and bifidobacteria,
which do not rely on free iron. While lactobacilli are iron independent (27, 28),
bifidobacteria harvest iron through scavenging compounds called siderophores (29)
in order to thrive in the gut.

Thinking back to our ancestors, there are a few questions that become important.
How did they cope with the low iron content in milk and the shrinking of the iron
endowment between 4 and 6 months of life? Were they iron deficient? Were they
anemic? One hypothesis is that the iron endowment used to be higher, owing to a
greater transfer of maternal blood into the baby at birth. It is known that the
modern day obstetric practice of early cord clamping after delivery reduces
placental blood flow into the newborn, leading to an inferior iron status when

compared to that of babies subject to delayed cord clamping (30, 31). As
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previously mentioned, another possibility is that environmental exposure was
much higher, and occurred earlier in life as compared to the modern world. It 1s
speculated that iron from soil, as well as the introduction of iron rich foods, maybe
pre-chewed by mothers (20), could have contributed to the prevention of iron
deficiency conditions. Additionally, the ability to thrive in an environment in
which exposure to pathogens was predominant may have led to the survival of the
exposed individuals, allowing for their genes to spread.

From the studies discussed throughout this article, it is apparent that there is no
clear answer to the proposed question. We know that our ancestors were able to
thrive without any nutritional interventions, thereby suggesting that naturally
acquired iron through mother’s milk is satisfactory. On the other hand, it has been
shown that iron deficiency, commonly seen in exclusively breastfed babies, can
lead to negative physical and neurological deficits. The question therefore, remains
unanswered. Future research should focus on identifying the pros and cons to
either iron supplementation for infants, or lack thereof. It is vital to human health
to gain more clarity on this topic, with the hopes of setting more evidence-based

guidelines on iron requirements for future generations.
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3.1 Abstract
Background: The literature on the iron requirements of exclusively breastfed
infants contains conflicting data and contrary views. The purpose of this study was
to summarize the evidence for both benefits and risks of daily oral iron
supplementation with regard to hematologic, growth, cognitive parameters and

adverse effects in exclusively breastfed infants.

Method: Structured electronic searches were conducted using PubMed, Cochrane
Library databases and Google Scholar for randomized controlled trials (RCTs)
involving daily iron supplementation in full-term healthy exclusively breastfed
infants. Random- and fixed-effects models were used for calculating the pooled

estimates.

Results: Four RCTs with 511 infants were included in the meta-analysis. Iron
interventions had no significant effect on iron deficiency or iron deficiency anemia,
serum ferritin level, or hemoglobin level. Iron interventions did result in a
significant increase in Bayley psychomotor developmental indices in later life
(MD= 7.00, 95% CI, 0.99 to 13.01) and mean corpuscular volume (MD=2.17 fL;
95% CI, 0.99-3.35 fL). [ron supplementation was associated with slower growth

during the exclusive breastfeeding period, but the long-term effect is unclear.
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Conclusion: Limited available evidence suggests that daily iron supplementation
has beneficial effects on hematologic parameters and cognitive development, but
may delay physical growth in healthy exclusively breastfed infants. There was no

evidence to suggest iron supplementation could cause other adverse effects.

Key words:

iron supplementation, breastfed infants, iron deficiency, mental development,

breast milk
Abbreviations used:

ID, Iron deficiency; IDA, Iron deficiency anemia; RCT, randomized controlled

trial
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3.2 Introduction
Maintaining adequate iron status is critical to the infant’s physical and neurological
development (1). Iron deficiency anemia (IDA) is a common cause of anemia in
infants (2). The literature on iron requirements of exclusively breastfed infants
contains conflicting data and contrary views (3). For exclusively breastfed infants,
breast milk is their sole source of iron. The iron concentration in human breast
milk is around 0.2 to 0.4 mg/L (4). Based on the average iron concentration in
human milk, the Institute of Medicine recommended that the adequate intake of
iron for term infants between 0-6 months is 0.27 mg/day (5). These
recommendations assume that the small amount of iron in human milk is enough to
maintain the growth of the exclusively breastfed infants to 6 months of age. Some
researchers suggest that iron stores of full-term infants are sufficient till 6 months
of age (6). In addition, it has been suggested that excessive iron intake may have

adverse effects, including increased the risk of gastrointestinal infections (7).

Alternatively, concerns have been raised that iron deficiency (ID) is a common
cause of anemia in infants which may affect their health and development. Some
studies have suggested that early ID can lead to irreversible negative changes in
long-term neurodevelopment (8-10). The American Academy of Pediatrics
recommends that exclusively breast-fed full-term infants receive 1 mg/kg of iron

supplementation per day, beginning at 4 months of age (11). This policy supports
S



the concept that the small amount of iron in human milk may not be enough for the

physical and neurological development of exclusively breast-fed infants.

Although some studies have evaluated the health benefits and risks of iron-fortified
food, it is important to determine whether these health effects and risks are
associated with iron intake alone or are due to other nutrients (12, 13). Evidence
for the benefits and risks of daily oral iron supplementation in exclusively

breastfed infants has not been specifically evaluated in a systematic review.

The aim of this systematic review and meta-analysis is to summarize the evidence
of the health effects of daily iron supplementation with respect to exclusively
breastfed infants before 6 months of age. The data provided could assist policy
makers and clinicians to understand the benefits and safety of daily iron

supplementation in exclusively breastfed infants.
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3.3 Methods

3.3.1Search stratgy
This systematic review was registered with PROSPERO (registration number:
CRD42015026031). PubMed, Cochrane Library databases and Google Scholar
were searched up to August 26, 2015. Reference lists from published reviews and
meta-analyses were also reviewed. Search terms included: (iron or iron supplement
or iron supplementation) and (infants or toddler or breast feeding or breastfed or
breastfeeding). Studies were included if they fulfilled the following criteria: (1)
randomized controlled trial; (2) assessing the effects of iron supplementation on
health (iron status, physical growth, neurodevelopment, morbidity due to infectious
disease); (3) with full-term healthy exclusively breastfed infants. Studies remained
eligible when the infants were nearly exclusively breastfed (exclusive breast-
feeding but were permitted to give small portions of foods). Studies were excluded
if they included the infants that were low birth weight (<2500 g), or preterm (<37
weeks), or not nearly exclusively breastfed during the intervention, or
supplementation with solid foods or formula, or combined iron with other nutrients

as the intervention.

3.3.2Data extraction
The following information was extracted from the articles: the first author,

published year, study design, study population characteristics (origin and age),
S8



feeding practice, iron form and dose, number of subjects, intervention time and
outcome measurements. One author entered data and a second author checked

entries for accuracy. Discrepancies were resolved through discussion.

3.3.3Assessment of risk of bias in included studies
Two authors (Cai, C. and Granger, M.) independently assessed the quality of
included RCTs in seven domains (sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessment, incomplete
outcome data, and selective outcome reporting) by the Cochrane risk of bias tool
(14). All the differences were resolved by discussion with the other two authors

(Friel, J. and Eck, P).

3.3.4Statistical analysis
The ID rate, diarrhea rate, weight gains, length gains, hemoglobin level, mean
corpuscular volume, serum ferritin, mental development index and visual acuity Z-
score were compared between breastfed infants who received iron supplementation
and breastfed infants who did not received iron supplementation. The continuous
data was extracted as mean + standard deviation (SD), while the dichotomous data
was extracted as even/total number. If the study reported two subgroups, the
combination formulae were used to combine them into a single group (15). The

continuous data were reported as weighted mean difference (WMD) while the

$#



dichotomous data were presented as risk ratios (RR) with 95% confidence intervals
(CIs). P <0.050 was considered statistically significant. I2 was used to evaluate the
heterogeneity. A random-effects model was used if heterogeneity was detected

(I2 >50%); otherwise, a fixed-effects model was used. All analyses were
performed using Review Manager, Version 5.3 (Cochrane Collaboration, Oxford,

UK).

H OHF OH OHF OH OHF OH OH OHF OHF OHF OH OHF O H OH OH

%oyt



3.4 Results
The initial search of the databases mentioned above identified 8456 publications
which included 37 relevant articles for full-article review (Figure 3-1). An
additional 7 studies were identified from previous reviews and meta-analyses.
After excluding the studies that investigated the iron supplementation with solid
food or formula or multivitamin mixtures, or if the infants were not nearly
exclusively breastfed during the intervention, there remained RCTs (five articles)
that were included in this systematic review and meta-analysis. A total 511 infants
from Sweden, Honduras, Canada, Turkey and China were included in these four

RCTs.
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3.4.1Study characteristics
The characteristics of the included trials are summarized in Tehl&Be source
of iron included ferrous sulfate §119) and ironaminc-acid chelateZ0). The iron
supplement intervention during the exclusively breastfeeding period lasted
between two to two and half months. One RCT started the intervention at one
month of age (Z) while the other three RCTs started at four montage (5, 18-

20).
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Study Origin Study | Sample | Age Intervention | Definition of | Intervention/co| Outcome
design | Size (month) | duration inclusion ntrol measurements
during the | population
exclusively
breastfed
period
Dewey, Domellof et al. ZWR; | Sweden, | RCT 101 4 2 All infants 1 mg/kg/d Growth
Domellof, Cohen et al. 2001 | Hondura 131 were ferrous sulfate | Iron status
S exclusively | Placebo: Adverse
or nearly unknown effects
exclusively
breastfed to
6 months
Friel, Aziz et al. 2003 Canada | RCT 77 1 2.5 All infants 7.5 mg per day| Growth
were of ferrous Iron status
exclusively | sulfate Mental
or nearly Placebo: syrup| development
exclusively Adverse
breastfed to effects
3.5 month
Yurdakok, Temiz et al. 2004| Turkey | RCT 79 4 2 Exclusively | 1 mg/kg/d Iron status
breastfed to | ferrous sulfate | Adverse
6 months control: no iron| effects
Wang, Wu et al. 2012 China RCT 123 4 2 Healthy term | 1 mg/kg/d Iron | Growth
breastfed aminoacid Iron status
infants chelate Adverse
exclusively | Control: no effects
breastfed to | iron
6 months

Table3-1 Summary of studies included in the matzalysis




3.4.2Risk of bias assessment
The quality of included RCTs were assessed by the Cochrane risk of bias tool (11).
All included trials had certain methodological limitations (Fig8i2). The major
limitations were unclear allocation concealment, unclear blinding of outcome

assessment and high risk of bias in selective reporting.



Domellof et al.2001; Dewey et al. 2002

@ | =~ |Allocation concealment (selection bias)

Friel etal. 2003

i) . . Blinding of outcome assessment (detection hias)

® @ @ | ® Incomplete outcome data (attrition bias)

Wangetal 2012

-~

-~ . . . Blinding of patticipants and personnel {performance hias)

® | O | ® | ® | sclective reporting (reporting hias)
® O ® | ® | otherbias

® | ® | ® | @ | Random sequence generation (selection bias)

-

Yurdakok et al. 2004

-

Random sequence generation (selection bias) _

Allocation concealment (selection hias) - I

Blinding of participants and personnel (performance hias) _:l
Blinding of outcome assessment (detection bias) _ I
Incomplete outcome data (attrition bias) _

Selective reporting (reporting hias) _

otnervias [

0% 25% 50% 75%  100%

[l Hioh risk of bias

-Low risk of hias E]Unclearrisk of hias

Figure3-2 Assessment of bias risk.

(A) Summary of bias risk for eatinal. (B) Risk of bias graph for all included

trials. For each bias domain, information is either from trials with low risk of bias
(greern), or from trials with unclear risk of biayé€llow), or from trials with high

risk of bias (ed).
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3.4.3lron deficiency, iron deficiency anemia and hematologic parameters

Three RCTs (n=251) were included in the analysis (Figt8e Bhere was no

difference in the incidence of IDA or ID betwetneiron supplement group and

control group(RR, 0.59;95% ClI, 0.271.30; P=0.19). Two RCTs reported

extractable data on iron status parameters (Figdie Although serum

hemoglobin levels (MD=1.78 g/L; 95% CHl,.004.57g/L;P=0.21) and ferritin

levels (MD=17.26ug/L; 95% CI,-40.9675.47ug/L; P=0.56) were similar

between both groups, mean corpuscular vol(ii@V) was significantly higher in

the group supplemented with iron (MD=217 95% CI, 0.993.35fL; P=0.0003).

Iron Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Domellofet al.2001 5 76 9 80 581% 0.58[0.21,1.67] ——
Friel etal. 2003 1 30 2 24 147% 0.40[0.04, 4.15]
Yurdakok et al. 2004 3 21 4 20 27.2% 0.71[0.18, 2.80] B E—
Total (95% CI) 127 124 100.0%  0.59[0.27, 1.30] . B
Total events 9 15
Heterogeneity: Chi*= 018, df= 2 (P = 0.91); F= 0% =UAU1 0?1 1=E| 1UD=

Test for overall effect: Z=1.31{P=0.19)

Favours [Iron] Favours [Control]

Figure3-3 Effect of iron supplementation dBDA or iron deficiency in exclusively

breastfed infantdV-H=Fixed effects, ManteHaenszel, Gttonfidence interval,

IV Eintravenous.



A

Iron Control

Mean Difference

Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight [V, Fixed, 95% Cl IV, Fixed, 95% CI
Friel etal. 2003 123 B2 30 119 74 24 446% 4.00[017,817)
Yurdakok et al. 2004 108 5 21 108 7 20 554% 000[3.74 374
Total (95% CI) 51 44 100.0% 1.78[-1.00, 4.57]
ih . - - R - : : T : :
Heterogeneity: Chi*=1.96, df=1 (P = 0.16); F= 49% 30 10 b 10 20

Test for overall effect: Z=1.26 (P =0.21)
B

Iron Control

Study or Subgroup

Mean Difference

Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl

Favours [Control] Favours [lron)

Mean Difference
IV, Fixed, 95% CI

Friel etal. 2003 827 25 30 81 4 24 415% 1.70[0.13,63.53) —
Yurdakok et al. 2004 732 33 21 M2 18 20 585% 250096, 4.04) —i—
Total (95% CI) 51 44 100.0% 2.17 [0.99, 3.35] -
Heterogeneity: Chi*=0.43, df=1 (P=051), F=0% 5_10 #5 ;) é 10:
Test for overall effect: Z= 3.60 (P = 0.0003) Favours [Control] Favours [Iron]
c
Iron Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Friel et al. 2003 143 153 24 85 77 22 347% 58.00[11.15127.15)
Yurdakok et al. 2004 €5 231 21 319 238 20 653% -4.40[-18.77,9.97]
Total (95% Cl) 45 42 100.0% 17.26 [-40.96, 75.47]
Heterogeneity: Tau®= 1297.58; Chi*= 3.00, df=1 (P = 0.08); F= 67% 5_200 _1500 3 1[9]0 2005

Test for overall effect: Z=0.58 (P = 0.56)

Favours [Control] Favours [Iron]

Figure 3-4 Effects of iron supplementation on (A) Hemoglobin, (B) Mean

corpusculavolume, and (C) Ferritin in exclusively breastfed infants.

Clekonfidence interval, I'#intravenous.

3.4.4Growth

Three studies addressed the effect of iron supplementation on growth in

exclusively breastfed infants (Figu8ed). Iron supplementatiohad no effect on

length gailMD= -0.01 cm; 95% CI;0.080.06 cm; P= 0.77), but had a significant

negative effect on weight gain (MD#8.04 kg; 95% CI;0.07 -0.01 kg; P= 0.003)

and head circumference gain (MB&14 cm; 95% CI;0.18 -0.09 cm;

P<0.0@01).
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A

Iron Control
Study or Subgroup Mean SD Total Mean SD Total

Mean Difference
Weight IV, Fixed, 95% CI

Mean Difference
IV, Fixed, 95% CI

Dewey et al. 2002 083 007 76 087 041 80
Friel etal. 2003 1.92 054 32 203 056 24
Wang etal. 2012 1.22 0.36 26 1.23 053 34

Total (95% CI) 134 138
Heterogeneity: Chi*=0.29, df=2 (P=0.87); F= 0%
Test for overall effect: Z= 2.95 (P = 0.003)

B

Iron Control

97.8% -0.04[-0.07,-0.01]
0.8% -0.11[-0.40,0.18]
1.4% -0.01[-0.24,022)

100.0% -0.04 [-0.07,-0.01]

<

05

Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl

-0.25 0 025
Favours [Control] Favours [lIron)

Mean Difference
IV, Fixed, 95% CI

05

Dewey etal. 2002 307 029 76 308 014 80
Friel etal. 2003 76 141 32 784 262 24

Wang etal. 2012 452 197 26 446 2.2 34

99.2% -0.01 [-0.08, 0.06)
0.4% -0.24[-1.40,0.92)
05% 0.06[1.00,1.12

Total (95% CI) 134 138 100.0% -0.01[-0.08, 0.06]

Heterogeneity: Chi*=0.17, df=2 (P=092), F=0%
Testfor overall effect Z=0.29 (P=0.77)

c
Iron Control
Study or Subgroup Mean SD Total Mean SD Total

*

Mean Difference
Weight IV, Fixed, 95% CI

- 0 i

Favours [Control] Favours [Iron)

Mean Difference
IV, Fixed, 95% CI

Dewey et al. 2002 146 011 76 16 018 80
Friel etal. 2003 355 06 32 352 063 24

Total (95% CI) 108 104
Heterogeneity: Chi*=1.02, df=1 (P =0.31), F=2%
Test for overall effect Z=5.81 (P < 0.00001)

98.0% -0.14[-0.19,-0.09]
20% 0.03[-0.30,0.36]

100.0% -0.14[-0.18,-0.09]

L 2

-05 0 05
Favours [Control] Favours [lron]

Figure 3-5 Effects of iron supplementation on (A) Weight gain, (B) Length gain,

and (C) Head circumference gain in exclusively breastfed inf@ht&onfidence

interval, IVEIntravenous.

3.4.5 Mental and visuatlevelopment

Mental and psychomotalevelopmental indices and visual acuity at 13 months of

age were assessed using the Bayley Scédledant Development and the Teller

visual acuity in the included RCT. Outcomes were analyzed by intention to treat.

TheBayley psychomotor developmental index was significantly higher in the iron

supplement group (MD 7.00, 95% CI 0.99 to 13.01; p= 0.02) (Figréie There

were no significant difference in Bayley's mental development index (MD 0.00, 95%
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Cl -5.50 to 5.50; p4.00) and visual &cores (MD 0.52, 95% C0.16 to 1.20; p=

0.14) in infants receiving iron compared with control.

|
Iron

Study or Subgroup Mean SD Total Mean

SD Total Weight IV, Rand

Mean Difference
IV, Random, 95% CI

Friel etal. 2003 108 8 26

Total (95% CI) 26
Heterogeneity: Not applicable
Test for overall effect: Z=0.00 (P =1.00)

Iron
Study or Subgroup  Mean SD Total

Mean SD Total Weight IV, Rand

-10 0 10 20
Favours [iron] Favours [control]

Mean Difference
IV, Random, 95% CI

Friel etal. 2003 100 12 26

Total (95% Cl) 26
Heterogeneity: Mot applicahle
Testfor overall effect: Z=2.28 (P=0.02)

7.00[0.99, 13.01]
L

—~ell—

SD Total Weight IV, Random, 95% CI

-10 0 10 20
Favours [iron]) Favours [control]

Mean Difference
IV, Random, 95% CI

# Iron

Study or Subgroup  Mean SD Total
Friel etal. 2003 143 1.2 25
Total (95% Cl) 25

Heterogeneity: Not applicahle
Testfor overall effect Z=1.49 (P=0.14)

e

) ) |
-1 0 1 2
Favours [iron] Favours [control]

Figure 3-6 Effects of iron supplementation on (A) Mental developmental index, (B)

Psychomotor developmentaldex, and (C) Visual acuity in exclusively breastfed

infants.Clekonfidence interval, I¥intravenous.

3.4.6 Adverse effects

Four studies presented adverse effects data, but only three presented extractable

data. One RCT reported that there were pisazles of diarrhea related to iron

supplementation @), while the other two RCTs reported no infections related to

iron supplementation {1 20).
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3.5Discussion
This study is the first systematic review and rraatalysis to analyze the effect of
daily iron supplementation in healthy exclusively breastfed infants. Previous
systematic reviews evaluated the effects of daily iron supplementation in low birth
weight infants 21) and 2 to 5 years old childreRB3d). However, the specific effects
of daily ironsupplementation on healthy exclusively breastfed infants have not
been addressed in other studies. Our study extends the literature in this specific

population, which could be used by policy makers and clinicians.

Control group participants of includedidtes were at high risk of developing

ID/IDA (12% prevalence of ID and IDA at endpoint in the control groups of the
metaanalysis). Daily supplementation of ferrous sulfate at a dose of 1 mg/kg/d or
7.5 mg/day did not significantly reduce the incidenctdDA (7% prevalence of

ID and IDA at the endpoint in the iron supplementation groups of the meta
analysis). However, a 42% reduction in the prevalence of ID/IDA should merit the
attention of clinicians since it has been shown that infants with ID/IDAean
subjected to irreversible negative cognitive development and altered neurological

functioning in adulthoodg-10, 23).

Although there were no significant differences in ferritin or hemoglobin levels in

both groups, those infants with iron supplenaéioh had higher mean corpuscular
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volume compared to infants in the control group. MCV is reduced in4D26).
Taken together with the ID/IDA results, iron supplementation did improve iron

status of breastfed infants.

This metaanalysis found that dgiliron supplementation resulted in slower weight
gain and head circumference gain over the duration of treatment. There was no
effect on length gain. It has been suggested that iron supplementation may impair
the growth of infants by inhibiting the absagut of other essential nutrients (26
Alternatively, while the connecting mechanism between growth deficit and iron is
not entirely known (2), some recent studies suggest an association between
obesity and ID in children @30). Taken together, it is kmown whether

decreased weight gain and head circumference gain in infancy will impair long
term growth of infants or is an indicator for developing obesity. These data
reinforce the need for a lortgrm iron supplementation trial in order to address

thesequestions.

There was a statistically significant positive effect of iron supplementation on the
Bayley psychomotor developmental index. This finding supports the rationale that
iron is needed for the rapidly growing brain in the first year of life msrivolved

in the development of brain and neural pathwa&ys. (
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The greatest concern of any supplemental intervention is that it may increase
morbidity, howeverthere is no evidence that iron treatment results in an increase

in infant morbidity fromthis metaanalysis or previouseports 22, 26).

3.6 Study Limitations
Limitations of this metanalysis are that the sample sizes of the studies analyzed
are small and only four RCTs were eligible for the reetalysis. Among the
eligible studies, the reported outcomes of the {temm effect of iron
supplementation on mehi@evelopment of breastfed infaraselimited, and could

restrict the outcome assessment.

3.7 Conclusions
This systematic review confirms that for healthy exclusively breastfed infants,
daily iron supplementation results in increased MCV levels and basdicial
effect on cognitive development. However, iron supplementation can slow the
physical growth of infants. There was no evidence to suggest iron supplementation

could cause other adverse effects.

%H



Acknowledgments
Statement of authorsO contributions to manuscript

C.C, and F.J.K. designed research; C. C and G. M. conducted research; C. C, G. M,
E.P and F.J.K analyzed data; and C. C wrote the paper. F.J.K. had primary

responsibility for final content. All authorsaé and approved the final manuscript.

%#



3.8 References
1 Rosales FJ, Reznick JS, Zeisel. &derstanding the role of nutrition in the
brain and behavioral development of toddlers and preschool children: identifying

and addressing methodoloditarriers. Nutr Neurosci 2009;12(5):1202.

2 Ozdemir N Iron deficiency anemia from diagnosis to treatment in children.

Turk Pediatri Ars 2015;50(1):19.

3 Hornell A, Lagstrom H, Lande B, et al. Breastfeeding, introduction of other
foods and effects onealth: a systematic literature review for the 5th Nordic

Nutrition Recommendations. Food Nutr Res 201353(3-23.

4 LSnnerdal B, Keen CL, Hurley LS. Trace element metabolism in man and
animals(TEMAM}. In: J. M. Howell, J. M. Gawthome and C. L. Whatgs. Nestly,

South Australia: Griffen Press; 1981:249.

5 Trumbo P, Yates A A, Schlicker S, et Bietary Reference intakes for
Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, lodine, Iron,
Manganese, Molybdenum, Nickdilicon, Vanadium, and Z@ Washington, DC:

National Academies Press; 2003.

6 Dallman PR. Nutritional anemias in childhood: iron, folate and vitamin B12.
In: R. M. Suskind and L. Lewing8uskind eds. Te¢kook of Pediatric Nutrition

New York: Raven Press; 1993:905.
%'H



7 Bullen JJRogers HJ, Leigh Liron-binding proteins in milk and resistance

to Escherichia coli infection in infants. Br Med J 1972;1(5792).69

8 Lozoff B, Jimenez E, Wolf AWLong-term developmental outcome of

infants with iron deficiencylN Engl J Medl991;325(10):68-P4.

9 Lozoff B, Jimenez E, Hagen J, et Bborer behavioral and developmental
outcome more than 10 years after treatment for iron deficiency in infancy.

Pediatrics 2000;105(4):E51.

10 Lozoff B, Jimenez E, Smith J®ouble burden of ironaficiency in infancy
and low socioeconomic status: a longitudinal analysis of cognitive test scores to

age 19 years. Arch Pediatr Adolesc Med 2006;160(11):1B08

11 Baker RD, Greer FR, Committee on Nutrition American Academy of
Pediatrics.Diagnosis angbrevention of iron deficiency and iraedeficiency anemia

in infants and young children{®years of age). Pediatrics 2010;126(5):1600

12 Vucic V, Berti C, Vollhardt C, et al. Effect of iron intervention on growth
during gestation, infancy, childhooahd adolescence: a systematic review with

metaanalysis. Nutr Rev 2013;71(6):38®1.

13 Kramer MS, Kakuma ROptimal duration of exclusive breastfeeding.

Cochrane Database Syst Rev 2012;8(CD00B517

%



14  Higgins JPT, Altman DGChapter 8: Assessing risk loias in included
studies. In: H. JPT and G. S eds. Cochrane Handbook for Systematic Reviews of
Interventions Version 5.1.0 (updated March 2011). The Cochrane Collaboration;

2011.

15 Higgins JPT. Chapter 7: Selecting studies and collecting data. . In: G. S.
Higgins JPT ed. Cochrane Handbook for Systematic Reviews of Interventions

Version 5.1.0 (updated March 2011). The Cochrane Collaboration; 2011.

16 Dewey KG, Domellof M, Cohen RJ, et al. Iron supplementation affects
growth and morbidity of breaséd infarts: results of a randomized trial in Sweden

and Honduras. J Nutr 2002;132(11):3Z8®

17  Friel JK, Aziz K, Andrews WL, et al. A doublmasked, randomized control
trial of iron supplementation in early infancy in healthy term bresasinfants. J

Pediatr2003;143(5):58.

18 Yurdakok K, Temiz F, Yalcin SS, et al. Efficacy of daily and weekly iron
supplementation on iron status in exclusively bréagtinfants. J Pediatr Hematol

Oncol 2004;26(5):2848.

19 Domellof M, Cohen RJ, Dewey KG, et al. Iron suppéntation of breast
fed Honduran and Swedish infants from 4 to 9 months of age. J Pediatr

2001:138(5):67B7.
%l



20 Wang YJ, Wu Q, Yang LC, et al. The influence of preventive iron
supplementation to iron nutritional status in breastfed infants. Zhonghuangu Fa

Yi Xue Za Zhi 2012;46(4):29302.

21 Jin HX, Wang RS, Chen SJ, et al. Early and late Iron supplementation for

low birth weight infants: a metanalysis. Ital J Pediati025;41(1):16

22 Thompson J, Biggs BA, Pasricha 3Rfects of daily iron supplemeation
in 2- to 5-yearold children: systematic review and metiaalysis. Pediatrics

2013;131(4):73%3.

23  Lozoff B, Georgieff MK Iron deficiency and brain development. Semin

Pediatr Neurol 2006;13(3):155b.

24  Hastka J, Lasserre JJ, Schwarzbeck A).dtaboratory tests of iron status:

correlation or common sense? Clin Chem 1996;42(5)2418

25 JohnsoAWimbley TD, Graham DYDiagnosis and management of iron

deficiency anemia in the 21st century. Therap Adv Gastroenterol 2011;4(8BA177

26 lannottiLL, Tielsch JM, Black MM, et al. Iron supplementation in early

childhood: health benefits and risks. Am J Clin Nutr 2006;84(6) /%1

%%



27 Grandone A, Marallo P, Perrone L, et al. Iron metabolism dysregulation
and ognitivedysfunction in pediatric obdgt Is there a annection? Nutrients

2015;7(11):916F0.

28 Bougle D, Brouard.Jron in child obesity. Relationships with inflammation

and metabolic risk factors. Nutrients 2013;5(6):2382

29 Nead KG, Halterman JS, Kaczorowski JM, et al. Overweighdi@m and

adolescents: a risk group for iron deficiency. Pediatrics 2004;114(18.104

30 PinhasHamiel O, Newfield RS, Koren I, et al. Greater prevalence of iron
deficiency in overweight and obese children and adolescents. Int J Obes Relat

Metab Disord 203;27(3):4168.

31 Rice D, Barone Xritical periods of vulnerability for the developing
nervous system: evidence from humans and animal models. Environ Health

Perspect 2000;108 Suppl 3(533).

= OHF OH O OH

%&



Bridge to Chapter IV

The previous chapteshowed thaFe supplenentation could improve the Fe sis
and psychomotor development of exclusively breastfed mfeiotvever,Fein
human milkis independent of the motherOs iron status and cannot be increased
through maternal diet dte supplementationlhe composition of human milk is

the result of completransport processes acrosetient extracellular and
intracellular membranes, which aregreatpart mediated by solute carrier proteins.
However, the identities of the proteins mediating the tran$féemto human

milk remain to be determineddencethere is a lack of knowledge about the
molecular mechanisms regulatiRg concentrationél). Therefore, chaptdiv
comprises a manuscript that demonstrtesexpressionf Fetransporters in
humanlactatingepithelialcells This manuscript also illustratédse potentialFe
transport pathway ihuman lactating epithelial celts.
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4.1 Abstract
Background: The molecular background of iron excretion into breast milk has not
been determined in humandie objective of this study was to examthe
expression of known iron transporters in mRNA extracted from human milk fat
globulesto deduce which known transporters are responsible for iron excretion

into human milk.

Methods: The expression of iron transporters in mRNA from human milk fat
globules and mouse mammary epithelial cell lines were determined by quantitative

Realtime polymerase chain reaction (QPCR).

Results: The expression of the transferrin receptof ERQ), divalent metal
transporter 13LC11A2, transferrin TF) and lactoferrinl(TF) was confirmed in

RNA isolated from the human milk fat globule. Similar expression was observed in
the mouse mammary epithelial cell line HC11 in resting and lactating phenotypes.
No iron export protein could be determined in the RNA isolated from fat globules

in human breast milk and a human mammary epithelial cell line.

Conclusion: The lack of iron exporters in the human mammary epithelia, in
conjunction with the presence of lacain suggests that transmembrane transport

IS not a major route of iron excretion into human milk.

Key words: iron transporters; human milk; gene expression
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4.2 Introduction
Maintaining adequate iron status is critical to the infantOs physical antbgea
development. For exclusively breastfed infants, breast milk is their sole source of
iron. The iron concentration in human colostrum is approximately 0.8 pug/mL and
in mature milk is 0.20.4 pg/mL (1). The Institute of Medicine (IOM), based on the
average iron concentration in human milk, suggested that the adequate intake of
iron for term infants betweenr® months is 0.27 mg/day (2). This recommendation
assumes that the small amount of iron in human milk is enough to maintain the
growth of exclusiely breastfed infants to 6 months of age. However, the literature
on iron requirements of futerm infants before 6 months of age contains
conflicting data and divergent views. Although the iron concentration is low in
human milk, it is independent of theotherOs iron status and cannot be increased
through maternal diet or iron supplementation (3), since milk iron concentration is
similar between mothers of high iron or low iron intakes (4, 5). To date, the

molecular background of iron secretion into hmmailk has not been clarified.

Iron trafficking in mammalian systems depends on iron transporters. Currently,
most data on iron transporters in the lactating mammary gland have been obtained

principally from experiments on the rat, where milk iron con@gians are at least

&*H#



25 times higher compared to humans (6). In addition, unlike the mouse and human,
the iron binding protein in rat milk is transferrin (7). Although mouse milk

contains higher iron than human milk, human and mouse milk both contain
lactoferrin as an iron binding protein (8). Therefore, the iron secretion pathway of
the rat is likely to be distinct from human and mouse, with the latter being a better
rodent model for a comparative study (Iron transporter coding genes in human,

mouse and ratere listed in Supplemental Digital Content Tablel).

Recently, breast milk has been studied as a source of mammary epithelial cell
RNA (9, 10). The mRNA and other cytoplasmic remnants in epithelial cells are
enveloped by the cell membrane and sedret® milk via fat globules (11). Thus,
RNA extracted from breast milk may be used to reflect the biology of the lactating
mammary epithelial cell (12). The gene expression of certain proteins in the
mammary epithelial cell have been previously examinedxtracting mRNA

from breast milk (12). However, the gene expression of iron transporters in the
human lactating epithelial cell has not been studied, to our knowledge. In the
present study, we investigate known iron transportersO expression in RNA
extracted from human milk fat globules, a human breast cancer cell line and mouse
mammary epithelial cell lines. We aimed to determine which iron transporters are
responsible for iron secretion into the human lactating mammary gland and to

compare the iron traporter profiles of different mammary epithelial cell lines.
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4.3 Methods
4.3.1 Study design
This study was designed to determine the expression of known iron transporters in
human and mouse models by quantitative Réale polymerase chain reaction
(RT-gPCR) to deduce which transporters are responsible for iron excretion into

breast milk.

Mousemammary epithelial HC11 cells (a gift from Dr. Carrie Shemanko,

University of Calgary, Canada) were the basis for the mouse assay, which were
isolated from a midpregnant BALB/c mouse mammary gland. HC11

differentiation into a secretory phenotype can beieed by prolactin (13). The
expression of iron transporter gen&f¢, Tfr2, Sicllal, Siclla2, Sic4(ad the

HC11 cell line before and after prolactin stimulation were assessed to compare the
iron transporter profiles in both the ntactating and lactang mouse epithelial

cell lines.

RNA extracted from the fat fraction of human milk was used to investigate iron

transporter expression in lactating epithelial cells.

The MCF7 (American Type Culture Collection, Rockville, MD) carcinoma cell
line was utilzed as a proxy for iron transportersO expression iaotating
mammary cells.
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The expressions of the seven human gé@ié3C, TFR2, SLC11A1, SLC11A2,
SLC40A1, TFandLTF, which are involved in iron transport, were assessed by

gPCR.

4.3.2 Human subjects
This study was approved by the University of Manitoba Bannatyne campus
research ethics board and written informed consent was obtained from all
participants. Fresh human milk samples were obtained from nine eligible lactating
donors who volunteered to parpate in this study. The inclusion criteria were that
mothers must be successfully breastfeeding and the mothers and their infants were
healthy at the time of the study. Exclusion criteria were not breastfeeding or

receiving medication during breastfeeding

4.3.3 Milk collection and RNA extraction
Fresh breast milk was collected simultaneously from both breasts via a standard
breast pump (Medela AG, Baar, Switzerland) and immediately placed in a cooler
surrounded by ice pads. Total mMRNA of breast milk was peelparth a hybrid of
the Trizol protocol and QIAGEN RNeasy Miniprep kit (Qiagen, Valencia, CA).
Briefly, fifteen milliliters of breast milk were transferred into a sterile, RNe=e
tube and then centrifuged at 1600 x g for 10 minutes. The supernatagefawas

transferred to a new tube, using a sterile cell scraper. Ten milliliters of TRIzol
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reagent (Invitrogen Life Technologies, Burlington, ON) were added to the fat layer.
Then the homogenized samples were mixed with 2 mL of chloroform (Fisher
scientfic, Ottawa, ON) and centrifuged at 1600 x g for 5 minutes. The upper
aqueous phase was transferred to a new tube and mixed with 1 volume of 70%
ethanol. Total RNA was isolated from the mixture using a QIAGEN RNeasy
Miniprep kit following the manufacturés suggested procedures. And total RNA
concentration was measured using a NanoDrop spectrophotometer (NanoDrop
Technologies, Wilmington, DE). RNA quality was measured by gel

electrophoresis.

4.3.4 Cell culture and RNA extraction
The HC11 cells were grown inGrowth medium containing RPMI640 medium
(Sigma, St. LouisMO) with Penicillin (100 IU/mL)Streptomycin (100 pug/mL),
10 ng/mL Epidermal Growth Factor, 5 pg/mL insulin and 10% Fetal Bovine Serum.
To differentiate the HC11 cells into their secretory phgmes, they were cultured
in a Differentiation Medium which contained 5 pg/mL prolactin. The MCéells
were grown in Eagle®s MEM (GIBCO Invitrogen, Carlsbad, CA) with 10% Fetal
Bovine Serum, 10 pug/mL indin and Penicillin (100 IU/mL)Streptomycin (100
ug/mL). The cultured cells were washed twice with phosphate buffered saline and
lysed by TRIzol reagent. Total mMRNA was prepared with RNeasy Miniprep kit

(Qiagen, Valencia, CA).
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4.3.9 Gene expression analysis by gPCR
Total MRNA of each sample was reverse trabgcriusing SuperScriptTM Il
Reverse Transcriptase (Invitrogen, Carlsbad, CA). The relative expressions of the
iron transportersO messenger RNA were determined by gPTRR6;, TFR2,
SLC11A1, SLC11A2, SLC40A1, ardLTF. Assays were designed using the
PrimeTimegPCR design tool. Amplification reactions were performed with
TagMan Gene Expression Master Mix, 20X TagMan Gene Expression
Assay/PrimeTimegPCR Prime Assay (Supplemental Digtial Content, $&tdlg
and sample cDNA. Samples were analyzed by Apiedystems
StepOnePlusTM Redlime PCR System. Ten serial dilutions of standard cDNA
(1:10 factor; from 10ng to 1x10pg) were used to construct a standard curve for
each gene. For the endogenous conti@s, rRNAvas used as the human
housekeeping genActbwas used as the mouse housekeeping gene. Expression of

the transcript of interest was normalized to the respective housekeeping gene.

In order to confirm the source of MRNA in human milk, the expression of mMRNAs
encoding epithelial marker (MUC1, muacl, cell surface associated) and mRNAs
encoding leukocyte marker (CD45, protein tyrosine phosphatase, receptor type, Cp)
were examined by gPCR. qPCR primer sequences were listed in Supplemental

Digital Content Tabl&4-2.

&%



4.3.8 Statistical analysis
Data wasxpressed as mean + SD and analyzed by-taied unpaired-test.
Statistical analysis was conducted using GraphPad Prism 5.0. Significance is

accepted at P < 0.05.
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4.4 Results

4.4.1 Subject characteristics
Nine healthy women between-2D years of age were recruited for the study. All
the infants were healthy fulerm infants and their ages were betwedhrbonths
(Supplemental Digital Content, Tald3). No maternal nor infant illness or

infection was rported when the mothers provided the samples.

4.4.2 Origin of the mRNA extracted from the human milk fat globule
To determine the relative amount of mMRNA from epithelial cells to that of white
blood cells, we comparddUC1 to CD45expression in the fresh breast milk, as
epithelial marker gene and leukocyte marker gene, respectieigl washighly
expressed in all dfreast milk samples (Figu#elA). In contrast, very low levels
of CD45were found in five of the nine samples, icating that the majority of
MRNA extracted from the fat layer of human milk originated from the epithelial
cells. The presence of none or very IGW45transcripts indicates neglectable

contributions from leukocytes during the extraction procedure (9).
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Figure 4-1 Iron transportegene expression in mMRNA derived from human milk

(N=9).

A, epithetical cell marker MUC1 is strongly expressed, while leucocyte marker
CD45, is very low or absent in the breastmilk of nine individualsS§1B,
transferrin receptor TFRC and iron transporter SLC11A2 as well as transferrin
(TF) and lactoferrin (TF) are present in the same breastmilk samplesS&1
while transferrin receptor 2 (TFR2) and the iron exporter SLC40A1 are absent.
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4.3.4 Iron transporters transcripts in human milk fat globules
The presence of thEFRCand theSLC11A2but not theéSLC40Altranscripts were
confirmed in human milk fat globules (Figure 1B). Very small amounts of
SLC11Alwere detected and coincided Wiiib45 expression, indicating a
neglectable contribution of leukocytes transcripts. Transcripts for the iron binding

proteins TFand LTF were also detected.

4.4.3 Iron transporters expressed in the lactating and dormant phenotypes
of the mouse mammary epithelial cell line HC11

The mouse mammary epithelial cell line HC11 is the only existing cell model of an
inducible lactating phenotyp&pon prolactinstimulation,a lactating phenotype is
induced (13). In both stateEfrc andSicl1a2wvere expressed, while the presence
of Tfr2, SlcllalandSlic40alcould not be detected (Figu4e2). The induction of
the lactating phenotype by prolactin resulted in a significant downregulation of
Tfrc andSlclla2ranscripts Tfrc/Actbratio, before prolactin: 0.54+0.01; after
prolactin: 0.49+0.01; P=0.01&]c11a2/Actlatio, before prolactin: 11+0.01;

after prolactin: 1.02+£0.01; P=0.005) (Fig4r&).

An identical expression pattern was found between the mouse mammary epithelial
model and mRNA extracted from human milk fat globul€BRC/Tfrcand the

SLC11A2/SIclladre present, whil@FR2/Tf2, SLC11A2/Slc11laidnd



SLC40A1/SlIc40atould not be detected. However, the ratidBRC/Tfrcto
SLC11A2/SIclla@xpression was reversed between mouse and human, resulting
in a significantly higher expression fcl1la2compared tdfrcin HC11

comparedd that of human fat globulanRNA.
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Figure 4-2 Iron transporters gene expression in HC11 cells with (grey bars) or

without prolactin stimulation (white bars).

Transferrin receptor Tfrc and iron transporter Slclla2 axpressed in both
cellular states and upregulated upon prolactin stimulation. No expression of the
iron exporters Slclla2 and Slc40al as well as the transferrin receptor Tfr2 is
observed. Data are presented as mean + SD. *p < 0.05.

#

(* #



4.4.6 lron transportes expressed in the human breast ductal carcinoma cell
line MCF7
The expression dlUC1 was determined in the human breast cancer cell line
MCF7, whileCD45was absent (Figur-3A), indicating its utility as a model for
dormant mammary epithelial cells. In concordance with the above rédtRE;,
SLC11AZ2andTF were expressed in ratios comparable to the human milk samples,
while SLC11AlandSLC40Alare absent (Figuré&3B, compae to Figuregl-1B).

In contrast,TFR2is present, whil&. TF expression could not be confirmed.

Overall, the gene expression seems to be consistent with a differentiated mammary

epithelial phenotype.
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Figure4-3 Iron transporters gene expression in MCEells

A, expression of the epithetical cell mark#dC1and absence of the leucocyte
markerCD45indicates the epithelial origin of the cancer cell line. B, transferrin
receptorsTFRCandTFR2 iron transporteBL.C11A2 and transferrinT(F) are
present, while the iron exportess C40A1, SLC11Adre absent. The notable
absence of lactoferri.TF) indicates a notactating epithelia phenotype.
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4.5 Discussion
To circumvent ethical and technical problems in obteyriissue samples from the
lactating human mammary gland, we explored alternative and readily available
sources of RNA to determine transcript levels of iron transporters in the lactating
and resting human mammary cells. Breast milk fat globules envejtg@asmic
remnants during their secretion into the milk, and are therefore a valuable source of
RNA from lactating human mammary cells, as confirmed in this work and by
others (12). For our dataset, the hiMlC1 expression, coinciding with only
traces ofCD45in some samples, confirms that the determined gene expression

represents RNA from lactating epithelial cells rather than white blood cells (9).

The molecular nature of iron excretion into the human milk nesnandetermined.

The presented transcriptome data from human milk fat globules suggest an iron
transport pathway containing the transferrin receptor TFRC, transmembrane solute
carrier DMT1, and the secreted iron binding proteins lactoferrin (LTF) and
trarsferrin (TF). However, the iron transmembrane release protein, ferroportin,
encoded by th€LC40Algene, is absent. Similar, another protein mediating

cellular iron release, SLC11A1, is absent in fat globular samples solely

representing lactating epithdlarigin.
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An expression pattern comparable to milk fat globules was observed for the MCF7
cell line, representing a ndactating mammary carcinoma cell; however,

lactoferrin was absent. We speculate that lactoferrin expression is activated upon
lactation and that it therefore might have a role in iron excretion only in the

lactating state.

The presented data also indicate that the mouse might be a more suitable model
organism for human lactation, compared to the rat, since our data confirm a lack of
SlaA0alexpression in a mouse model of mammary epithelial cells (HC11).

Slc40alexpression had been reported for the lactating rat (14).

The expression patterns strongly indicate the Otransferrin cycleO as a mechanism o
iron uptake into the human mammarytkelial cell, as it is known for other cell

types (15). In the Otransferrin cycleO, thetiramsferrin complex in the plasma

binds to membrane bound TFRC. Upon binding the transf€FRC complex is
endocytosed, followed by iron release in the endosdine iron is carried across

the endosome membrane into the cytosol via SLC11A2 (DMT1), where it can be

utilized as enzymatic etactor or stored bound to ferritin (Figu4ed).
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Figure 4-4 Hypothetical model of the irotmansport pathways in human lactating

epithelial cells according to the here presented expression data.

Extracellular iron fed dot) in serum is exclusively bound to transferrin (TF),
transferrin binds to transferrin receptor (TFRC) on the basal sideeotéti, and

the transferrintransferrin receptor complex is endocytosed. In the resulting
endosome, the iron is released and transported across the endosomal membrane
by SLC11A2, also known as DMTL. In the cytosol, iron is stored in a ferritin
complex, owtilized as a cdactor for enzymatic reactions. A possible excretion
pathway remains to be determined. One possible excretion mechanism could
involve an ironlactoferrin complex (LTF), since no iron exporter expression could
be confirmed in this work. Adtnatively, no iron excretion mechanism might exist.
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No transcripts of known iron membrane exporters are present in breast milk;
however, lactoferrin is expressed. This suggests that if any iron excretion into the
human milk occurs, it might be mediatéulough a lactoferrin complex rather than
direct transmembrane transport, supported by the fact that lactoferrin is the only
known ironbinding protein in human milk (16). The lack of transmembrane
release might explain the low iron concentrations of humily compared to rat,
where the known iron exporter ferroportin, encoded bysSih€40Algene, is

present in the lactating rat mammary gland (14).

Another hypothesis is simpler but more controversial. There is no mechanism for
active iron secretion into breast milk. Only iron from milk cells is present in breast
milk. The significance of this phenomenon will have to be validated; however, we
speculag support for the theory of iron withholding for the infant as an
evolutionary means to protect from intestinal infections. This would explain the
absence of any cellular exporters. In support of this reasoning, it has also been
suggested that lactoferrithe ironbinding protein in human milk, can protect the
infant from infection by depriving iron from pathogenic bacteria (17). The low iron
content of lactoferrin may be a protective mechanism to provide a bacteriostatic
function (18). In conclusion, werg@sent transcript based evidence for the iron
uptake and excretion pathways in the human and mouse mammary epithelial cell,

suggesting known cellular uptake pathways, but a lack of capacity for
(& #



transmembrane excretion. The only means of secretion intoéhst milk might

be via an irodactoferrin complex. However, the data do not rule out a complete
lack of iron excretion capacity into human milkhe current study has several
limitations which should be acknowledgédtst, the expression of iron
transprterswasdetermined athe mRNA levelfurther studies to demonstrate
expression at the protein levelngeded to confirm this findingloreover,
localizationandmechanisticstudiesare needetb further confirmthe proposed

pathway



4.6 References
1 LSnnerdal B, Keen CL, Hurley LS. Trace element metabolism in man and
animals(TEMAM}. In: J. M. Howell, J. M. Gawthome and C. L. White eds. Nestly,
South Australia: Griffen Press; 1981:249.
2 Baker RD, Greer FR, Committee on Nutrition Amenéaademy of
PediatricsDiagnosis and prevention of iron deficiency and {id&ficiency anemia
in infants and young children{®years of age). Pediatrics 2010;126(5):1600
3 Domellof M, Lonnerdal B, Dewey KG, et al. Iron, zinc, and copper
concentratns in breast milk are independent of maternal mineral status. Am J
Clin Nutr 2004;79(1):11b.
4 Fransson GB, Gebigledhin M, Hambraeus.L.The human milk contents of
iron, copper, zinc, calcium and magnesium in a population with a habitually high
intake d iron. Acta Paediatr Scand 1984;73(4):4.1
5 Murray MJ, Murray AB, Murray NJ, et al. The effect of iron status of
Nigerien mothers on that of their infants at birth and 6 months, and on the
concentration of Fe in breast milk. Br J Nutr 1978;39(3)x:8Q7
6 Kelleher SL, Lonnerdal B_ow vitamin a intake affects milk iron level and

iron transporters in rat mammary gland and liver. J Nutr 2005;135¢3227

((C #



7 Hoshino A, Hisayasu S, ShimadaQomplete sequence analysis of rat
transferrin and expression eéhsferrin but not lactoferrin in the digestive glands.
Comp Biochem Physiol B Biochem Mol Biol 1996;113(3):4R1

8 Masson PL, Heremans JEactoferrin in milk from different species. Comp
Biochem Physiol B 1971;39(1):14%D.

9 Lemay DG, Ballard OAHughes MA, et al. RNA sequencing of the human
milk fat layer transcriptome reveals distinct gene expression profiles at three stages
of lactation. PLoS One 2013;8(7):e67531.

10 Maningat PD, Sen P, Rijnkels M, et al. Gene expression in the human
mammary eghelium during lactation: the milk fat globule transcriptome. Physiol
Genomics 2009;37(1):122.

11 Patton S, Huston GHEncidence and characteristics of cell pieces on human
milk fat globules. Biochim Biophys Acta 1988;9658214653.

12 Baumgartel KL, ©nley YP The utility of breastmilk for genetic or genomic
studies: a systematic review. Breastfeed Med 2013;8(35849

13 Merlo GR, GraudPorta D, Cella N, et al. Growth, differentiation and
survival of HC11 mammary epithelial cells: diverse effectseoéptor tyrosine

kinaseactivating peptide growth factors. Eur J Cell Biol 1996;70(2)103.

(O #



14  Leong WI, Lonnerdal Blron transporters in rat mammary gland: effects of
different stages of lactation and maternal iron status. Am J Clin Nutr
2005;81(2):48-53.

15 Lindh U. Uptake of elements from a biological point of view In: O. Selinus
ed. Essentials of Medical Geology: Revised Edition. Springer Science & Business
Media; 2013.

16  Newburg DSBioactive components of human milk: evolution, efficiency,
and potection. Adv Exp Med Biol 2001;5%0):3-10.

17 Chan GM, Lee ML, Rechtman Ddffects of a human milklerived human
milk fortifier on the antibacterial actions of human milk. Breastfeed Med
2007;2(4):2058.

18 Campos LF, Repka JC, Falcao M&fects of human milk fortifier with iron

on the bacteriostatic properties of breast milk. J Pediatr 2013;89(4:394

(¢ #



Input for authorship

Chenxi Cai, MSc.
¥ Substantial cotributions to the conception adésign of the work
¥ Acquisition and analysis of data for the work
¥ Drafting the work
¥ Taking primary responsibility for communication with the journal during the
manuscript submission, peer review, and publication process, and typically

ensures that all the journalOs admmiaisie requirements

Peter Eck, Ph.D.

¥ Substantial contrilitions to the conception an@sign of the work
¥ Revising the work critically for important intellectual content

¥ Analysis of data for the work

James K Friel, Ph.D.

¥ Substantial camibutions to the coception andlesign of the work
¥ Reuvising the work critically for important intellectual content

¥ Analysis of data for the work

((+#



Supplementary material

Table -1 Comparison of the iron transporter coding genes from human, mouse dimdoahation extracted

from NCBI).
Coding protein Transferrin Transferrin Natural Divalent Ferroportin ~ Transferrin  Lactotransferrin
receptor receptor resistancP metal (FPN) (TF) (LTF)
1(TFRC) 2(TFR2) associated transporter
macrophage (DMT1)
protein 1
(Nramp1)
Official Human | TFRC TFR2 SLC11A1 SLC11A2 SLC40Al TF LTF
Symbol Mouse | Tfrc Tfr2 Sicllal Slclla2 Slc40al Trf Ltf
Rat Tirc Tir2 Sicllal Siclla2 Sic40al Tf Ltf
Location Human | 3929 7022 2035 12913 2032 3q922.1 3p21.31
Mouse | 16 B3; 16 5,5G2 1C3;13854 15F1;15 1;1B 955.03cM; 960.79cM; 9 F
23.06 cM cM 56.29 cM 9 F1-F3
Rat 11922 12q12 3033 7036 9922 8032 8032
Neighbour | Human | LOC10537430 PCOLCEAS1, CATIP-AS2, METTL7A, WDRY75, RABG6B, LOC102724305,
genes 2, LOC10537542 VIL1, CSRNP2, LOC1053737 LOC105374 LOC105377068,
LOC10537430 8, RPL19P5, HIGD1C, 93, 116, LOC105377069,
1, ACTL6B, CTDSP1, RNU7-39P, LOC1004206 LOC100421 CCRLZ2,
LOC10013136 GNB2, CATIP, LETMD1, 66, 637, RTP3
0, PCOLCE, MIR26B, RPL35AP2 ASNSD1, SRPRB,
LOC10537430 MOSPD3, CATIP-AS1 9, ANKAR TFP1
0, LOC10537542 TFCP2 TOPBP1,
RNU7-18P, 9 CDhV3
LINCO00885,
LOC10537430
3
Mouse | Gm34680, Mir6418, Tmbim1, Mettl7a2, Gmb5526, Srprb, Ccrl2,




Gm5405, Actl6b Catip, Letmd1, Gm18303, 1300017J02 Rtp3,
Tnk2, Mospd3, Mir26Db, Methig1, Gm9496, Rik, Gm10030,
Tnk20s, Gnb2, Usp37, Gmb5475, Rpl23apsl Gm31701, Lrrc2,
Gm34766 Gm7285 Pnkd, Csrnp2, Topbpl, Rp3Lpsl9
Ctdsp1, Higdlc Gm39418,
Vill Rab6b
Rat Muc4, Pcolce, LOC102546400 Mettl7a, LOC1009118 Rabéb, Ccrl2,
Tnk2, Mospd3, : Letmdl, 74, Topbpl, LOC102552504,
LOC498093, Actl6b, Catip, Tfcp2, LOC685108, Srprb, RGD1565653,
LOC10254716 LOC10255049 Ctdspl, Csrnp2, Asnsdl, RGD13105 Rtp3
2 0 Vill, Higdlc Loc10036329 07
Tmbim1, 1
Pnkd,
Mir26b
Isoforms Human | 3 4 10 18 2 2 2
Mouse | 2 8 3 7 2 1 1
Rat 3 8 3 5 1 1 1
Exon count | Human | 20 20 16 24 9 24 18
Mouse | 20 21 16 20 9 17 17
Rat 20 20 16 20 8 17 17
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Table -2 Tagman and IDT Primesequences used in quantitative gPCR for iron transporters, housekeeping genes

and markers.

GENE ASSAY ID/ICATALOG REFERENCE SEQUENCE DESIGNED PRIMERS COMPANY
NO.
MOUSE
Tfrc Mm.PT.39a.22214833.g NM_011638(1) IDT
Tfr2 Mm.PT.56a.7860185 NM_015799(1) IDT
Slcllal | Mm.PT.56a.9502370 NM_013612(1) IDT
Slclla2 | Mm.PT.56a.29924567 NM_001146161(2) IDT
Slc40al | Selfdesigned NM_016917(1) IDT
PRB.--/56-FAM/TA CTG CCA C/Zen/T GCG ATC ACA ATC
CA/3IABKFQ/

FOR.--CCT TAC TGT CTG CTA CAT CCT G
REV.--ATC TGC TCC TGTTTT CTC CTG

Atcb 4352341E NM_007393.1 Life technology
HUMAN

TFRC Hs00951083_m1l NM_001128148.1/ NM_003234.2 Life technology
TFR2 Hs01056398 m1 NM_001206855.1/NM_003227.3 Life technology
SLC11A1 | Hs01105516_m1 NM_000578.3 Life technology
SLC11A2 | Hs00167206_m1 NM_000617.2/NM_001174125.1/NM_001174126.1/NM_001174127.1 Life technology

M_001174128.1/NM_001174129.1/NM_001174130.1

SLC40A1 | Hs00205888_m1 NM_014585.5 Life technology
TF Hs.PT.58.1256514 NM_001063(1) IDT

LTF Hs.PT.58.38722916 NM_002343(2) IDT

18SrRNA | 4139413E X03205.1 Life technology
MUC1 Hs.PT.58.39717178 NM_001204297(20) IDT

CD45 Hs.PT.58.20267680 NM_002838 IDT
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Table -3 Characteristics of participates and their neonates.

Characteristic Mean = SD/%
n 9

Maternal age (year) 30+12

Infant age (month) 56+1.6

Prepregnancy BMI (kg/fa  22.7 £ 9.1

Infant sex Male (%) 33%
Gestational age(week) 39+ 15
Birth weight (kg) 3.27 £ 0.59

C-section (%) 22%




Bridge to Chapter V

The previous chaptelescribes evidence ftine expression dfetransporters in
MRNA from milk fat. Itremains unknown as to whether mRNA from milk fat and
milk cells reflects similaexpressions dfetransporterThe followingchapter
comprises a manuscript thahvestigated the expression of knowatransporters

in RNA extracted from human milk fat and cellsalso aimed to determine which
Fetransporters are present in human milk cells, and conducted a comparative
analysisof Fetransporters expressed in the RNA extracted from human milk fat

and cells.
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5.1 Abstract
Objectives: The gene expression profiles of iron transporters in human lactating
mammary glands are poorly understood. The present study was a comparative
analysis of iron transporters expressed in the RNA extracted from human milk fat
and cells.
Method: Human milksamples were collected from 15 eligible lactating women,
and the expression of iron transporters in RNA from human milk fat globules and
human milk cells was determined for each sample using quantitativenneal
polymerase chain reaction.
Results: It wasfound that the human fat RNA originated from epithelial cells,
while the human cell RNA originated from both epithelial cells and leukocytes.
The expression of FRC, TFR2, SLC11A2, T&dhdLTF was confirmed in RNA
isolated from both the milk fat and millelts. Two other transporterSL.C11A1
andSLC40A1were found only in RNA isolated from milk cells.
Conclusion: RNA from milk fat and milk cells could be used as a novel tool to
investigate the biological functions of lactating epithelial cells and iagtat
mammary glands respectively by different purposes. The lack of iron exporter in
lactating epithelial cells suggests that a novel iron transport routine may be used

during human lactation.
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5.2 Introduction
Iron is an essential trace mineral that plagsmportant role in infant health; the
capacity of human milk to provide an adequate amount iron is critical to
exclusively breastfed infants. The iron concentration of human milk is
approximately 0.3ug/mL, which is far lower than that found in the ofilther
mammals, such as rats and mice (1, 2). Moreover, the iron content of human milk
cannot be increased by maternal diet (3). Due to the ethical and technical issues, to
date, the iron transporters in the lactating tissues studies have primarily been
conducted in rat, and few human data are available.
Human milk has recently been proposed as aimegsive source from which to
obtain RNA from lactating mothers. In epithelial cells, mMRNA is enveloped and
secreted in milk via fat globules, so human nfelkcould be a good source of
MRNA (4). Further to this, milk cells are a rich source of mMRNA. Human milk
contains heterogeneous populations of maternal cellshwinctude epithelial cells,
leukocytes and stem cells (4), and these cells are shed into breast milk during
lactation. It has been suggested that if the mother and infant are healthy, then the
domain cells are epithelial cells and that leukocytes compose less than 2% of the
cell populaton (4).
We recently found a lack of the only known iron exporter (ferroportin) in lactating

mammary glands by determining the expression of iron transporters in mMRNA
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from human milk fat globules (5). This suggested that the iron secretion
mechanism in huan lactating mammary glands is different from that of the rat

the only investigated rodent model. It also indicated that there is either another
excretion routine for iron, or that there is no excretion pathway. This was the first
study to investigate ghexpression of iron transporters in human lactating
mammary tissue. However, these results were based only on mRNA from milk fat,
and further studies are required to confirm these findings. Moreover, the
expression of iron transporters in MRNA from humalk cells has not been

studied, to the best of our knowledge, and it remains unknown as to whether
MRNA from milk fat and milk cells reflects similar genomic information. In the
present study, we investigated the expression of known iron transportéM&in R
extracted from human milk fat and cells. We also aimed to determine which iron
transporters are present in human milk cells, and conducted a comparative analysis

of iron transporters expressed in the RNA extracted from human milk fat and cells.
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5.3 Method

5.3.1 Human subjects
This study was approved by the University of Manitoba Bannatyne campus
research ethics board. A written informed consent and a confidential questionnaire
were obtained from all participants. Fresh human milk samples weraatfabm
fifteen eligible breastfeeding mothers. The inclusion criteria were that mothers
must be successfully breastfeeding, the mothers and their infants were healthy (do
not have any infection) at the time of the study, and the infants are no oldér than
month of the age. Exclusion criteria were not breastfeeding or receiving
medication during breastfeeding or the mothers or infants have infection during the
study.

5.3.2 Milk collection and RNA extraction
The breastmilk samples were collected with a sterile process. All the collection
equipment was cleaned and heated before every collection. Alcohol swabs were
used to clean the breasts before the milk collection. Approximately fifty milliliters
of breast nk were collected simultaneously from both breasts via a standard
breast pump (Medela AG, Baar, Switzerland) and immediately placed in a cooler
surrounded by ice pads. The milk samples were transmitted to laboratory within 4
hours for the RNA extraction (ffplemental Digital ContenFigureS5-1). Breast

milk wastransferred into a sterile, RNasefree tube and then centrifuged at 1600 x g
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for 20 minutes. The supernatant fat layer was transferred to a new tube, using a
sterile cell scraper. Total MRNA of bsgamilk was prepared with a hybrid of the
Trizol protocol and QIAGEN RNeasy Miniprep kit (Qiagen, Valencia, CA) as
modified from Cai et. al, (2016) (5). Briefly, the supernatant fat layer was
homogenized with seven and half milliliters of TRIzol reagemtifogen Life
Technologies, Burlington, ON). Then the homogenized samples were mixed with
1.5 mL of chloroform (Fisher scientific, Ottawa, ON) and centrifuged at 1600 x g
for 15 minutes. The upper agueous phase was transferred to a new tube and mixed
with 1 volume of 70% ethanol. Total RNA was isolated from the mixture using a
QIAGEN RNeasy Mini kit following the manufacturerOs suggested procedures. For
the milk cell mMRNA extraction, the lipid layer and skim milk were cahgful

removed, and the cell pelletas washed twice in PBS at 1606 for 5 minutes.

Total RNA was extracted with the QIAGEN RNeasy Mini kit following the
manufacturerOs suggested procedures (Qiagen, Valencia, CA). Total RNA
concentration was measured using a NanoDrop spectrophotomaiaiidp
Technologies, Wilmington, DE). RNA quality was measured by gel

electrophoresis.

5.3.3Gene expression analysis by gPCR
Samples were analyzed by Applied Biosystems StepOnePlusTMIRealPCR

System as prewusly described (5). Briefhitptal mMRNA of each sample (1ug of
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input RNA)was reverse transcribed using SuperScriptTM Il Reverse
Transcriptase (Invitrogen, Carlsbad, CA). The relative expressions of the iron
transportersO mMRNA were determined by gPCRRE&C(coding transferrin
recepor 1), TFR2(coding transferrin receptor L. C11Al(coding natural
resistanceassociated macrophage protein9)C11A2Acoding divalent metal
transporter 1)SLC40A1(coding ferroportin)TF (transferrin) and. TF
(lactoferrin). In order to confirm th&urce of mMRNA in human milk, the
expression of mMRNAs encoding epithelial marker (MUC1, mucin 1, cell surface
associated) and mRNAs encoding leukocyte marker (CD45, protein tyrosine
phosphatase, receptor type, Cp) were examined by gPCR. Ten serial sliftion
standard cDNA (1:10 factor; from 10ng to 11fly) were used to construct a
standard curve for each gene. For the endogenous cd@salRNAwvas used as
the human housekeeping gene. Expression of the transcript of interest was

normalized to the r@&ctive housekeeping gene.

5.3.4 Breastmilk cell isolation and cell culture
In addition to the mRNA extraction, the milk cells were subjected to cell culture
for the observation study. After the cell isolation as described above, the cell
pellets were resusperdien 7% Fetal Bovine Serum (PBS, Invitrogen, USA) in
PBS. The total cell counts were determined with a Neubauer haemocytometer by

Trypan Blue exclusion. The cell culture method was modified from Hassiotou et
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al.,(2012)(6) . The milk cells were grown Grdwhedium containing RPM1640
medium (Sigma, St. Louis, MO) with 20% Fetal Bovine Serum 20ng/mL
Epidermal Growth Factor, 0.5 pg/mL hydrocortisone, 60ng/mL cholera toxin, 4
ug/mL insulin, 10% antibioti@ntimycotic, and 2 pg/mL fungizone.

5.3.5 Statisti@al analysis
Data was expressed as mean = SD and analyzed byallad unpaired-test.
Statistical analysis was conducted using GraphPad Prism 5.0. Significance is

accepted at P < 0.05.
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5.4! Results

5.4.1Participant characteristics
Fifteenhealthy lactating mothers were recruited (demographic characteristics are
described irBupplemental Digital ContentableS51). The women had an
average age of 33 years, and an average body mass index of 22. All their babies
were healthy, born fullermand younger than 6 months of age. No maternal or
infant illness or infection was reported when the mothers provided the samples.
5.4.2 Total RNA concentration and purity of extracted RNA
Total RNA concentration and purity of RNA was different between humanfatilk
and milk cells (Tabl&-1). Human milk fat contained a significantly higher
concentration of extracted RNA compared to milk cells. The average concentration
of RNA extracted from milk fat was 3999.8ng/uL, which was 5 times higher than
that extractedrobm milk cells. The purity of the extracted RNA was also different.
The mean 260/280 ratios of RNA extracted from milk fat and milk cells were both
within the acceptable range. However, the mean 260/230 ratio of RNA extracted
from milk cells was significatly lower than that of milk fat.

Table5-1 Quantity and quality of RNA extracted from human milk fat and cells

Milk Fraction RNA concentration(ngl.) 260/280 Ritio  260/230 Ritio

Fat 3999.8 + 2006.7 1.96 £ 0.17 1.87+£0.31
Cell 653.6 + 688.8 2.09 + 0.06 1.20 £ 0.55
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5.4.3 Cell morphology
The majority of cells lived for up to 2h after the milk collection, and most of them
displayed an epithial-like morphology. Howevemhalf of thecells were dead after
7 daysO cultu(@uppkemental Digital Content Figure S3.

5.4.4 Origin of the mMRNA extracted from human milk fat globules and

human milk cells

The relative expression MUC1andCD45, the gene markers for epithelial cells
and leukocytes, respectively, were used to determineritp@ of the mRNA
extracted from the milk fat and milk celllUC1 was highly expressed in all of
the milk fat samples (Figufg1A), while very low levels oCD45were found in
seven of the 15 samples. In the remaining eight samplesiviG1 was obsergd.
This indicates that the majority of the mRNA extracted from milk fat exclusively
originated from epithelial cells.
MUC1was also highly expressed in all of the milk cell samples (Figi).
Although expression dflUC1 was significantly higher thamat ofCD45in milk
cells,CD45was expressed in all of the milk cell samples. This indicates that the
MRNA extracted from the milk cells originated from both epithelial cells and

leukocytes.
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Figure 5-1 Gene markers gene expression in mRNA derived from human milk fat
(A) and human milk cells (BY=15).

A, epithetical cell marker MUC1 is strongly expressed, while leucocyte marker
CD45, is very low or absent in the human milk fat of fifteen individuatsS1S). B,
both gene markers are expressed in the human milk cell of fifteen individuals (S1
S15)
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5.4.9 Iron transporters transcripts in human milk fat globules and milk cells
The presence of iron transporter genes in milk fat and milk cells was consistent
amag the participants; however, the gene expression levels of these transporters
varied (Figures-2).
TFRC, TFR2ndSLC11A2vere expressed in mRNA extracted from human milk
fat globules, whileSLC11AlandSLC40Alwere not detected (FiguEe2A). Iron-
binding proteins, TF and LTF, were also detected. Of these protein gdikdsad
the highest expression level, followed ByRCandTF.
All of the iron transporter genes were expressed in mMRNA extracted from human
milk cells (Figure5-2B). Thismay have resulted from the combination of cells;
however, a very low amount 8L.C40Alwas expressed in four of thiéteen
samples, and was not detected at all in the other eleven samples. When we divided
the samples into two group BYUC1/CD45expressia ratio (<1.8 ot 1.8), we
found thatSLC40Alexpression could only be detected when the ratio was lower
than 1.8 (Figur®&-3). This means that when the expression levels of leukocytes
was much lower than that of epithelial cells in the samples, Sthéd0Al

expression was too low to detect SitC40Alwas absent.
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Figure 5-2 Iron transporter gene expression in mMRNA derived from human milk fat
(A) and human milk cells (BY =15).

A, transferrin receptors TFRC and TFR&n transporter SLC11A2 as well as
transferrin (TF) and lactoferrin (LTF) are present in all the human milk fat
samples (S515), while natural resistaneessociated macrophage protein 1
(SLC11A1) and the iron exporter SLC40A1 are absent. B, all ofahsgorters
except SLC40A1 are present in all of the human milk cell sampl84fg1Very
low of SLC40A1 is present in four of 15 human milk cell samples.
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5.5 Discussion
It has been suggested that breast milk allowsineasive examination of the
physiological functions of human lactating mammary glands. Two milk fractions,
human mik fat globules and human milk cells, contain a rich source of maternal
genetic information. In lactating epithelial cells, RNA is wrapped by fat globules
and secreted in milk, while maternal cells are shed into breast milk during lactation.
Some studiesdve showed that the human milk fat layer and milk cells are
potential tools with which to examine lactating mammary epithelial cell gene
expression during lactation, circumventing the nee@fonvasive tissue biopsy
(7-9).
In our pilot study, we used only a colurbased method, which could not extract
RNA of good quality, and in sufficient quantity, from milk fat. However, a
columnbased method can effectively extract RNA from milk cells. Thus, we used
TRIzol combined with @olumn method to extract RNA from the fat globules in
the current study. With regard to the RNA extraction yield, the RNA obtained from
milk fat was significantly higher than that obtained from milk cells. This could be
due to the dissolute effect of TRIzon the fat globules, largely ensuring cell lysis

and thus liberation of RNA (9). In conclusion, TRIzol combined with a column



method effectively extracted a high concentration of RNA from milk fat, but it was
possible to extract RNA from milk cells ugitolumn based method alone.

The fact that human milk fat RNA primarily originated from the epithelial cells
suggests its potential use as a tool that reflects the biological information of
lactating epithelial cells. Although traces of leukocytes wemadan some

samples, the majority originated exclusively from epithelial cells. When running a
gene expression study for individual participants, it was possible to select the pure
candidate samples for further study. In contrast, RNA from human milk cells
originated from both epithelial cells and leukocytes. Although the mothers and
infants were healthy when the milk was collected, there still remained a negligible
number of leukocytes in the total RNA. This suggests that RNA from milk cells
might not be @ood source with regard to the study of lactating epithelial cells.
However, the RNA extraction method for milk cells is quick and convenient, as it
uses only a singleolumnbased kit. Thus, it may be an effective tool in

identifying the biological propées of lactating mammary glands, which include
lactating epithelial cells and leukocytes.

Realtime polymerase chain reaction confirmed the iron transporter profile in milk
fat in the current study, and these transporters included TFRC, TFR2, DMTL1, TF
and LTF. However, FPN encoded B C40Althe only known iron

transmembrane release protein, was absent. This result is similar to those of
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previous studie€b). In contrast, different levels of all of the iron transporters were
found in milk cells, which mahave been due to the combination of milk cells.
Compared to other iron transporter gehdd; was the most abundant, being
expressed both in milk fat and milk cells. LTF is the second most common whey
protein derived from mature humans (10), and thik kegel of expression may be
associated with its great abundance in milk. Another two genes that were not found
in milk fat, but were observed in milk cells, we&eC11AlandSLC40A1
SLC11AIlcodes the protein NRAMP1, which is involved in iron metabolisoh a

host resistance to certain pathogens. It is possible that this gene originated from
leukocytes. Although a very low amountQIifC40Alwas found in a few milk cell
samples, it was absent from the majority. We also observe8l1ikat0Alcould

only can bdound in the samples with a lower epithelial cells/leukocytes ratio;
when the ratio was higher than 188,C40Alwas absent. This means that even the
milk cells contained two cell types; if the epithelial cells were the domain cells (1.8
times higher thathe leukocytes), theBLC40Alwas absent or at too low a level

to be detected. Moreover, moderate expressi@LG40Alin human leukocytes

has been wellocumented (11, 12). Combining this finding with that regarding the
milk fat, we can suggest that SL@AL is not present in human lactating epithelial
cells. The absence of the membrane release iron transporter indicates that there

might be another iron transport pathway or4secreting routine in human



lactating epithelial cells, which may explain why tinon content of human milk is
extremely low. This study also had limitation$he mRNA of leukocyte was
occasionallypresented in the totalRNA extracted from milk fat ghules inthe
presenstudy. Further studies should improve the extraction method to avoid this
limitation. More welldesignedstudies should be conducted to explore whether
there is a new iroielease transporter or whether iron is not secreted in milk. Only
then could we reveal the entire iron transport pathway in lactating human epithelial

cells.



5.6 Conclusion
We showed the origins of RNA from milk fat and milk cells. Our data provided
evidence that human milk fat RNA is primarily synthesised in lactating mammary
epithelial cells, while human cell RNA is derived from both epithelial cells and
leukocytes. Thus, RN from milk fat and milk cells can be used as a novel tool to
investigate the biological functions of lactating epithelial cells or lactating
mammary glands via different purposes. Together with the results of previous
studies, our data showed tI&itC40Als not expressed in lactating epithelial cells,
which suggests that an alternative iron transport pathway (esemeting routine)
is used during the human milk synthesis process. Further research is required to
identify the potential novel iron membmaexporter or to detect whether an won

secreting routine is used during lactation.
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Supplementary material

TableS51 Characteristics of partipantsand their neonates.

Characteristic Mean = SD/%
Maternal characteristics

N 15

Age (years) 335

BMI before pregnancy 22+ 3
Infant characteristics

Age (days) 131+ 47
Infant gestational age (weeks) 39+2
Birth weight @) 3350 + 640
Birth mode (naturabirth %) 93%
Gender (nale %) 43%
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Figure S52 Milk cellsunder optical microscopm day 1(A)(40x), day 5(100x)
and day 740x)



Chapter VI.I Overall Conclusion

6.1 General discussion and summary
Breast milk is broadly accepted as the gold standard in food for infants during the
first months of life. Fe content in breast milk is low, and infants need to use their
own Fe stores during the bredséding period (1). Thefore, Health Canada
recommends that the first complementary food for infants should be Fe fortified
(2). Whether there is enough Fe in breast milk for exclusively bfedshfants is
still controversial, as is the lack of agreement among scientigtedieg how
much Fe should be recommended for infants. Prior to 2001, the World Health
Organization (WHO) recommended that infants be exclusively bieds$or 46
months. In 2001, this advice was changed to exclusive Hessding for the first 6
monthsof life (3). Similarly, Health Canada supports exclusive bréseding until
6 months of age (4). These recommendations take into consideration that the Fe
stored in the body is sufficient through 6 months of age and that excess Fe intake

(rather than brast milk itself) may cause adverse effects in infants.

Conversely, the American Academy of Pediatrics has recommended that
exclusively breasted full-term infants receive 1 mg/kg of Fe supplementation per
day, beginning at 4 months of age. This policgmarts the concept that the small

amount of Fe in human milk may not be enough for the physical and neurological
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development of exclusively bredsd infants (5). Although some studies have
evaluated the health benefits and risks efdféfied food, itis important to

determine whether these health effects and risks are associated with Fe intake
alone or are due to other nutrients. Evidence of the benefits and risks of daily oral
Fe supplementation with regard to hematologic, growth, and cognitive garame

and adverse effects in exclusively bref@st infants is limited.

The metaanalysis of RCTs from current research (Chapter Ill) demonstrates that
Fe interventions had no significant effect on Fe deficiencddfigiency anemia,
serum ferritin levelsor hemoglobin levels. Fe interventions did result in a
significant increase in Bayley psychomotor developmental indices in later life
(MD= 7.00, 95% CI, 0.993.01) and mean corpuscular volume (MD=2.17 fL; 95%
Cl, 0.993.35 fL). Fe supplementation wasasiated with slower growth during

the exclusive breaseeding period, but the lorAgrm effect is unclear. There was

no evidence to suggest Fe supplementation could cause other adverse effects. This
finding suggests that Fe supplementation may exclyshamefit breasted infants

with respect to Fe statusécamental developent, and adverse effects are unlikely.
This finding could assist policymakers and clinicians to better understand the

benefits and safety of daily Fe supplementation in exclusivelgdtfed infants.
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Even though Fe is low in human milk, the underlying mechanism has not yet been
identified. The expression of Fe transporters in human lactating epithelial cells
(Chapter 1V) was investigated in this research. The expression OFRE,

SLC11A2, TFandLTF was confirmed in RNA isolated from the human rfak
globule. The expression patterns from the result strongly indicate the Otransferrin
cycleO as a mechanism of Fe uptake into the human mammary epithelial cell, as it
is known for oher cell types (6). FPN, the only know Fe exporter, is not expressed
in human lactating epithelial cells. The lack of transmembrane release might
explain the low Fe concentrations in human milk as compared to rat milk, where
FPN is present in the lactatingt mammary glandj. This suggests that if any Fe
excretion into human milk occurs, it might be mediated through an LFT complex
rather than direct transmembrane transpdfi. has been found theabmogeneous
distribuing in the cytoplasm of secretorylsein thelactatingmammarygland of

sheep in greviousstudy (7).Hence, there is a potentrutethat free Fe in the
cytoplasm might be taken up by the LFT and transport out of secretory cells as a
complex.However, the data do not rule out a complack of Fe excretion

capacity into human milkAs the suggested tyriel (2017), he low content of

iron in human milk can be accounted for by the adventitious iron content of the
cells that make up human #il9). The total intracellular iron content of human

milk is expectedo be 0.58 to 0.65 mg/[calculatedoy (N of epithelialcells in
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human milk) X @veragd-e content peepithelialcell)], which accounts for a large
proportion of the total iron content in humauilk. However, thidhypothesis

should be proved by the further studies.

The presented data also indicate that the mouse might be a more suitable model
organism for human lactation because our data confirm a léBlcéfal

expression in a mouse modelmémmary epithelial cells (HC11). Overall, current
research suggests that there is a different Fe transporter pathway in the lactating

human mammary gland different from what we have learned from the rat.

Because of technical and ethical difficulties, nsiatlies use cell cultures and

rodent models for lactating mammagyand biology research. Although breast

tissue could be obtained via surgery, healthy lactating tissue is still difficult to
obtain (L0, 11). It should be noted that rodent models or celftures may not

exactly reflect human physiology. Alternately, breast milk has been proposed as a
noninvasive source of lactating epithelial cells for research. Current research
provides evidence for the advance use of breast milk for maternal gesetacate

We showed the origins of RNA from milk fat and milk cells. Our data provided
evidence that human m#iat RNA originates primarily in lactating mammary
epithelial cells, whereas human cell RNA is derived from both epithelial cells and

leukocytes. fius, RNA from milk fat and milk cells can be used as a novel tool to
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investigate the biological functions of lactating epithelial cells or lactating
mammary glands via different research objectives. In addition, current research has
modified the milk procgs and extraction method, which can be used as a standard

method for future study.

6.2 Significance of the Research
This study is the first to summarise the effects of Fe supplementation on
exclusively breasted infants. Based on our systematic review,provided
updated evidence on the beneficial and adverse effects of Fe, which would provide

physicians and policymakers an overview of Fe nutrition in bifeasinfants.

In our current research, we standardised the isolation of RNA from human milk fat
and milk cells and the appropriate sampling and analysis procedure for future
studies. Moreover, we analysed the gene expression of gene markers and Fe
transporters in individual participants and provided insights that relative gene

expression varies gregtbetween individuals.

Most importantly, this study was the first to investigate Fe transporters in human
lactating mammary cells. Remarkably, we revealed that human lactating mammary
cells lack the only known membrane exporter, FPN. This finding sudgasizns

have different Fe transport mechanisms during lactation than have been seen in rats



The evidence also supports the hypothesis that low Fe in human milk is due to the

Fe transporters.

6.3 Limitations and Future Directions
Strict selection criterizvere applied to the current medaalysis. However, only
four eligible studies were included. Although the outcome concluded the effects of
Fe supplementation in exclusively bretesd infants, which have not been
summarised before, the conclusion wasdasn a small sample size. More well
designed RCTs with lonterm follow-up should be done to provide further
evidence on the effect of Fe supplementation on exclusively Heshstfants with
respect to Fe status, mental development, and adverse dftgatsamplealong-
termfollow-up study of aloubleblinded randomisedontrolled trial that recruit
theexclusivelybreastfed infantiom developed and developing countries should
be done to address this isslren supplementation will be given to the ftékm
infants from 4 months of age to 6 months of age irirtdegmengroup. Fe status
will be determined in théllowing time points: before the treatme#dtrfonthrold),
during the treatment (4 & monthold, biweekly), after the treatment-(Gonth
old, 12-monthold, 24-monthold, 36-monthold, 3-yearold, 12yearold, 15year
old and 18yearold). The mental developmemidexesand growthparametersvill
be determined at temonthold, 6-monthold, 12-monthold, 36-monthold, 9-

yearold, 12-yearold, 15-yearold and18-yearold). Theadverseeffects related to
I($ #



Fesupplementationsich agliarrheainfection) should also be records during the
treatment time (4 té6-monthold). A study likethis enables to analysis the effects
of Fe supplementation in infants from developed and developing countries, also
provide the evidence of the loitgrm beneficial and adverse effects of Fe

supplementation.

Moreover,currentstudy revealed the Fe transposterofile in the lactating human
mammary glandAlthough the Fe transport pathway was predicteddasehe
geneexpression profilethe datavasdetermined at the mRNA levdirther

studies to demonstrate expression at the proteinikemekded to aafirm this
finding. Furthermorethe mRNA of leukocyte was occasionally presented in the
total MRNA extracted from milk faglobulesin the present study. Further studies
should improve the extraction method to avoid this limitatioraddition,
advanced culture technology could be used to culture the lactating epithelial cells
from breast millkfor localization and mechanisttudies For exampleflow
cytometric analysishould beconducted in cells isolated from freshly expressed
breastmilkfirst to extract theepithelialcells. Thenmonoclonalantibodiesof iron

transporteshould be used for tHecalizationstudysvith immunohistochemistry

Ultimately, theFe transpdrpathway in human lactating mammary gland could be

confirmed
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6.4 Final Conclusion
This study revealed that the human fat RNA originated from epithelial cells,
whereas the human cell RNA originated from both epithelial cells and leukocytes.
The expression of FRC, TFR2, SLC11A2, TendLTF was confirmed in RNA
isolated from both milk fat and milk cells. Two other transport8t<;11Aland
SLC40Al1were found only in RNA isolated from milk cells. No Fe export protein
could be determined in the RNA isolated from fat globules in human breast milk
and a human mammaepithelial cell line. From the current study, we conclude
that RNA from milk fat and milk cells could be used as a novel tool to investigate
the biological functions of lactating epithelial cells and lactating mammary glands,
respectively, by different pposes. The lack of Fe exporter in lactating epithelial

cells suggests that a novel Fe transport routine may be used during human lactation
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Appendix 4: Participant concern form

Iron transporters in the human mammary gland and their relationship to low iron concentrations
in human milk

203 RCFFN

Winnipeg, Manitoba

Canada R3T 2N2

Phone: (204) 474-8682

Fax: (204) 474-7552

UNIVERSITY frielj@cc.umanitoba.ca

of MANITOBA
Faculty of Human Ecology
Human Nutritional Sciences

RESEARCH PARTICIPANT INFORMATION AND CONSENT FORM

Title of Study: Iron transporters in the human mammary gland and their relationship to low iron
concentrations in human milk

Principal Investigator: Dr.James Friel, University of Manitoba, 196 Innovation Drive
Winnipeg, MB R3T 6C5 Canada, Phone: (204) 474-8682

You are being asked to participate in a research study. Please take your time to review this
consent form and discuss any questions you may have with the study staff. You may take your
time to make your decision about participating in this study and you may discuss it with your
friends, family or (if applicable) your doctor before you make your decision. This consent form
may contain words that you do not understand. Please ask the study staff to explain any words
or information that you do not clearly understand.

Purpose of Study
Iron is important for physical growth and brain development of infants. Lack of adequate
iron intake may lead to early iron deficiency, which is associated with immediate adverse
health outcomes and implications later in life, such as lower IQs. In humans, iron
concentrations are low in mother's milk and the molecular background is not completely
understood. In this original study, we will extract excreted epithelial cells (breast cells that
produce milk) from mother's milk in order to determine the iron transporting proteins
present. We will examine which proteins are delivering iron into mother’s milk. We will
determine whether lactating and non-lactating mothers have different iron transporting
systems. We believe this proposal examining the mechanisms responsible for low iron
concentration in human milk is important for breast-fed infants, since it will provide new
knowledge that may help reduce anemia and improve their health.
A total of 10 participants will participate in this study.

Study procedures

If you take part in this study, you will have the following procedures:
1 Schedule the collection time and place (your home or clinic).

UNIVERSITY OF MANITOBA BANNATYNE CAMPUS RESEARCH ETHICS BOARDS PAGE | OF 4
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Iron transporters in the human mammary gland and their relationship to low iron concentrations
in human milk
2 Breast milk collection: Breast milk (10 tsp.) will be collected simultaneously from
both of your breasts via a standard breast pump (Playtex Embrace, Dover, DE) and
immediately placed on ice.

Participation in the study will be for 1 day. The researcher may decide to take you off this
study if you are not breastfeeding or are taking medicine during breastfeeding. You can
stop participating at any time. However, if you decide to stop participating in the study, we
encourage you to talk to the study staff first.

We will exam the iron concentration in your milk.

Genetic test: We will exam which iron transporter genes are in your milk with the method
call ‘gene expression assay’. Your personal information will be confidential, the results will
be recorded only as a sample number.

The samples will be marked by number, with the link maintained by Pl.The breast milk will
be stored in the research lab freezer in the Richardson Centre for Functional Foods and
Nutraceuticals untill the study is completed (2 years).

Risks and Discomforts
While on the study, your will have minimal physical risk, with possible bruising or
discomfort from milk pumping.

Benefits
There may or may not be direct benefit to you from participating in this study. We hope the
information learned from this study will benefit other breast-fed infants in the future.

Costs
All the procedures, which will be performed as part of this study, are provided at no cost
to you.

Payment for participation
You will receive $20 gift card to taking part in this study.

Confidentiality
Information gathered in this research study may be published or presented in public
forums, however your name and other identifying information will not be used or revealed.
Medical records that contain your identity will be treated as confidential in accordance with
the Personal Health Information Act of Manitoba. Despite efforts to keep your personal
information confidential, absolute confidentiality cannot be guaranteed. Your personal
information may be disclosed if required by law. All study documents related to you will
bear only your assigned patient number (or code) and /or initials.
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Iron transporters in the human mammary gland and their relationship to low iron concentrations

in human milk
The University of Manitoba Bannatyne Campus Research Ethics Board may review
research-related records for quality assurance purposes. All records will be kept in a
locked secure area and only those persons identified will have access to these records.
If any of your baby’s medical/research records need to be copied to any of the above, your
name and all identifying information will be removed. No information revealing any
personal information such as your name, address or telephone number will leave the
University of Manitoba.

Voluntary Participation/Withdrawal from the Study

Your decision to take part in this study is voluntary. You may refuse to participate or you
may withdraw from the study at any time.

Medical Care for Injury Related to the Study

In the case of injury or illness resulting from this study, necessary medical treatment will
be available at no additional cost to you.

If you become physically injured as a result of any research activity, the study research
will provide any necessary treatment, at no charge, to help you recover from the injury.

Questions

You are free to ask any questions that you may have about your treatment and your rights
as a research participant. If any questions come up during or after the study or if you have
a research-related injury, contact the study doctor and the study staff: Dr.James Friel,
Phone: (204) 474-8682

For questions about your rights as a research participant, you may contact The University
of Manitoba Bannatyne Campus Research Ethics Board at (204) 789-3389

Do not sign this consent form unless you have had a chance to ask questions and have
received satisfactory answers to all of your questions

Statement of Consent
| have read this consent form. | have had the opportunity to discuss this research
study with Dr. James Friel and/or his study staff. | have had my questions
answered by them in language | understand. The risks and benefits have been
explained to me. | believe that | have not been unduly influenced by any study team
member to participate in the research study by any statements or implied
statements. Any relationship (such as employer, supervisor or family member) |
may have with the study team has not affected my decision to participate. |
understand that | will be given a copy of this consent form after signing it. |
understand that my participation in this study is voluntary and that | may choose to
withdraw at any time. | freely agree to participate in this research study.
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Iron transporters in the human mammary gland and their relationship to low iron concentrations e
in human milk

| understand that information regarding my personal identity will be kept
confidential, but that confidentiality is not guaranteed. | authorize the inspection of

any of my records that relate to this study by The University of Manitoba Research g
Ethics Board, for quality assurance purposes.
By signing this consent form, | have not waived any of the legal rights that | have
as a participant in a research study.
| agree to being contacted in relation to this study. Yes 1 No [
Participant signature Date
(day/month/year)
Participant printed name:
1, the undersigned, have fully explained the relevant details of this research study
to the participant named above and believe that the participant has understood and
has knowingly given their consent
Printed Name: Date
(day/monthlyear)
Signature:
Role in the study:
Relationship to study team members: £
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Appendix 5: Questionnaire

Iron transporters in the human mammary gland and their relationship to low iron concentrations
in human milk

Date:

Participant #:

UNIVERSITY
of MANITOBA
Human Nutritional Sciences

RESEARCH PARTICIPANT INFORMATION FORM
Mother’s information:

Name:

Age:

Height:

Weight:

Any medication (or any supplementation):

Baby’s information:

Birthday:

Sex: Female Male

Birth weight:

Birth mode: Nature C-section

Gestational weeks:

Current feeding method:

Notes:

1 #



