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Erythropoietin (Epo) is a normal constituent of human milk,
but the origin and fate of this cytokine in milk are not known.
Regarding its origin, we hypothesized that cells of the mammary
gland secrete Epo into milk actively and, therefore, that concen-
trations in milk do not correlate with concentrations in serum.
Regarding its fate, we hypothesized that Epo concentrations in
milk change with time postpartum and that Epo in milk is
protected from digestion in the neonatal gastrointestinal tract. To
address these issues, we measured Epo concentrations in 103
milk samples (ELISA), 55 of which were paired with serum.
Mammary duct epithelial cells were evaluated as a source of Epo
by breast tissue immunohistochemistry and by cell culture. Cir-
culating and milk Epo were compared by Western analysis to
detect size differences, possibly reflecting differences in process-
ing. Epo stability in simulated conditions of digestion was eval-
uated. We observed that milk Epo concentrations increase as a
function of duration of breast-feeding and have a negative cor-
relation with serum Epo or milk protein concentration. Mammary
duct epithelial cells from breast biopsies of lactating women had
marked immunoreactivity to Epo, but such activity was minimal

to absent in nonlactating breast tissue. Further evidence that
mammary duct epithelia produce Epo was obtained by observing
Epo mRNA and protein expression in cultured human mammary
epithelial cells. The molecular size of Epo in milk and serum is
identical. Recombinant Epo added to human milk or commercial
infant formulas was relatively stable in conditions that simulate
gastric and small intestinal conditions of newborn infants; how-
ever, recombinant Epo added to D5W was not protected from
digestion. We conclude that Epo concentrations in milk increase
as a function of the duration of breast feeding, that Epo is
actively secreted into human milk by mammary duct epithelia,
and that the Epo within milk is largely protected from digestion.
(Pediatr Res 48: 660–667, 2000)

Abbreviations
Epo, erythropoietin
Epo-R, erythropoietin receptors
GI, gastrointestinal
HMEC, human mammary epithelial cells
rEpo, recombinant erythropoietin

Significant Epo concentrations have been measured in hu-
man milk (1), but the origin and fate of Epo in milk are not
known. Specifically, it is not known whether Epo is secreted
actively or passively into milk, whether any Epo-producing
cells exist in breast tissue, whether maternal serum Epo con-
centrations correlate with milk Epo concentrations, or whether
milk Epo is processed differently from circulating Epo, result-
ing in a difference in glycosylation. In addition, it is not known
whether Epo concentrates in a particular partition (fore, mid, or
hind milk) or phase (aqueous versus lipid) of milk. No infor-
mation is available regarding the stability of rEpo added to
commercially available infant formulas or whether routine
storage conditions (freeze/thaw) or pasteurization procedures
(heating) degrade Epo.

A physiologic role for enteral Epo is likely, as Epo-R are
present on mucosal cells of the fetal and neonatal GI tract (2,

3), and specific binding of rEpo to Epo-R in rat gastric mucosal
cells has been established (4). Intestinal cells are exposed to
intraluminal Epo during fetal life because it is present in
amniotic fluid (5, 6), which is continually swallowed by the
fetus. Intraluminal exposure to Epo continues postnatally as it
is present in colostrum and breast milk. Possible roles for
enteral Epo include systemic absorption with subsequent eryth-
ropoietic effects or, alternatively, local effects in bowel. In vitro
studies of rat intestinal epithelial cells (IEC-6) show that the
enteral Epo-R are functional, because stimulation of these cells
with rEpo increases the rate of cell migration and attenuates
apoptotic death after exposure to toxic cytokines (3). Animal
and human studies regarding the absorption of Epo after enteral
dosing are controversial (7–11). More studies are needed to
clarify this issue.

The present study was designed to test the hypotheses that 1)
Epo concentrations in milk change with time postpartum, 2)
Epo is secreted actively into human milk, and 3) rEpo added to
milk or commercial infant formulas is resistant to digestion in
the neonatal GI tract.
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METHODS

Comparison of Simultaneous Serum and Milk Epo
Concentrations

Milk and serum samples. One hundred three milk samples
were obtained from 44 postpartum women after informed
consent was obtained. Fifty-five milk samples had a simulta-
neous paired serum sample. The duration of time postpartum
was recorded for each sample, as was the gestational age of the
infant at delivery. Ten samples were evaluated for Epo con-
centration in fore, mid, and hind milk. These fractions were
defined as the first, middle, and last 5 min of pumping. The
phase of milk (whole milk, aqueous phase, and lipid phase) in
which Epo resided was investigated in 10 samples. The present
study was approved by the University of Florida Institutional
Review Board.

Epo ELISA. Epo concentrations in milk and serum (100-mL
aliquots) were determined by specific ELISA (R&D System,
Minneapolis, MN, U.S.A.). A standard curve was established
using duplicate measurements of the standard solutions pro-
vided with the ELISA, and separate curves were generated
using milk samples “spiked” with rEpo to assess the ELISA
function in milk. The curve generated using spiked samples
(25, 50, 75, and 100 mU/mL added) paralleled the standard
curve; however, a significant but consistent quenching of Epo
was noted to the extent that approximately 65 to 70% of added
rEpo was detected. This quenching effect was observed in all
milk samples regardless of whether they were fresh, frozen and
thawed, or heated. (We postulate that this is likely a result of
the high fatty acid content in milk, resulting in decreased
binding of Epo to antibody.) Values are reported as the mea-
sured concentration.

Protein analysis. Milk protein concentrations were deter-
mined by Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules,
CA, U.S.A.).

Immunoprecipitation and Western analysis. Milk and se-
rum samples known to have high (.70 mU/mL) Epo concen-
trations were chosen for analysis. Immunoprecipitation was
done using polyclonal goat anti-Epo primary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, U.S.A.) conjugated to
protein A-agarose (Santa Cruz). Beads were washed four times
with RIPA buffer (Santa Cruz) and the pellet resuspended in 40
mL of 200 mM Tris-Tricine sample buffer (Bio-Rad Cat #161-
0739 200 mM Tris-HCl, pH 6.8, 40% glycerol, 2% SDS, 0.04
Coomassie Blue). Proteins were separated on a 16.5% Tris-
Tricine gel. After transfer to an Immune-Blott PVDF mem-
brane (Bio-Rad), the membrane was incubated in 15 mL of
blocking buffer (3% BSA and 0.05% Tween 20 in 50 mM
Tris-HCl, pH 7.4, 260 mM NaCl, 0.1% Triton X-100) at 4°C
overnight. It was then probed with a monoclonal mouse anti-
human Epo antibody (Genzyme, Cambridge, MA, U.S.A.) for
2 h, washed, and secondary antibody (goat, anti-mouse diluted
1:2000; Southern Biotechnology Associates, Inc., Birming-
ham, AL, U.S.A.) applied. The Alkaline Phosphatase Substrate
Kit (Vector Laboratories) was used to detect the protein on the
filter.

Potential Sources of Epo in Milk

Immunohistochemistry. Specimens of lactating breast tissue
were compared with age-matched nonlactating tissue samples.
Samples were obtained from needle biopsies or surgical spec-
imens from women evaluated for breast masses or during
breast reduction surgery. Table 1 shows the relevant clinical
information from these individuals. Only areas of tissues that
were histologically normal in appearance (as determined by a
surgical pathologist) were evaluated. Five-micrometer sections
were deparaffinized in two xylene washes and then rehydrated
through a graded series of alcohols, finishing with water.
Staining was done using the Ventana automated slide-staining
system (Ventana Medical Systems, Tucson, AZ, U.S.A.) with
diaminobenzidine as the chromogen. A monoclonal mouse
anti-human Epo antibody (Genzyme) was used at 1:100 dilu-
tion for 32 min to detect Epo immunoreactivity. A polyclonal
antibody to the Epo-R (Santa Cruz) diluted 1:100 was used to
detect Epo-R immunoreactivity. PBS containing 0.1% Triton
X-100 was used as antibody diluent. Sections were counter-
stained for 4 min with hematoxylin and bluing (Ventana).
Absence of the primary antibody was used as a negative
control for each antibody, and, in addition, for Epo-R staining,
preincubation with an excess of specific blocking peptide was
used (Santa Cruz). All negative controls showed absence of
staining. Human fetal liver and placenta were used as positive
controls for both antibodies.

Cell culture. HMEC were obtained from Clonetics (Bio
Whittaker, Inc., San Diego, CA, U.S.A.). This cell culture was
established from normal human breast tissue and was not
transformed. Cells were grown in mammary epithelial cell
growth medium containing 10 ng/mL human recombinant
epidermal growth factor, 5 mg/mL insulin, 0.5 mg/mL hydro-
cortisone, 50 mg/mL gentamicin, 50 ng/mL amphotericin-B,
and 13 mg/mL bovine pituitary extract (Clonetics). Cells were
grown to approximately 70% confluence in 100-mm dishes.
Triplicate cultures were changed to quiescent media (no pitu-
itary extract added) and then exposed to the following condi-
tions that we predicted might result in Epo production: 1)
control, 2) IGF-1 (10 ng/mL) for 16 h, 3) hypoxia (24 h at 8%
oxygen). To evaluate Epo and Epo-R protein expression in
these cells, they were grown in the above conditions in cham-
ber slides (Lab-Tek) and then immunostained using antibodies
to Epo and Epo-R as described previously (2).

Preparation of total RNA. Total RNA was extracted from
the cultured HMEC by using the RNeasy elution kit, a method
of RNA extraction based on the selective binding of RNA to a
silica membrane (Qiagen, Chatsworth, CA, U.S.A.) (12, 13).
Manufacturer directions were followed. Purity and concentra-
tion of extracted RNA were determined by measuring UV
absorbance at 260 and 280 nm. Total RNA was treated with
RNase-free DNase I (GIBCO, Gaithersburg, MD, U.S.A.)
before further experimentation.

Reverse transcription of RNA and semiquantitative PCR.
Reverse transcription of RNA and amplification of cDNA were
performed as previously described (3). Primer pairs used to
identify Epo were 59-CCCTGTTGGTCAACTCTTCC and 59-
GTGTACAGCTTCAGCTTTCC (234-bp fragment). Epo-R
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primers were 59-GGCAGTGTGGACATAGTGGC and 59-
AGCAGGATGGA TTGGGCAGA (497-bp fragment), and
b-actin primers were 59-TGACGGGGTCACCCACACTG
TGCCCATCTA and 59-CTAGA-GCATTTGCGGTGGAC-
GATGGAGGG (661-bp fragment). RNA was tested for DNA
contamination by running a PCR sample using RNA that had
not been reverse transcribed. All negative controls were neg-
ative. Fetal liver was positive control. Semiquantitative PCR
was performed relating synthesis of Epo cDNA to 18S RNA as
an internal standard (Ambion, Inc., Austin, TX, U.S.A.). Initial
experiments were done to determine the optimal 18S primer/
Competimer concentration (1:9). After completion of the PCR
(35 cycles), 15 mL of the reaction was separated by electro-
phoresis through a 2% agarose gel in 0.5X Tris-borate-EDTA
buffer, and size was standardized with 100-bp DNA markers
(GIBCO). The PCR products were photographed, digitized,

and stored as TIFF files. Scion Image software (Scion Corp,
Fredrick, MD, U.S.A.) was used to determine band intensities.
Ratios of band intensities were calculated and normalized for
molecular weight by using Microsoft Excel (Microsoft,
U.S.A.). The normalized ratios were plotted on a log-log scale
versus copy number, and a best fit curve and the equation for
the line (y 5 mx 1 b) were determined using Sigma Chemical
Co. Plot (SPSS Inc., Chicago, IL, U.S.A.).

Epo secretion by HMEC. Spent medium from HMEC cells
was removed and concentrated 10-fold using Cenricon centrif-
ugal filter devices YM-10 (Millipore Corp., Tempe, AZ,
U.S.A.). Epo concentration was then determined by specific
ELISA.

Immunoprecipitation and Western analysis. Confluent
HMEC cells were lysed in 1 mL of lysis buffer consisting of 50
mM Tris-HCl, pH 8.0, 1.0% Triton X-100, 1 mM pepstatin, 1

Table 1. History, Diagnosis, and Epo/Epo-R Immunoreactivity of Breast Biopsies

History Diagnosis
Epo Immunoreactivity

1:100 dilution

Epo-R
Immunoreactivity

1:100 dilution

1 30 y/o term SVD*
2 d before
biopsy

Tubular lactating
adenoma

Moderate to strong
staining specific to
tubular epithelial
cells

Moderate to strong
staining specific to
tubular epithelial
cells

2 22 y/o; 34 wk
IUP**

Tubular lactating
adenoma

Weak to moderate
staining

Most areas negative
or weakly staining.
Some areas of
moderate
immunoreactivity

3 36 y/o with prior
Rt mastectomy;
27 wk IUP

Tubular lactating
adenoma

Moderate to strong
staining specific to
tubular epithelial
cells

Moderate
immunoreactivity
of tubular epithelial
cells

4 27 y/o; 20 wk IUP Gestational lobular
hypertrophy;
focal features of
tubular adenoma

Most areas negative
or weakly staining.
Some areas of
moderate
immunoreactivity

Moderate
immunoreactivity
of tubular epithelial
cells

5 41 y/o 18 wk IUP Focal periductal
chronic
inflammation.
Breast tissue
with lactational
changes

Weak to moderate
staining specific to
tubular epithelial
cells

Weak
immunoreactivity
of tubular epithelial
cells

6 29 y/o with
history of
fibroadenoma
(not pregnant at
time of biopsy)

Sclerosing lobular
hyperplasia. No
malignancy

Weak to moderate
staining specific to
tubular epithelial
cells

Weak
immunoreactivity
of tubular epithelial
cells

7 21 y/o Rt breast
mass (not
pregnant at time
of biopsy)

Tubular adenoma Negative to weak
staining of tubular
epithelial cells

Weak
immunoreactivity
of tubular epithelial
cells

8 41 y/o (not
pregnant at time
of biopsy)

Cystic change of
breast. No
malignancy

Weak staining
specific to tubular
epithelial cells

Weak
immunoreactivity
of tubular epithelial
cells

9 47 y/o with
history of left
breast
malignancy

Rt breast biopsy
shows no
malignancy

Weak staining
specific to tubular
epithelial cells

Weak
immunoreactivity
of tubular epithelial
cells

* SVD, spontaneous vaginal delivery.
** IUP, intrauterine pregnancy.
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mM leupeptin, 1 mM antipain and 2 mM phenylmethylsulfonyl
fluoride and 0.02% sodium azide. For the identification of Epo,
goat anti-human Epo antibody (Santa Cruz) was used for
immunoprecipitation and rabbit anti-human Epo antibody (Sig-
ma Chemical Co.) for Western analysis (12% Tris-glycine gel).
Goat anti-human Epo-R antibody (R&D Systems) was used for
Epo-R detection by Western analysis of Epo-R (10% Tris-
glycine).

Epo Resistance to Simulations of Digestion

The susceptibility of milk-borne rEpo to degradation was
evaluated using neonatal gastric secretions in an in vitro sim-
ulation of neonatal digestion as described by Kling et al. (1).
Simulations were run for 0, 1, and 2 h, as maximal gastric acid
proteolytic activity occurs at 1 h and stomach emptying is
generally complete between 1 and 2 h (14, 15). Three incuba-
tion buffers were used in standard reaction mixtures: 1) 0.1 M
glycine at pH 3.2 (preprandial gastric conditions); 2) 0.1 M
maleate at pH 5.8 (postprandial gastric conditions); and 3) 0.01
M Tris 6.7 mM CaCl2 at pH 7.4 (proximal small intestinal
conditions). Fifty microliters of buffer was preincubated with
50 mL of pooled and cleared neonatal gastric secretions for 15
min at 37°C. Fifty microliters of substrate spiked with rEpo
was added and incubated at 37°C (final concentration of rEpo,
400 mU/mL). The substrates were 1) the aqueous fraction of
preterm (n 5 3) or term human milk (n 5 4), 2) whole milk
from mothers of preterm (n 5 3) or term infants (n 5 4), 3)
commercially prepared infant formula (n 5 8) (Enfamil, Mead
Johnson Nutritionals; Similac, Ross Laboratories), or 4) 5%
dextrose in water (D5W), n 5 6. At the end of incubations,
samples were immediately assayed for Epo by specific ELISA.

Statistical Considerations

Spearman rank correlations were used to examine linear and
nonlinear associations between Epo concentrations in milk,
Epo concentrations in serum, time postpartum, gestational age,
and protein concentration. Variables measured repeatedly
within a subject were averaged for the correlation analysis. A
mixed-model ANOVA was used to compare fore, mid, and
hind milk and to compare the aqueous phase, lipid phase, and
a matched aliquot of whole milk. The study design called for a
sample size of n 5 20 to detect a Spearman rank correlation of
0.60 or smaller from 0 at 0.80 power, alpha 5 0.05 using a
2-sided test. All other analyses were considered exploratory in
nature. The mean 6 SD was used as the summary descriptive
measure. All tests were 2-sided and tested at level alpha 5
0.05.

RESULTS

Forty-four women donated a total of 103 milk samples.
Fourteen women donated more than one sample, and two
donated more than three samples. Nine women delivered in-
fants of less than or equal to 35 wk gestation, four were treated
with terbutaline or magnesium sulfate, 15 received Pitocin, and
four received antibiotics before delivery for the diagnosis of
chorioamnionitis.

Epo concentrations in milk increased with time postpartum,
whereas serum Epo concentrations were highest in the imme-
diate postpartum period (Fig. 1). Time postpartum was posi-
tively correlated with Epo concentrations in milk (r 5 0.72,
p , 0.0001) and negatively correlated with serum Epo con-
centrations (r 5 20.44, p 5 0.008) and protein concentration
(r 5 20.70, p , 0.0001). A negative correlation was noted
between Epo concentrations in milk and Epo concentrations in
serum (r 5 20.55, p 5 0.0006) and protein concentration (r 5
20.60, p , 0.0001). This association is nonlinear (Fig. 2).
When the thirty-nine milk samples obtained within the first
week of life were evaluated, we observed no correlation be-
tween gestational age (range, 24 to 41 wk of gestation) and
milk Epo concentration (r 5 0.27, p 5 0.094).

To determine whether a particular fraction or phase of milk
was enriched in Epo, we measured Epo concentrations in fore,
mid, and hind milk fractions and in whole milk versus aqueous
and lipid phase milk. Ten samples of fore, mid, and hind milk
were studied. These were obtained from women who delivered

Figure 1. Milk and serum Epo concentrations as a function of time postpar-
tum. Epo concentrations are plotted on the y axis with days postpartum plotted
on the x axis. The x axis is a logarithmic scale. Milk Epo concentrations, shown
by open circles, are positively correlated with time postpartum (r 5 0.72, p ,
0.0001). Serum Epo concentrations, shown by filled triangles, are negatively
correlated with time postpartum (r 5 20.44, p 5 0.008).

Figure 2. Do milk Epo concentrations correlate with serum Epo or milk
protein concentrations? (A) Milk Epo concentrations (mU/mL) plotted on the
y axis with serum Epo concentrations (mU/mL) shown on the x axis. A
negative correlation is present between milk and serum Epo concentrations
(r 5 20.55, p 5 0.0006). (B) Milk Epo concentrations plotted on the y axis
with milk protein concentrations (mg/mL) shown on the x axis. A negative
correlation is present between milk and protein concentrations (r 5 20.6, p ,
0.0001).
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at gestational ages ranging from 27 wk to term. The time
postpartum at which the milk samples were obtained ranged
from 5 to 484 d. Thus, the postconceptional age at which the
milk was provided ranged from 32 to 105 wk. There was no
enrichment of Epo in any fraction (p 5 0.17). These data are
shown in Table 2. When Epo concentrations were measured in
the aqueous and lipid phases of milk and compared with the
concentration in a matched aliquot of whole milk, no signifi-
cant differences were found (p 5 0.36).

We next sought Epo immunoreactivity in lactating breast
tissue. Figure 3A shows Epo immunoreactivity in a biopsy of a
lactating woman 2 d after term delivery. Mammary duct epi-
thelial cells are strongly immunoreactive (brown staining).
When nonlactating breast tissue is compared, only weak im-
munoreactivity is noted (Fig. 3D). We examined samples of
breast tissue at several points during gestation (see Table 1)
and found that Epo immunoreactivity increased as term gesta-
tion approached. Epo-R immunoreactivity was also examined
in all tissue samples. Weak to moderate immunoreactivity with
anti-Epo-R antibody was observed in the epithelial duct cells of
all breast tissues tested and did not change significantly with
gestational age or the presence or absence of lactation.

Because the tubular epithelial cells were positive for both
Epo-R and Epo immunoreactivity, we sought to determine
whether the cells actually expressed Epo or whether the ob-
served immunoreactivity was due to binding of milk-borne Epo
to epithelial cell Epo-R. We cultured HMEC to determine
whether they expressed Epo and Epo-R mRNA and protein.
Figure 4 shows reverse transcription PCR results, demonstrat-
ing expression of both Epo and Epo-R mRNA in all conditions
tested. When HMEC grown in chamber slides were immuno-
stained using antibodies to Epo and Epo-R, immunoreactivity
was noted in all conditions with no detectable differences
between conditions (data not shown). Epo concentration in
spent media from these cultured HMEC ranged from 0.2 to 2.9
mU/mL (n 5 4). Western analysis of HMEC cells for the
presence of Epo and Epo-R was also positive, showing bands
specific for Epo (Fig. 5A) and Epo-R (Fig. 5B).

To determine whether a difference in glycosylation occurs in
the processing of milk Epo compared with circulating Epo, we
evaluated Epo size by Western analysis as shown in Figure 6.
No size difference was noted.

The stability of rEpo in human milk, infant formula, and
glucose water was evaluated using simulated preprandial, post-

prandial, and small bowel conditions. Figure 7 shows the
comparison of such digestions when rEpo was added to human
milk, to commercially available infant formula, or to D5W. All
human milk digestions were considered together, as no differ-
ences were noted between the milk from women who had
delivered preterm versus term nor in aqueous phase versus
whole milk. The importance of digestion condition (prepran-
dial, postprandial, and small bowel), solution type (breast milk,
infant formula, and D5W), and time (1 and 2 h) was evaluated
by ANOVA, and all three factors were significant (p , 0.0001
for each).

Epo stability in milk was also evaluated by measuring Epo
concentrations (spiked and endogenous) in individual samples
of human milk and comparing it with rEpo spiked into glucose
water under conditions of repeated freeze/thaw cycles and
heating. We found Epo to be stable with an insignificant
decrease after six freeze/thaw cycles. Heating rEpo in human
milk to 60°C for 1 or 5 min did not appreciably decrease the
Epo concentration; however, if rEpo was similarly heated in
D5W, essentially all was degraded.

DISCUSSION

Our overall hypothesis was that the presence of Epo in
human milk is the result of an active process. We postulated
that if the patterns of Epo concentration in milk and serum
differed as time postpartum progressed, this would support our
hypothesis. We further postulated that if milk-borne Epo was
higher than serum Epo, this would suggest that Epo is actively
concentrated or secreted into milk. To address this, we deter-
mined Epo concentrations in milk as a function of time post-
partum and compared milk-borne Epo concentrations to Epo
measured in paired serum samples.

We found milk and serum Epo concentrations to be discor-
dant, with milk Epo concentrations increasing whereas serum
Epo concentrations decreased with time postpartum. Thus,
early in the postnatal course, serum Epo concentrations were
generally higher or the same as milk Epo concentrations, but,
by 2 to 3 mo after birth, milk Epo concentrations were con-
siderably higher than paired serum samples. This suggests that
Epo can be actively secreted or concentrated into milk.

Western analysis of Epo in milk and serum Epo was done to
determine whether any differences in their apparent size were
detectable. It has been previously reported that the biologically
active Epo expressed in rabbit milk has a higher specific
activity than that reported for rabbit serum Epo, suggesting
differences in the glycosylation pattern; however, we found no
such size difference in Epo isolated from human milk com-
pared with serum (16).

To determine whether mammary cells may be a possible
source of milk Epo, we studied breast biopsy specimens of
lactating and nonlactating women by using anti-Epo and anti-
Epo-R antibodies. We found robust Epo immunoreactivity on
mammary tubule epithelial cells from lactating breast tissue,
with less reactivity noted during gestation and in nonlactating
breast. Weak Epo-R immunoreactivity was present on mam-
mary duct epithelial cells regardless of its lactational state.
Unfortunately, mRNA quantitation or localization (in situ hy-

Table 2. Epo Concentration in Milk Fractions

Sample Postpartum day Fore milk Mid milk Hind milk

1 5 1.0 0.9 1.0
2 7 4.6 5.1 5.9
3 8 2.7 2.7 2.9
4 30 3.4 2.7 2.5
5 56 49.1 46.6 45.6
6 100 2.7 4.3 3.6
7 111 32.7 16.7 20.9
8 300 172.2 132.2 129.7
9 423 1.2 1.1 0.8
10 484 274.3 159.9 247.7
Mean 6 SEM 54.4 6 29.6 37.2 6 18.8 46.0 6 25.7
Median 4.0 4.7 4.8
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bridization) of Epo expression in these biopsy specimens was
not possible.

To further test the capacity of mammary epithelial cells to
express Epo, we investigated nontransformed HMEC in vitro
and found that these cells expressed both the mRNA and
protein for Epo and its receptor in all conditions tested. Ex-
pression of Epo and its receptor was not appreciably changed
by the culture conditions selected at the time interval investi-
gated (17). Although we did not identify factors that regulate
Epo expression by cultured mammary epithelial cells, we
speculate that such regulation occurs in vivo as we observed a
qualitative difference between Epo immunoreactivity as preg-
nancy and lactation progressed, and Epo concentrations in milk
increased over time postpartum during a time in which serum
Epo concentrations decreased. This suggests that the control of
Epo expression is a more complex interaction. Although be-
yond the scope of this article, investigation into the regulation
of milk Epo secretion merits further study.

To produce an effect in the neonate, orally administered Epo
must resist degradation by the GI environment. Kling et al. (1)
demonstrated the presence of Epo in human milk and that a
proportion of this Epo remains intact after exposure to pre- and
postprandial conditions as well as to conditions typically found
in the small bowel. Using comparable conditions but measur-
ing remaining Epo by ELISA rather than RIA, we showed

variable resistance to degradation with Epo preservation being
highest in human milk. As the Epo ELISA only tests for Epo
immunoreactivity, the functionality of the remaining Epo can-
not be commented on, and, therefore, the biologic effects are
speculative. The conditions used for our experiments certainly
overestimate the degradative conditions present during normal
feeding, because it would be unlikely that when at full feeding
volume, the Epo contained in milk (or formula) would be
exposed to an equal volume of gastric juice as occurred in these
experiments.

In the present study, we confirmed the presence of Epo in
human milk, established that secretion of Epo into milk is
likely to be an active process in the late postpartum period, and
showed that HMEC express both Epo and its receptor in vivo
and in vitro. The question remains, what is the function of Epo
in milk?

One possible role for the increase in milk Epo with duration
of lactation may be to preserve lactation. This association of
Epo with reproductive function would not be unprecedented, as
Epo is speculated to have a role in the regulation of the cyclic
changes of the uterine endometrium (18). The cyclic changes
in the endometrium are regulated primarily by 17-b-estradiol.
In addition to its other effects, 17-b-estradiol increases uterine
Epo protein and mRNA synthesis, which in turn promote blood
vessel formation in the endometrium, an effect that can be

Figure 3. Immunohistochemistry of lactating and nonlactating breast tissue. The upper panel shows breast tissue from a lactating woman compared with
nonlactating breast tissue in the bottom panel. All photos were taken at 3400 original magnification. Panels A and D show Epo immunoreactivity (brown
staining) present in the mammary tubular epithelial cells. Panels B and E show Epo-R immunoreactivity. Panels C and F are negative controls.
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blocked by soluble Epo-R (18). No studies have been pub-
lished regarding a possible role of Epo with lactation, but the
presence of the Epo-R suggests a specific role for Epo in the
breast.

Other possible functions of milk Epo include effects in the
neonate. These may include systemic absorption of Epo after
Epo-R binding with subsequent erythropoietic activity, or,
alternatively, Epo could have local effects on enterocytes. The
data regarding the erythropoietic effects of Epo after enteral
administration are ambiguous. An increase in erythropoiesis in
nursing rat pups has been observed after maternal phlebotomy,
suggesting that Epo may be transmitted through mother’s milk
in rodents, although in those studies, Epo concentrations in the
milk or in the pups were not measured (7, 8, 19). Pilot studies
from our laboratory have not demonstrated enteral absorption
after enteral dosing of 1000 Uzkg21zd21 rEpo but have dem-
onstrated significant local trophic effects (9, 20). Two studies
testing oral administration of rEpo to human infants have been
published. The first, a pilot study of six premature infants
treated orally with 1000 U/kg rEpo for 10 d, demonstrated no
increase in hematocrit or reticulocyte count and showed only a

small increase in circulating Epo concentrations 2 h after the
dose but at no other time points (10). In contrast, a study of six
infants who received enteric rEpo (600 Uzkg21zwk21 given
three times a week from study entry until discharge) compared
with six who did not suggested that enteric Epo resulted in
increased erythropoiesis. However, Epo concentrations were
not measured in these infants (11). It is possible that Epo is not
absorbed but influences erythropoiesis indirectly via local ef-
fects in the bowel, such as by increasing iron absorption. More
studies are needed to clarify this issue.

Figure 4. Reverse transcription PCR (RT-PCR) of mammary epithelial cells.
This Figure shows a representative ethidium bromide-stained 2% wt/vol
agarose gel showing RT-PCR cDNA fragments for Epo, Epo-R, and b-actin
from nontransformed HMEC. Lanes 1 and 7 show a 100-bp ladder as a
molecular-weight marker. Lanes 2– 4 show RT-PCR fragments amplified from
HMEC cultured in the presence of control conditions (2), IGF-1 (10 ng/mL)
(3), or hypoxia for 24 h (4). Lane 5 shows fetal liver, the positive control, and
lane 6 shows the negative control, RNA that was not reverse transcribed.

Figure 5. Western analysis of Epo and Epo-R expression by HMEC. (A)
Shows Epo immunoprecipitation followed by Western analysis of HMEC
lysate. Lane 1 shows recombinant Epo (;40 kD). Lanes 2 and 3 show control
HMEC cells and those grown in the presence of IGF-1. (B) Shows Western
analysis of HMEC grown in control conditions (lane 1) and in the presence of
IGF-1 (lane 2) and hypoxia (lane 3).

Figure 6. Milk Epo vs serum Epo size by Western analysis. Samples were
electrophoresed into a 3.5% stacking gel, resolved on a 16.5% Tris-Tricine gel,
and then transferred to a PVDF membrane. Lane 1 contains the reference
ladder. Lane 2 shows rEpo (;40 kD) used as a positive antibody control.
Serum Epo is compared with milk Epo from two different milk samples in
lanes 3– 5.
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In conclusion, we confirmed that Epo is present in human
milk and established that secretion of Epo into milk is likely to

be an active process in the late postpartum period and that
HMEC express Epo in vivo and in vitro. Although the function
of milk-borne Epo in the neonate’s GI tract is not known, we
have demonstrated that ingested Epo can survive conditions
present in the pre- and postprandial gut.
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Figure 7. Epo digestions in human milk, formula, and D5W. In the top panel, the
percent of spiked rEpo remaining after simulated digestions (y axis is shown in
human milk) (n 5 14). The middle panel shows similar digestions with rEpo
spiked into infant formula (n 5 8). The bottom panel shows digestions carried out
in D5W (n 5 6). The x axis shows digestive conditions and the length of the
digestion (1 vs 2 h). The top, bottom, and line through the middle of the box plot
show the 75th, 25th, and 50th percentile (median), respectively. The whiskers on
the bottom extend from the 10th to the 90th percentile. Mean values for each group
are denoted by the filled square. ,p , 0.0001 compared with digestion in human
milk.

667ERYTHROPOIETIN IN HUMAN MILK


	Origin and Fate of Erythropoietin in Human Milk
	
	Comparison of Simultaneous Serum and Milk Epo Concentrations
	Milk and serum samples.
	Epo ELISA.
	Protein analysis.
	Immunoprecipitation and Western analysis.

	Potential Sources of Epo in Milk
	Immunohistochemistry.
	Cell culture.
	Preparation of total RNA.
	Reverse transcription of RNA and semiquantitative PCR.
	Epo secretion by HMEC.
	Immunoprecipitation and Western analysis.

	Epo Resistance to Simulations of Digestion
	Statistical Considerations

	RESULTS
	DISCUSSION
	Acknowledgements
	Note
	References


