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Abstract

Background: Milk-derived microRNAs (miRNAs), including hsa-miR-148a-3p (miR-148a) and hsa-miR-125b-5p (miR-
125b), have been shown to be beneficial to the gastrointestinal function in infants. Here, we investigated their
expression during lactation in humans and determined whether the infant formulae available in Japan contain
these miRNAs.

Methods: Healthy Japanese women (n = 16) who gave birth vaginally or by cesarean section at the Teine Keijinkai
Hospital between 1 September 2020, and 31 April 2021 were included in this study. Breast milk was collected by
nurses on days 4 or 5 after delivery (hereinafter, transition milk) and on day 30 of postpartum (hereinafter, mature
milk). The levels of miR-148a and miR-125b in breastmilk and six commercially available infant formulae were
compared and evaluated using quantitative reverse transcription-polymerase chain reaction.

Results: In all participants, the miR-148a level in mature breastmilk was significantly lower than that in the
transition milk. The changes in miR-125b expression during lactation showed similar trends to the changes in miR-
148a expression. The miR-148a and miR-125b levels in all analyzed infant formulae were lower than 1/500th and 1/
100th of those in mature breastmilk, respectively.

Conclusions: The levels of both miR-148a and miR-125b in human breast milk decreased on day 30 postpartum
compared with those in the transition milk. Additionally, the expression of these miRNAs in infant formulae
available in Japan was very low. Further studies with larger populations are required to understand precisely the
lactational changes in the expression of miR148a and miR-125b in breast milk.
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Background formation of immunity [1]. Infants < 6 months who con-
Breast milk is not only an indispensable source of nutri-  sume infant formulae exclusively, or in combination with
ents for infant growth and development, but also con-  breast milk (i.e., mixed milk), face higher risks of infec-
tains various essential immunologic components with  tious morbidity and mortality during the first two years
anti-infectious activities and critical roles in the of life and are more susceptible to chronic diseases over
the long term, when compared with infants in the same
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recommend that children should be exclusively breastfed
for the first six months of life [6].

MicroRNAs (miRNA) are short (approximately 22 nu-
cleotides long), non-coding RNAs found in various body
fluids, such as the blood, saliva, urine, and milk. They
control several biological processes in cells, including
cell growth, differentiation, and apoptosis [7]. Addition-
ally, miRNAs bind to target mRNAs and regulate gene
expression by inhibiting translation [7].

Several hundred of miRNAs have been detected in
breast milk, most of which are synthesized by mammary
epithelial cells [8-11]. Milk exosomes enclose milk-
derived miRNAs [12-14] and are capable of withstand-
ing low pH and RNase treatment; this suggests that miR-
NAs enclosed by exosomes are protected against
digestion in infant gastrointestinal tract. When
fluorescence-labeled bovine milk-derived exosomes were
orally administered to mice, the exosomes were detected
in the brain, liver, lung, and spleen of the mice [15].
These observations show that milk exosomes and milk-
derived miRNAs reach some tissues in infants via gen-
eral circulation.

Among milk-derived miRNAs, hsa-miR-148a-3p (miR-
148a) and hsa-miR-125b-5p (miR-125b) are abundant in
human breast milk [11, 16]. These two miRNAs are con-
sidered beneficial to infants [11, 17]. A previous study
showed that intragastric administration of porcine milk
exosomes increased villus height and crypt depth in the
intestine of mice [18], implying that milk exosomes con-
tribute to gastrointestinal development in infants. Add-
itionally, miR-148a expression in normal human
colorectal cells (CRL-1831) treated with porcine milk
exosomes significantly increased compared with that in
control cells, and DNA methyltransferase 1 (DNMT1)
expression in the colorectal cells significantly decreased
compared with that in the control cells [9]. These find-
ings imply that miR-148a is incorporated in milk exo-
somes and it decreased the expression of DNMT]I,
which is a direct target of miR-148a [11, 17]. Decreased
expression of DNMT1 increased the expression of survi-
vin, which inhibits the expression of apoptosis proteins
[17]. Additionally, P53, which is a direct target of miR-
125b and negatively regulates survivin expression via the
induction of DNA methylation by DNMT1, was sup-
pressed by miR-125b [19, 20]. These studies show that
miR-148a and miR-125b in breast milk may contribute
to the survival and proliferation of gastrointestinal cells
in infants.

A recent study showed that miR-148a inhibited colitis
and colitis-associated tumorigenesis via suppression of
signaling of STAT3 and NF-xB, which are
inflammation-associated factors [21]. Additionally, same
study reported that miR-148a expression was downregu-
lated in colon tissues in patients with inflammatory
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bowel disease [21]. Furthermore, miR-125b impaired the
tight junction protein (ex. cingulin and claudin-2) whose
expression is upregulated in jejunum in diarrhea-
predominant inflammatory bowel syndrome [22]. These
results imply that breast milk-derived miR-148a and
miR-125b may be involved in the prevention of these
bowel-associated diseases in infants.

A previous study reported that breast milk of mothers
with a body mass index (BMI) > 25 kg/m* had lower pro-
tein concentration than that of mothers with BMI < 25
kg/m? and that the breast milk of mothers who smoke
had significantly lower levels of proteins and lipids than
that of mothers who do not smoke [23]. Furthermore,
the levels of total nitrogen, protein nitrogen, sodium,
chloride, and magnesium in the breast milk of mothers
who had premature deliveries (< 37 weeks of gestational
age) were significantly higher than those in the breast
milk of mothers who had full term deliveries [24]. These
findings suggest that smoking, obesity, and premature
delivery influence the composition of breast milk.

To the best of our knowledge, the changes in miR-
148a and miR-125b expression during lactation in
humans have not been investigated to date. Additionally,
whether these miRNAs are found in infant formulae
commercially available in Japan has not yet been eluci-
dated. Thus, in the present study, we evaluated and
compared the expression of miR-148a and miR-125b in
breast milk from healthy lactating women who did not
have factors that could influence the composition of
breast milk, on day 4 or 5 after delivery (hereinafter,
termed transition milk), on day 30 after delivery (herein-
after, mature milk), and six commercially available infant
formulae.

Methods

Study participants and milk sample collection

Healthy Japanese women aged between 20 and 40 years
who had a vaginal delivery or a cesarean section at the
Teine Keijinkai Hospital between 1 September 2020 and
31 April 2021, those who had no medication and supple-
ments during pregnancy, those who did not have insuffi-
cient pituitary function, and those who were not obese
(BMI < 25) before pregnancy, were included in this
study. Additionally, women with premature delivery (<
37 weeks of gestational age) were excluded from this
study. All participants provided written informed con-
sent. The study protocol was reviewed and approved by
the ethics committee of the Hokkaido University of Sci-
ence and the Teine Keijinkai Hospital.

Transition milk was collected manually by a skilled
nurse, on day 4 after delivery for women with vaginal
delivery, and on day 5 of delivery for women with
cesarean delivery. Mature milk was collected by the
nurse manually on day 30 of postpartum period in the
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hospital. All transition milk and mature milk samples
were collected immediately before breastfeeding at any
time in midmorning on the day of sampling. During col-
lection, the nurses wore gloves treated with an RNase in-
activation agent (RNase Away; Molecular BioProducts,
Inc., CA, USA). The breast milk samples (5-10 mL) were
stored in 50 mL RNase-free centrifuge tubes, immedi-
ately transported to our laboratory using an ice box, and
stored at — 80 °C in RNase-free microtubes until further
analysis.

On the 30th day after delivery, the participants were
administered a questionnaire to assess their milk-feeding
practice and the use of medications and supplements
during lactation. The participants who engaged in infant
formula feeding or received medications (including se-
lective serotonin reuptake inhibitors and adrenergic f,
stimulants, or supplements, including tryptophan, which
have been reported to potentially influence milk produc-
tion [25-27]) were excluded from the analysis.

Infant formula sampling

Commercially available infant formulae manufactured by
six Japanese companies, namely, Glico Co., Ltd., Bean
Stark Snow Co., Ltd.,, Megmilk Snow Bland Co., Ltd,,
Morinaga Milk Industry Co., Ltd., Asahi Group Foods,
Ltd., and Meiji Co., Ltd., were analyzed. These infant
formulae were intended for consumption by infants aged
less than a year and prepared according to the manufac-
turer’s instructions.

Analysis of miRNA expression

The total RNA was extracted from breast milk and in-
fant formula using a miRNAeasy serum/plasma kit (Qia-
gen, Hilden, Germany) [28] according to the
manufacturer’s protocol. Before extraction, a fixed quan-
tity of Caenorhabditis elegans miR-39-3p (cel-miR-39,
Catalog No. 219610, Qiagen) as a spike-in control was
added to 100 uL of breast milk or infant formula. The
concentration and purity of the extracted total RNA
were measured using a Nanodrop 2000 spectrometer
(Thermo Fisher Scientific, MA, USA) and Agilent Bioa-
nalyzer 2100 with RNA 6000 Nano Chips (Agilent Tech-
nologies, CA, USA) [29]. cDNA was synthesized using a
TagMan miRNA Reverse Transcription Kit (Thermo
Fisher Scientific) [30]. miRNA levels were evaluated
using the 7500 Fast Real-Time PCR System with Tagq-
Man Universal Master Mix II (Thermo Fisher Scientific).
Commercially available pre-designed primer and probe
sets were used for assessing miR-148a (Thermo Fisher
Scientific, 000470), miR-125b (Thermo Fisher Scientific,
000449), and cel-miR-39 (Thermo Fisher Scientific,
000200). Quantitative values were obtained from the
threshold cycle number. The miRNA levels were nor-
malized to cel-miR-39 level and presented as the average
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relative transcript levels. All samples were analyzed in
triplicate.

Statistical analysis

The difference in mean levels of miR-148a and miR-
125b between transition milk and mature milk were
compared using the paired t-test. The difference in the
expression of miR-148a and miR-125b in transition milk
and mature milk between women with vaginal delivery
and women with cesarean delivery was compared using
the two-way analysis of variance (ANOVA) followed by
Tukey—Kramer test. Comparison of miR-148a and miR-
125b levels between mature milk and Japanese infant
formulae were performed using one-way ANOVA
followed by the Dunnett’s multiple test. Statistical ana-
lyses were performed using SPSS version 25.0 (IBM
Corp., Armonk, NY, USA). Data are presented as mean *
standard deviation. Differences were considered statisti-
cally significant if their p - value was < 0.05. Sample size
was constrained by available resources; we were able to
recruit 16 women and analyze 22 samples within avail-
able resources.

Results

Patient characteristics

In this study, we aimed to investigate the changes in
miR-148a and miR-125b levels during lactation and
compare them with those in six infant formulae com-
mercially available in Japan.

Among the 21 healthy Japanese lactating women ini-
tially included in the present study (Fig. 1), one under-
went premature delivery (<37 week of gestational age),
one was a smoker, and three mainly used infant formula
for baby feeding. Therefore, these five mothers were ex-
cluded from the analysis (Fig. 1). None of the partici-
pants had taken any medication or supplement. Finally,
16 lactating women were included in the study. Partici-
pant characteristics are summarized in Table 1.

Comparison of miR-148a and miR-125b expression
between transition and mature milk

First, we compared the expression levels of miR-148a
and miR-125b between transition milk and mature milk.
The mean relative expression of miR-148a in mature
milk was significantly lower than that in transition milk
(Table 2). The mean relative expression of miR-125b in
mature milk was significantly lower than that in the
transition milk (Table 2).

An in vivo study of goat milk showed that the relative
expression of chi-miR-148a-3p in milk of early lactation
was significantly higher than that of late-lactation [31].
In contrast, Chen et al. showed that bta-miR-148a ex-
pression in cow milk at one month of lactation tended
to be higher than that at day 7 of lactation [32]. Some
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Excluded (n=1)

® Premature delivery (<37 week of gestational age)

. Excluded (n=4)

Eligible participants who had provided
Enrollment | ;,¢0rmed consent during pregnancy (n = 21)
Delivery
(Day 0)
Day 4 or5 Initial milk collection
of delivery (n=20)
Day 30 Second milk collection ;
of delivery (@ =16) Analysis
Fig. 1 Flow diagram representing participants of this study

® Smoking (n=1)
| @ Childcare using infant formula (n = 3)

studies showed that the composition of milk, including
the levels of proteins, fat, and lactose, varies during lac-
tation to satisfy the age-dependent needs of infants [23,
24, 33, 34]. Although the mechanism underlying the de-
creased levels of miR-148a and miR-125b in the postpar-
tum period remains unknown, we speculated that these
changes are beneficial to infants.

Here, we found that the levels of miR-148a and miR-
125b in transition milk obtained from some women
(miR-148a: participant nos. 7 and 8, miR-125b: no. 9)
were lower than the averages of miR-148a and miR-125b
levels in mature milk, respectively. It is well known that
stress exposure during lactation affects milk constituents
and milk yield. Some studies have showed that stress de-
creases the yield of milk and concentrations of milk pro-
teins such as casein in bovine and mice [27, 35, 36].

Table 1 Characteristics of the 16 healthy Japanese lactating
women included in the study

Mean + SD

Age (years) 30.72+3.92 (21-37)
Gestational age (weeks) 3952+ 1.08 (38-41)
Delivery method

Vaginal 9

Cesarean 7
Number of birth experience

Primiparous 8

Multiparous 8
Body Mass Index (BMI) (kg/m?) 209+ 228 (17.7-24.5)
Birthweight of infants (g) 3097.95 +361.71 (2702-3995)

Data are presented as mean * standard deviation (SD). The value range is
indicated in parentheses

Additionally, the level of secretary immunoglobulin IgA
in breast milk is negatively corelated with a negative
Profile of Mood State, which is an index of psychological
states such as tension-anxiety, depression-dejection,
anger-hostility, fatigue, and confusion [37]. We could
not elucidate the reasons for the phenomenon. Further
studies should be performed to evaluate the changes in
the miR-148a and mi-125b levels during lactation, in-
cluding assessment of stress and living environment of
lactating women.

Comparison of miR-148a and miR-125b expression
between women with vaginal and women with cesarean
delivery

Second, we compared the levels of miR-148a and miR-
125b between women with vaginal and women with
cesarean delivery. The mean level of miR-148a was sig-
nificantly lower in mature milk than in transition milk
obtained from women with vaginal delivery (Table 3).
Additionally, the mean level of miR-148a in mature milk
obtained from women with cesarean delivery was signifi-
cantly lower than that in transition milk obtained from
women with vaginal delivery or women with cesarean
delivery (Table 3).

The mean level of miR-125b was significantly lower in
mature milk than in transition milk obtained from
women with vaginal delivery (Table 4). Additionally, the
mean level of miR-125b in mature milk obtained from
women with cesarean delivery was significantly lower
than that in transition milk obtained from women with
vaginal delivery or women with cesarean delivery
(Table 4).

Furthermore, the levels of miR-148a and miR-125b in
transition milk obtained from women with vaginal
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Table 2 Changes in hsa-miR-148a-3p and hsa-miR-125b-5p expression between transition and mature breast milk
Subject No. hsa-miR-148a-3p hsa-miR-125b-5p
Transition Milk Mature Milk Transition Milk Mature Milk
1 1.99 045 2.32 093
2 1.51 049 0.58 0.26
3 0.78 0.34 0.66 0.50
4 1.04 0.62 0.54 0.31
5 1.07 0.72 1.15 0.36
6 0.59 0.37 0.86 0.52
7 0.33 0.17 043 0.19
8 0.64 0.09 1.04 0.23
9 0.12 0.06 0.23 0.15
10 0.06 0.26 1.88 044
" 0.56 0.22 0.83 0.15
12 1.09 0.06 1.33 0.05
13 0.79 0.16 0.57 0.15
14 1.62 1.01 1.39 0.60
15 1.82 1.01 1.16 0.56
16 121 061 1.02 0.70
Mean £ SD 1.00£0.53 041+031* 1.00£0.53 0.38 +0.23*
t value 6.13 5.62
Degree of freedom 15 15

The level of hsa-miR-148a-3p and hsa-miR-125b-5p expression was analyzed using quantitative RT-PCR and normalized to that of the spike-in control cel-miR-39.

The mean levels of hsa-miR-148a-3p or hsa-miR-125b-5p between transition milk and mature milk were compared using paired t-test (*P < 0.05). Data are

presented as mean + standard deviation (SD)

delivery tended to be higher than those in transition
milk from women with cesarean delivery, respectively
(Table 3 and 4). Ti et al. reported that the concentra-
tions of sodium and potassium in breast milk obtained
from women with cesarean delivery at 72-165h (ap-
proximately days 3 to 7) after delivery were significantly
lower than that in breast milk from women with vaginal
delivery [38]. In the future, larger studies should be

conducted to investigate the influence of cesarean deliv-
ery on miR148a and miR-125b expression in breast milk.

Comparison of miR-148a and miR-125b expression
between primiparous and multiparous women

Third, we compared the levels of miR-148a and miR-
125b between primiparous and multiparous women. The
mean level of miR-148a was significantly lower in

Table 3 Comparison of hsa-miR-148a-3p levels in breast milk between women with vaginal or cesarean delivery.

miR-148a
(Mean * SD)

Transition Milk  1.00 + 0.39 -
Vaginal birth *P=0.006 |P=0.400

Mature Milk 041 +0.17 —

Transition Milk  0.82 + 0.57 _— P=0.779
Cesarean *P=0.044

Mature Milk 0.35+0.38 —

The expression of hsa-miR-148a-3p was analyzed using quantitative RT-PCR and normalized to that of spike-in control cel-miR-39. The mean levels of hsa-miR-
148a-3p among each breast milk sample obtained from women with vaginal delivery or women with cesarean delivery were compared using the two-way
analysis of variance (ANOVA) followed by Tukey-Kramer test ("P < 0.05). Data are presented as mean + standard deviation (SD).
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Table 4 Comparison of hsa-miR-125b-5p levels in breast milk between women with vaginal or cesarean delivery.

miR-125b
(Mean = SD)

Transition Milk ~ 1.00 £0.51 —
Vaginal birth *P=0.029 P=0.214

Mature Milk 0.42+0.19 —

Transition Milk  0.74 +0.41 ] P=0.332
Cesarean *P=0.014

Mature Milk 023 £0.19 —

The expression of hsa-miR-125b-5p was analyzed using quantitative RT-PCR and normalized to that of spike-in control cel-miR-39. The mean levels of hsa-miR-
125b-5p among each breast milk sample obtained from women with vaginal delivery or women with cesarean delivery were compared using the two-way
analysis (ANOVA) followed by Tukey-Kramer test (P < 0.05). Data are presented as mean + standard deviation (SD).

mature milk than in transition milk obtained from prim-
iparous women (Table 5). Additionally, the mean level
of miR-148a in mature milk obtained from multiparous
women was significantly lower than that in transition
milk obtained from primiparous women or multiparous
women (Table 5).

The mean level of miR-125b was significantly lower in
mature milk than in transition milk obtained from prim-
iparous women (Table 6). Additionally, the mean level
of miR-125b in mature milk obtained from multiparous
women was significantly lower than that in transition
milk obtained from primiparous women or multiparous
women (Table 6).

Furthermore, the levels of miR-148a and miR-125b in
transition milk obtained from primiparous women
tended to be higher than those in transition milk from
multiparous women (Table 5 and 6). Burianova et al. re-
ported that primiparous women had a higher level of

milk proteins in colostrum than multiparous women
[39]. Lang et al. showed that primiparous women had a
significantly higher density of mammary alveolus during
early lactation than multiparous women [40]. In our
study, slightly higher levels of miR-148a and miR-125b
in breast milk obtained from primiparous women might
be associated with a higher density of mammary
alveolus.

In this study, we could not elucidate why the levels of
miR-148a and miR-125b in transition milk were signifi-
cantly higher than those in mature milk. During preg-
nancy, mammary epithelium differentiates and develops
to gain milk production function via the stimulation of
numerous endocrine hormones, such as estrogen, pro-
gesterone, and prolactin [41]. Additionally, the establish-
ment and maintenance of tight junctions (TJs) in
mammary epithelial cells are essential for lactation, and
the functional integrity of TJs is established shortly after

Table 5 Comparison of hsa-miR-148a-3p expression in breast milk between primiparous and multiparous women.

miR-148a
(Mean £ SD)

Transition Milk ~ 1-:00 £0.35  —
Primiparous *P=0.008 |P=0.077

Mature Milk 0.50+0.23 -

Transition Milk  0.69 £ 0.46 = P=0.094
Multiparous *P=0.010

Mature Milk 020+£0.18 —

The relative expression of hsa-miR-148a-3p was analyzed using quantitative RT-PCR and normalized to that of spike-in control cel-miR-39. The mean levels of hsa-
miR-148a-3p among each breast milk sample obtained from primiparous or multiparous women were compared using the two-way analysis of variance (ANOVA)
followed by Tukey-Kramer test ('P < 0.05). Data are presented as mean + standard deviation (SD).
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Table 6 Comparison of hsa-miR-125b-5p expression in breast milk between primiparous and multiparous women.

miR-125b
(Mean = SD)

Transition Milk ~ 1.00£0.15  _
Primiparous *P=0.021 |P=0913

Mature Milk 048 +£0.05

Transition Milk  0.98 £0.21 — P=0.337
Multiparous *P =0.003

Mature Milk 0.27+0.09

The relative expression of hsa-miR-125b-5p was analyzed using quantitative RT-PCR and normalized to that of spike-in control cel-miR-39. The mean levels of hsa-
miR-125b-5p among each breast milk sample obtained from primiparous or multiparous women were compared using the two-way analysis of variance (ANOVA)
followed by Tukey-Kramer test and student’s t-test (P < 0.05). Data are presented as mean + standard deviation (SD).

parturition [42]. Differentiated mammary epithelial cells
during lactation regulates the transfer of blood constitu-
ents from circulating blood to milk [42]. These reports
show that miR-148a and miR-125b transferred from the
blood might remain in transition milk during pregnancy,
and this may be a reason for the higher levels of miR-148a
an miR-125b in transition milk than in mature milk.

A previous study reported that treatment with lactogenic
hormones (a mixture with dexamethasone, insulin, and pro-
lactin) increased bta-miR-148a-3p expression in bovine
mammary epithelial cells [43]. This report implies that differ-
entiated mammary epithelial cells may have a higher capacity
of miR-148a production due to the stimulation of lactogenic
hormones than undifferentiated cells. However, factors
stimulating miR-125b expression in mammary epithelial cells
have not been identified. Further studies are required to
identify stimulating factors involved in miR-125b expression
using human mammary epithelial cells.

Comparison of miR-148a and miR-125b expression
between breast milk and infant formulae

Finally, in the six infant formulae analyzed in the present
study, miR-148a expression was less than 1/500th of that

in mature breast milk (Table 7). Meanwhile, the level of
miR-125b in all infant formulae was less than 1/100th of
that in mature breast milk (Table 7).

Infant formulae provide essential nutrition to infants
who cannot consume breast milk. The formulae have
been continuously improved to closely mimic the nutri-
tional composition of breast milk [44]. In the present
study, we focused on miR-148a and miR-125b, which
are abundantly found in breast milk, and compared their
expression in breast milk and infant formulae. In all six
infant formulae, they were detected only in low quan-
tities. Their sequences have high homology between
humans and bovines [11], implying that the detected
miRNAs in infant formulae may be derived from bovine
miRNAs.

Further studies should explore whether miRNAs
present in small amounts influence infant growth; specif-
ically, the effects of several milk-derived miRNAs on in-
fant development should also be investigated.
Furthermore, the miRNA profiles of breast milk and in-
fant formulae should be evaluated and compared. This
information will be beneficial to the development of
more nutritious infant formulae.

Table 7 Comparison of hsa-miR-148a-3p and hsa-miR-125b-5p expression between mature breast milk and commercial infant

formulae
Mature Japanese Infant Formulae
(Tilzk] 6) a b 4 d e f
miR-148a Mean 1.00 5.70E-04* 1.38E-03* 6.34E-03* 141E-03* 6.60E-05* 3.39E-05%
SD 0.76 5.32E-05 1.09E-04 6.00E-05 5.51E-04 3.01E-06 3.52E-05
miR-125b Mean 1.00 3.06E-03* 8.24E-03* 3.78E-03* 6.87E-03* 3.93E-04* 2.02E-03*
SD 0.64 7.79E-04 6.48E-04 3.57E-04 2.17E-03 1.80E-05 2.10E-04

The expression of hsa-miR-148a-3p (miR-148a) and hsa-miR-125b-5p (miR-125b) was analyzed using quantitative RT-PCR and normalized to that of spike-in control
cel-miR-39. Six infant formulae (a—f) were analyzed. The levels of miR-148a and miR-125b in each infant formulae were compared with breast milk samples
obtained from 16 Japanese healthy nursing women 30 days after delivery (mature milk). *P < 0.05, compared with mature milk, the Dunnett’s multiple test. Data

are presented as mean and standard deviation (SD)
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Limitations

The present study had some limitations. Since it was a
small-scale investigation conducted in Japanese lactating
women from a single center, our observations should be
regarded as a pilot study. The changes in miR-148a and
miR-125b expression during lactation were investigated
for only 30 days of the postpartum period. Additionally,
self-reported information on breastfeeding implementa-
tion status and the use of medication and supplements
over 30days of the postpartum period might have cer-
tain limitations/bias. Furthermore, we did not evaluate
the difference in the levels of miR-148a and miR-125b
between days 4 and 5 after delivery in this study. Future
studies with higher number of participants focusing on
stress, situation of breastfeeding, and use of medication
are required to understand the changes in miR-148a and
miR-125b throughout lactation, and to confirm whether
similar changes occur in multiethnic subjects.

Conclusions

The levels of both miR-148a and miR-125b in human
breast milk decreased after 30days postpartum com-
pared with those in the transition milk. This observation
is novel regarding the physiological changes in milk
components in humans. Further studies are required to
investigate the reason for the observed reduction. Add-
itionally, the expression of these miRNAs in infant for-
mulae commercially available in Japan was found to be
very low. This information emphasizes the importance
of breastfeeding and can be beneficial for the develop-
ment of more nutritious infant formulations.

Abbreviations

ANOVA: Analysis of variance; BMI: Body Mass Index; DNMT1: DNA
methyltransferase 1; MicroRNAs: miR-148a, hsa-miR-148a-3p; miR-125b, hsa-
miR-125b-5p; TJs: Tight junctions

Acknowledgments
Not applicable.

Authors’ contributions

TC was responsible for the conceptualization, measurement, and analysis, as
well as writing, review, and editing of the manuscript. AK, KK, and MY were
responsible for data curation and obtained consent from lactating women.
NC and AT were responsible for validation. YF, FH, and HS were responsible
for methodology. SW was responsible for study supervision. All authors have
read and approved the final manuscript.

Funding

This work was supported in part by a Grant-in-Aid from the Japanese Society
for the Promotion of Science (KAKENNHI grant number: 19 K07227) and the
Mishima Kaiun Memorial Foundation.

Availability of data and materials

The datasets generated and/or analyzed during the current study are not
publicly available due to privacy protection and ethical obligations but are
available (in deidentified form) from the corresponding author on reasonable
request.

Page 8 of 9

Declarations

Ethics approval and consent to participate

The study protocol was reviewed and approved by the ethical committees
of the Hokkaido University of Science (approval number 20-06-015) and the
Teine Keijinkai Hospital (approval number 2-019140-01).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1IEaculty of Pharmaceutical Sciences, Hokkaido University of Science, 15-4-1,
Maeda 7o, Teine-ku, Sapporo-shi, Hokkaido 006-8565, Japan. “Creation
Research Institute of Life Science in KITA-no-DAICHI, Hokkaido University of
Science, Sapporo-shi, Hokkaido, Japan. *Department of Pharmacy, Teine
Keijinkai Hospital, Sapporo-shi, Hokkaido, Japan. “Department of Nursing,
Teine Keijinkai Hospital, Sapporo-shi, Hokkaido, Japan. *Ginza Pharmacy,
Shibata-gun, Miyagi, Japan. °Department of Obstetrics and Gynecology,
Teine Keijinkai Hospital, Sapporo-shi, Hokkaido, Japan.

Received: 11 June 2021 Accepted: 11 November 2021
Published online: 03 January 2022

References

1. Yi DY, Kim SY. Human breast milk composition and function in human
health: from nutritional components to microbiome and microRNAs.
Nutrients. 2021;13(9):3094. https://doi.org/10.3390/nu13093094.

2. Rothstein JD, Winch PJ, Pachas J, Cabrera LZ, Ochoa M, Gilman RH, et al.
Vulnerable families and costly formula: a qualitative exploration of infant
formula purchasing among peri-urban Peruvian households. Int Breastfeed
J.2021;16(1):11. https://doi.org/10.1186/513006-021-00356-6.

3. Sankar MJ, Sinha B, Chowdhury R, Bhandari N, Taneja S, Martines J, et al.
Optimal breastfeeding practices and infant and child mortality: a systematic
review and meta-analysis. Acta Paediatr. 2015;104(467):3-13. https://doi.
org/10.1111/apa.13147.

4. Horta BL, Loret de Mola C, Victora CG. Long-term consequences of
breastfeeding on cholesterol, obesity, systolic blood pressure and type 2
diabetes: a systematic review and meta-analysis. Acta Paediatr. 2015;
104(467):30-7. https.//doi.org/10.1111/apa.13133.

5. Lodge CJ, Tan DJ, Lau MX, Dai X, Tham R, Lowe AJ, et al. Breastfeeding and
asthma and allergies: a systematic review and meta-analysis. Acta Paediatr.
2015;104(467):38-53. https//doi.org/10.1111/apa.13132.

6. Eidelman Al, Schanler RJ. Breastfeeding and the use of human milk.
Pediatrics. 2012;129(3):e827-41. https://doi.org/10.1542/peds.2011-3552.

7. Zempleni J, Aguilar-Lozano A, Sadri M, Sukreet S, Manca S, Wu D, et al.
Biological activities of extracellular vesicles and their cargos from bovine
and human milk in humans and implications for infants. J Nutr. 2017;147(1):
3-10. https//doi.org/10.3945/jn.116.238949.

8. Alsaweed M, Lai CT, Hartmann PE, Geddes DT, Kakulas F. Human milk
miRNAs primarily originate from the mammary gland resulting in unique
miRNA profiles of fractionated milk. Sci Rep. 2016;6(1):1-13. https://doi.org/1
0.1038/srep20680.

9. Golan-Gerstl R, Elbaum Shiff Y, Moshayoff V, Schecter D, Leshkowitz D, Reif
S. Characterization and biological function of milk-derived miRNAs. Mol Nutr
Food Res. 2017,61(10):1700009. https.//doi.org/10.1002/mnfr.201700009.

10.  Munch EM, Harris RA, Mohammad M, Benham AL, Pejerrey SM, Showalter L,
et al. Transcriptome profiling of microRNA by next-gen deep sequencing
reveals known and novel miRNA species in the lipid fraction of human
breast milk. PLoS One. 2013;8(2):e50564. https://doi.org/10.1371/journal.
pone.0050564.

11, Melnik BC, Schmitz G. MicroRNAs: Milk's epigenetic regulators. Best Pract Res
Clin Endocrinol Metab. 2017;31(4):427-42. https.//doi.org/10.1016/j.beem.201
7.10.003.

12, lzumi H, Kosaka N, Shimizu T, Sekine K, Ochiya T, Takase M. Bovine milk
contains microRNA and messenger RNA that are stable under degradative
conditions. J Daily Sci. 2012,95(9):4831-41. https;//doi.org/10.3168/jds.2012-
5489.


https://doi.org/10.3390/nu13093094
https://doi.org/10.1186/s13006-021-00356-6
https://doi.org/10.1111/apa.13147
https://doi.org/10.1111/apa.13147
https://doi.org/10.1111/apa.13133
https://doi.org/10.1111/apa.13132
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.3945/jn.116.238949
https://doi.org/10.1038/srep20680
https://doi.org/10.1038/srep20680
https://doi.org/10.1002/mnfr.201700009
https://doi.org/10.1371/journal.pone.0050564
https://doi.org/10.1371/journal.pone.0050564
https://doi.org/10.1016/j.beem.2017.10.003
https://doi.org/10.1016/j.beem.2017.10.003
https://doi.org/10.3168/jds.2012-5489
https://doi.org/10.3168/jds.2012-5489

Chiba et al. International Breastfeeding Journal

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2022) 17:1

Benmoussa A, Lee CH, Laffont B, Savard P, Laugier J, Boilard E, et al.
Commercial dairy cow milk microRNAs resist digestion under simulated
gastrointestinal tract conditions. J Nutr. 2016;146(11):2206-15. https://doi.
0rg/10.3945/jn.116.237651.

Liao Y, Du X, Li J, Lénnerdal B. Human milk exosomes and their microRNAs
survive digestion in vitro and are taken up by human intestinal cells. Mol
Nutr Food Res. 2017;61(11). https://doi.org/10.1002/mnfr.201700082.
Manca S, Upadhyaya B, Mutai E, Desaulniers AT, Cederberg RA, White BR,
et al. Milk exosomes are bioavailable and distinct microRNA cargos have
unique tissue distribution patterns. Sci Rep. 2018;8(1):11321. https//doi.
0rg/10.1038/541598-018-29780-1.

Zhou Q, Li M, Wang X, Li Q, Wang T, Zhu Q, et al. Immune-related
microRNAs are abundant in breast milk exosomes. Int J Biol Sci. 2012;8(1):
118-1123. https://doi.org/10.7150/ijbs.8.118.

Melnik BC. Milk disrupts p53 and DNMTT, the guardians of the genome:
implications for acne vulgaris and prostate cancer. Nutr Metab. 2017;14(1):
55. https://doi.org/10.1186/512986-017-0212-4.

Chen T, Xie MY, Sun JJ, Ye RS, Cheng X, Sun RP, et al. Porcine milk-derived
exosomes promote proliferation of intestinal epithelial cells. Sci Rep. 2016;
6(1):33862. https://doi.org/10.1038/srep33862.

Mirza A, McGuirk M, Hockenberry TN, Wu Q, Ashar H, Black S, et al. Human
survivin is negatively regulated by wild-type p53 and participates in p53-
dependent apoptotic pathway. Oncogene. 2002;21(17):2613-22. https.//doi.
0rg/10.1038/sj.onc.1205353.

Esteve PO, Chin HG, Pradhan S. Human maintenance DNA (cytosine-5)-

methyltransferase and p53modulate expression of p53-repressed promoters.

Proc Natl Acad Sci U S A. 2005;102(4):1000-5. https://doi.org/10.1073/pnas.
0407729102.

ZhuY,Gu L, Li Y, Lin X, Shen H, Cui K, et al. miR-148a inhibits colitis and colitis-
associated tumorigenesis in mice. Cell Death Differ. 2017; 24:2199-2209.
Martinez C, Rodifo-Janeiro BK, Lobo B, Stanifer ML, Klaus B, Granzow M,

et al. miR-16 and miR-125b are involved in barrier function dysregulation
through the modulation of claudin-2 and cingulin expression in the
jejunum in IBS with diarrhoea. Gut. 2017; 66:1537-1538.

Bachour P, Yafawi R, Jaber F, Choueiri E, Abdel-Razzak Z. Effects of smoking,
mother’s age, body mass index, and parity number on lipid, protein, and

secretory immunoglobulin a concentrations of human milk. Breastfeed Med.

2012;7(3):179-88. https://doi.org/10.1089/bfm.2011.0038.
Lemons JA, Moye L, Hall D, Simmons M. Differences in the composition of

preterm and term human milk during early lactation. Pediatr Res. 1982;16(2):

113-7. https://doi.org/10.1203/00006450-198202000-00007.

Marshall AM, Nommsen-Rivers LA, Hernandez LL, Dewey KG, Chantry CJ,
Gregerson KA, et al. Serotonin transport and metabolism in the mammary
gland modulates secretory activation and involution. J Clin Endocrinol
Metab. 2010;95(2):837-46. https.//doi.org/10.1210/jc.2009-1575.

Chiba T, Maeda T, Kimura S, Morimoto Y, Sanbe A, Ueda H, et al. Inhibitory
effect of fluvoxamine on beta-casein expression via a serotonin-
independent mechanism in human mammary epithelial cells. Eur J
Pharmacol. 2015;766:56-62. https://doi.org/10.1016/jejphar.2015.09.038.
Chiba T, Maeda T, Fujita Y, Takeda R, Kikuchi A, Kudo K. Stress-induced
suppression of milk protein is involved in a noradrenergic mechanism in
the mammary gland. Endocrinology. 2019;160(9):2074-84. https://doi.org/1
0.1210/en.2019-00300.

miRNeasy serum/plasma kit. https://www.qiagen.com/us/products/
discovery-and-translational-research/dna-rna-purification/rna-purification/
mirna/mirneasy-serumplasma-kit/. Accessed 27 Jul 2021.

Agilent RNA 6000 Nono kit guide. https://www.agilent.com/cs/library/
usermanuals/Public/G2938-90034_RNA6000Nano_KG.pdf. .

TagMan™ MicroRNA Reverse Transcription Kit. https://www.thermofisher.
com/order/catalog/product/4366596#/4366596. Accessed 27 Jul 2021.
Chen Z, Luo J, Sun S, Cao D, Shi H, Loor JJ. miR-148a and miR-17-5p
synergistically regulate milk TAG synthesis via PPARGCTA and PPARA in
goat mammary epithelial cells. RNA Biol. 2017;14(3):326-38. https://doi.org/1
0.1080/15476286.2016.1276149.

Chen X, Gao C, Li H, Huang L, Sun Q, Dong Y, et al. Identification and
characterization of microRNAs in raw milk during different periods of
lactation, commercial fluid, and powdered milk products. Cell Res. 2010;
20(10):1128-37. https://doi.org/10.1038/cr.2010.80.

Sénchez-Herndndez S, Esteban-Murioz A, Giménez-Martinez R, Aguilar-
Cordero MJ, Miralles-Buraglia B, Olalla-Herrera M. A comparison of changes
in the fatty acid profile of human milk of Spanish lactating women during

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 9 of 9

the first month of lactation using gas chromatography-mass spectrometry.
A comparison with infant formulas Nutrients. 2019;11(12):3055. https://doi.
0rg/10.3390/nu11123055.

Maeda T, Shioyama A, Tairabune T, Takeda R, Sanbe A, Kikuchi A, et al.
Physiologic changes in serotonin concentrations in breast milk during
lactation. Nutrition. 2020;79:110969. https://doi.org/10.1016/j.nut.2020.11
0969.

Li L, Wang Y, Li C, Wang G. Proteomic analysis to unravel the effect of heat
stress on gene expression and milk synthesis in bovine mammary epithelia
cells. Anim Sci J. 2017;88(12):2090-9. https://doi.org/10.1111/as].12880.
Kassube KR, Kaufman JD, Pohler KG, McFadden JW, Rius AG. Jugular-infused
methionine, lysine and branched-chain amino acids does not improve milk
production in Holstein cows experiencing heat stress. Animal. 2017;11(12):
2220-8. https//doi.org/10.1017/51751731117001057.

Kawano A, Emori Y. The relationship between maternal postpartum
psychological state and breastmilk secretory immunoglobulin a level. J Am
Psychiatr Nurses Assoc. 2015;21(1):23-30. https;//doi.org/10.1177/10783
90314566882.

Tie WJ, Gardner H, Lai CT, Hepworth AR, Al-Tamimi Y, Paech MJ, et al.
Changes in milk composition associated with pethidine-PCEA usage after
caesarean section. Matern Child Nutr. 2017;13(2):e12275. https://doi.org/1
0.1111/mcn.12275.

Burianova |, Bronsky J, Pavlikova M, Janota J, Maly J. Maternal body mass
index, parity and smoking are associated with human milk macronutrient
content after preterm delivery. Early Hum Dev. 2019;137:104832. https://doi.
0rg/10.1016/j.earlhumdev.2019.104832.

Lang SL, Iverson SJ, Bowen WD. Primiparous and multiparous females differ
in mammary gland alveolar development: implications for milk production.
J Exp Biol. 2012;215(16):2904-11. https://doi.org/10.1242/jeb.067058.
Borellini F, Oka T. Growth control and differentiation in mammary epithelial
cells. Environ Health Perspect. 1989,80:85-99. https://doi.org/10.1289/ehp.
898085.

Stull MA, Pai V, Vomachka AJ, Marshall AM, Jacob GA, Horseman ND.
Mammary gland homeostasis employs serotonergic regulation of epithelial
tight junctions. Proc Natl Acad Sci U S A. 2007;104(42):16708-13. https://doi.
0rg/10.1073/pnas.0708136104.

Muroya S, Hagi T, Kimura A, Aso H, Matsuzaki M, Nomura M. Lactogenic
hormones alter cellular and extracellular microRNA expression in bovine
mammary epithelial cell culture. J Anim Sci Biotechnol. 2016;7(1):8. https//
doi.org/10.1186/540104-016-0068-x.

Martin CR, Ling PR, Blackburn GL. Review of infant feeding: key features of
breast milk and infant formula. Nutrients. 2016;8(5):279. https://doi.org/10.33
90/nu8050279.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.3945/jn.116.237651
https://doi.org/10.3945/jn.116.237651
https://doi.org/10.1002/mnfr.201700082
https://doi.org/10.1038/s41598-018-29780-1
https://doi.org/10.1038/s41598-018-29780-1
https://doi.org/10.7150/ijbs.8.118
https://doi.org/10.1186/s12986-017-0212-4
https://doi.org/10.1038/srep33862
https://doi.org/10.1038/sj.onc.1205353
https://doi.org/10.1038/sj.onc.1205353
https://doi.org/10.1073/pnas.0407729102
https://doi.org/10.1073/pnas.0407729102
https://doi.org/10.1089/bfm.2011.0038
https://doi.org/10.1203/00006450-198202000-00007
https://doi.org/10.1210/jc.2009-1575
https://doi.org/10.1016/j.ejphar.2015.09.038
https://doi.org/10.1210/en.2019-00300
https://doi.org/10.1210/en.2019-00300
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-purification/mirna/mirneasy-serumplasma-kit/
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-purification/mirna/mirneasy-serumplasma-kit/
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/rna-purification/mirna/mirneasy-serumplasma-kit/
https://www.agilent.com/cs/library/usermanuals/Public/G2938-90034_RNA6000Nano_KG.pdf
https://www.agilent.com/cs/library/usermanuals/Public/G2938-90034_RNA6000Nano_KG.pdf
https://www.thermofisher.com/order/catalog/product/4366596#/4366596
https://www.thermofisher.com/order/catalog/product/4366596#/4366596
https://doi.org/10.1080/15476286.2016.1276149
https://doi.org/10.1080/15476286.2016.1276149
https://doi.org/10.1038/cr.2010.80
https://doi.org/10.3390/nu11123055
https://doi.org/10.3390/nu11123055
https://doi.org/10.1016/j.nut.2020.110969
https://doi.org/10.1016/j.nut.2020.110969
https://doi.org/10.1111/asj.12880
https://doi.org/10.1017/S1751731117001057
https://doi.org/10.1177/1078390314566882
https://doi.org/10.1177/1078390314566882
https://doi.org/10.1111/mcn.12275
https://doi.org/10.1111/mcn.12275
https://doi.org/10.1016/j.earlhumdev.2019.104832
https://doi.org/10.1016/j.earlhumdev.2019.104832
https://doi.org/10.1242/jeb.067058
https://doi.org/10.1289/ehp.898085
https://doi.org/10.1289/ehp.898085
https://doi.org/10.1073/pnas.0708136104
https://doi.org/10.1073/pnas.0708136104
https://doi.org/10.1186/s40104-016-0068-x
https://doi.org/10.1186/s40104-016-0068-x
https://doi.org/10.3390/nu8050279
https://doi.org/10.3390/nu8050279

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study participants and milk sample collection
	Infant formula sampling
	Analysis of miRNA expression
	Statistical analysis

	Results
	Patient characteristics
	Comparison of miR-148a and miR-125b expression between transition and mature milk
	Comparison of miR-148a and miR-125b expression between women with vaginal and women with cesarean delivery
	Comparison of miR-148a and miR-125b expression between primiparous and multiparous women
	Comparison of miR-148a and miR-125b expression between breast milk and infant formulae
	Limitations

	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

