Open Access Article. Published on 25 April 2025. Downloaded on 2/10/2026 6:50:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food &
Function

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Food Funct.,, 2025, 16,
4035

Received 19th November 2024,
Accepted 2nd April 2025

DOI: 10.1039/d4fo05713a

rsc.li/food-function

Introduction

Profile of steroid metabolites in human breast milk
in different stages of lactationf

Olha Khymenets, (2 *2 Oscar Vilarroya,”© Georgina Benet, {2 ¢ Georgina Feixas,?
Angela Arranz Betegon,® Malcolm D. McLeod 2 © and Oscar J. Pozo*?

Breast milk (BM), as an optimal food, provides the newborn with a variety of minor compounds relevant
for health and wellbeing. Endogenous steroids, also minor constituents, are mainly secreted in BM as con-
jugated metabolites. Recent research has revealed the relevance of steroid conjugates in many physio-
logical processes. Thus, their presence in BM appears to be very intriguing, especially in relation to breast-
feeding. The objective of our study was to profile conjugated steroid metabolites present in BM in relation
to the lactation stage, and to promote further evaluation of their importance in breastfeeding. For this
purpose, we developed and used a direct UHPLC-MS/MS metabolomics approach capable to detect
more than 60 conjugated metabolites (mono-sulfated, mono-glucuronylated, bis-sulfated and sulfate-
glucuronylated) from all steroid families. We compared the occurrence of these metabolites in samples
collected from breastfeeding mothers and stratified by lactation stages: colostrum, transitional and
mature milk. Our results showed that many biologically relevant conjugated steroids are secreted in BM.
Their concentrations were highest in colostrum, decreased remarkably in transitional and were much
lower in mature milk, with some exceptions. The profile of metabolites also differed considerably
between lactation stages. The approximate daily secretion in BM indicated that infants are exposed to sig-
nificant oral doses of steroid conjugates during the first week of lactation. The supply of these metabolites
in BM declined and became constant after the second week postpartum. Overall, our data provide a foun-
dation for further investigation on the physiological relevance of BM secreted steroid metabolites in
relation to both mother and child.

of the health and wellbeing of the baby."”™® Recent research
underscores the importance of studying and identifying the

Breast milk (BM) is one of the most intriguing biological fluids
from a physiological perspective. The complexity and dynamic
nature of its composition are directly related to its biological
action: it is not only an age-adjusted supply of nutritive
factors,"* but also a rich source of bioactive molecules, com-
ponents and other constituents with known and anticipated
biological relevance, altogether responsible for the foundation
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roles of BM’s minor components.®” In this context, endogen-
ous steroids, which are important players in many biological
processes, merit special attention.

Steroid hormones play a crucial role in many physiological
processes and their presence as minor components in BM has
been occasionally reported over the past decades.®™* Most
steroids exist in biological tissues and fluids, not as free com-
pounds, but as phase II biotransformed molecules. Phase II
metabolism involves the conjugation of steroids with highly
polar sulfate or glucuronide groups. Among steroids, conju-
gated metabolites, especially sulfates, serve as transportable
and deployable units in the turnover of steroid hormones, and
can even act as bioactive molecules.”*'® Additionally, other
conjugates, such as glucuronylated metabolites, are indicators
of steroid hormonal fluctuations related to different physio-
logical stages."”™°

BM composition, including its minor components, changes
in relation to maturation of the mammary epithelium through-
out lactation.”* A few studies have provided very partial infor-
mation on the secretion of steroid metabolites in different
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physiological stages of lactation, mainly revealing that BM
steroid content related to plasma levels of breastfeeding
mothers.®?%*! Despite the fact that recent studies on steroids
indicate that some conjugated metabolites may have relevant
biological activities,">'*'® the role of these compounds in
relation to BM feeding benefits has not been properly investi-
gated, primarily due to the lack of information on the
secretion of conjugate steroids in BM.

Based on this, we aimed to explore in detail the profile of
conjugated steroids secreted in BM and how it varies across
different lactation stages. Recent studies in steroid detection
indicated that steroid metabolite profiling can be more infor-
mative than analysis focused on limited targets.”>*
Additionally, the indirect detection of conjugated steroids
based on the enzymatic deconjugation of the phase II metab-
olite and the determination of the free steroid presents meth-
odological challenges.>*>* For these reasons, we aimed to
apply a cutting-edge methodological approach based on the
direct detection of a large set of conjugated steroids using
UHPLC-MS/MS to advance the exploration of the time- and the
content-dependent steroidal composition of BM. The findings
from our study could provide evidence on the complexity of
BM as physiological fluid and contribute to ongoing research
into the relevance of BM minor constituents, including the
steroid component, in mother-child relationship and the
baby’s wellbeing.”

Experimental
Reagents and chemicals

Aqueous ammonia solution (25%), methanol, acetonitrile and
formic acid (LC-MS grade) were purchased from Merck
(Darmstadt, Germany). Phosphoric acid and ammonium
formate were provided by Sigma-Aldrich (Louis, MO, USA) and
VWR Prolabs Chemicals (Leuven, Belgium), respectively.
Ultrapure water was obtained using a Milli-Q purification
system (Millipore Ibérica, Barcelona, Spain).

Standards

The general representation of the studied steroid metabolites
is given in Fig. 1, while specific structural characteristics of the
conjugated metabolites can be found in Table S1 (ESI}). For
the determinations of these steroid metabolites, three types of
analytical standards were used in this study: quantitative pur-
chased, quantitative on-customer demand synthetized and
qualitative in-house synthetized standards.

Quantitative conjugated steroid standards were obtained as
indicated in Table S2 (ESIY). In-house synthesis of qualitative
sulfated standards was performed as previously described®
with small modifications. Details on synthesis procedure,
reagents and standards can be found in the ESL{ All stan-
dards, either purchased or synthesized, were diluted in 100%
methanol and stored at —20 °C prior to use.

Due to the lack of commercially available standards and/or
complexity of the synthesis, several metabolites were putatively
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assigned on the basis of their resemblance in chromatographic
and mass spectrometric behaviour to structurally and metabo-
lically similar but known compounds (i.e. quantitative and
qualitative standards). The LC-MS characteristics of studied
compounds and corresponding internal standards (ISTD) are
given in Table S2 (ESIY).

Study population

Sixty-two healthy lactating mothers (aged 20-50) kindly
donated a part of their BM for the present study. This research
was approved by the Ethics Committee at the Hospital del Mar
Research Institute (Ref: 2017/7450/I). Participants were
enrolled in the study in a period between 03/11/2021 and 14/
12/2021, after signing a consent form. Two volunteers were
posteriorly excluded from the study due to analytical problems.
Detailed information on the volunteers and breast feeding is
disclosed in the Table S3 (ESI).

BM samples collection

Milk was collected from one breast, either totally (whole milk
= foremilk + hind milk), or partially, when only first portion of
secreted milk (foremilk sample) was used as a sample. In the
case of using whole milk, an aliquot was separated for the
study while the rest was returned for baby feeding. The volume
of collected BM aliquots was accurately measured.

Samples were labelled and stored at —20 °C until analysis.
According to the collection date, collected BM samples were
classified in three types: colostrum (1-6 days postpartum),
transitional (7-19 days postpartum) and mature (20-50 days
postpartum). Two samples (one colostrum and one transi-
tional) were lost during processing, therefore 60 samples,
grouped by 18, 17 and 25 samples corresponding to colostrum,
transitional and mature milks respectively, were available for
data analysis.

Samples preparation

BM thawed at room temperature was well vortexed and an
aliquot of 500 pL was spiked with 10 pL of internal standard
mix (containing a mixture stably labelled conjugated steroids
listed in Table S1, ESIT) and proteins were precipitated using 3
volumes of 3:7 (v:v) methanol/acetonitrile. The mixture was
vigorously vortexed, left for 30 min at room temperature, and
then centrifuged at 10 000g for 5 min. The supernatant was
separated from pellet and dried under N, at 40 °C. The residue
was reconstituted in 1 mL of water : acetonitrile (9 : 1), acidified
with 1 mL solution of 4% aqueous phosphoric acid and pro-
ceeded to solid phase extraction using Oasis HLB 3cc car-
tridges (Waters Associates, Milford, MA, USA) previously pre-
conditioned with 100% methanol and 2% formic acid in
water. After a washing step with 2 mL of 2% formic acid in
water, steroid conjugates were eluted into two steps: firstly,
with 1 mL of 2% formic acid in methanol following with 1 mL
100% methanol, then, secondly, with 1 mL 5% ammonia in
methanol following with 1 mL 100% methanol. Both eluates
(acidic and basic) were evaporated separately under N, at
40 °C. After evaporation, each residue was reconstituted in

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Diagram representing diversity of steroid metabolites identified in BM in the present study. These metabolites belong to 6 steroid families:
estrogen (ESTR), 4-androsten (4A), 5-androsten (5A), 5-pregnen or pregnenolone (5P), 4-pregnen or progesterone (4P) and corticoid or corticoster-
oid (CORT), backbone structures of which are presented in the coloured spaces. The numbers on the structures represent the steroid carbons, sub-
jects to metabolic modifications specific for each steroid family. The text under the structures gives short descriptions of the main groups of steroid
metabolites according to modified carbon bounds, where group-specific modifications are highlighted in bold. Thus, ESTR family is represented by
three metabolic groups: E1 — estrone; E2 — estradiol and E3 — estriol; 4A family by four groups: AN — androsterones; Etio — etiocholanolones; epiAN
— epiandrosterones; T/epiT — (epi)testosterone; 5A family by two groups: DHEA — dehydroepiandrosterone and 5AED — 5-androstenediol; 5P family
by two groups: 5P — pregnenolone and 5PED - 5-pregnendiol; 4P family by four groups: alloP — allopregnanolone; P — pregnanolone; EAP - epial-
lopregnanolone and epiP — epipregnanolone; CORT family by three groups: E — cortisone; F — cortisol and B — corticosterone. All these steroid
metabolites are conjugated either with residues of sulfate(s) (S) or glucuronic acid (G) on the positions indicated on the arrows directed to each

steroid family. For individual structures of each conjugated metabolite detected in the present study, please see ESI Table S1.1

1 mL methanol, and both extracts, corresponding to the same
sample, were combined. The obtained mixture was evaporated
under N, at 40 ©°C, reconstituted in 100 pL of water:
acetonitrile (9:1), and 10 pL were injected into the
UHPLC-MS/MS system.

The method provided satisfactory recoveries for different
types of conjugates in all three types of breast milk (commonly
>75%, see Table S4, ESIY).

UHPLC-MS/MS instrumentation

The separation of BM extracts was performed at flow rate of
400 pL min~" at 30 °C on an Acquity UPLC Class I chromato-
graphic system (all from Waters Associates) using an Acquity
UPLC CSH C18 column (2.1 x 100 mm i.d., 1.7 pm) fixed to
Acquity UPLC CSH C18 VanGuard Pre-Column (2.1 x 5 mm i.
d., 1.7 pm) (all from Waters Associates). Acetonitrile : water
(9:1, v/v) and water, both with ammonium formate (25 mM),
were used as organic and aqueous mobile phase solvents,
respectively. The gradient elution program was applied, where
the percentage of organic solvent was linearly changed as
follows: 0 min, 10%; 0.5 min, 10%; 15 min, 47%; 15.5 min,

This journal is © The Royal Society of Chemistry 2025

100%; 18.5 min, 100%; 19 min, 10%; 20 min, 10%. In total,
the chromatographic method lasted 20 min and allowed for
the separation of isomeric steroid conjugates.

MS/MS analysis was carried out on a triple quadrupole
(XEVO TQ-S micro) mass spectrometer equipped with an
orthogonal Z-spray-electrospray ionization source from Waters
Associates. Nitrogen was used as drying and nebulizing gas.
The desolvation gas flow was 1200 L h™", and the cone gas
flow was 50 L h™'. A cone voltage of 20 V and a capillary
voltage of 2 kV were used in negative ionization mode. The
nitrogen desolvation temperature was 600 °C, and the source
temperature was 150 °C. The monitoring and quantification of
all analytes was performed using selective reaction monitoring
mode. The specific transitions and optimum collision energy
are summarized in Table S2 (ESIt) and an example of chroma-
togram for each detected steroid metabolite is given in Fig. S1

(ESIY).
Quantitative evaluation of metabolites

To overcome heterogeneous matrix impact of different types of
milk (colostrum, transitional and mature) on quantitative ana-
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lysis of steroid metabolites, three pools of corresponding BM
samples were created by mixing equal volumes of each individ-
ual sample corresponding to the same type of BM. These milk-
type adjusted pools were used as biological matrices to build
matrix-matched calibration curves using available quantitative
standards (Table S4, ESIt). Reference calibration curves were
also built in reconstituting solvent.

The response of the analyte was calculated as the ratio
between the areas of analyte and corresponding internal stan-
dard (see Table S4, ESIt). The concentration of steroid metab-
olite was calculated using a matrix-matched calibration curve
built in duplicate. Endogenous metabolites, for which quantitat-
ive standards were not available were relatively quantified using
calibration curves of available standards structurally similar (see
Table S4, ESI}), assuming equal response for used transitions.
Details on the method performance (e.g. estimation of limit of
detection, recoveries and matrix effect) for the determination of
phase II steroid conjugates in BM are given Table S4 (ESIY).

Estimation of daily steroid consumption

The daily consumption of conjugated steroids through BM was
estimated on the basis of reported amount of milk secreted
(mL 24 h™") on average over the postpartum period*® in a
specific period (1-53 days). Concentration data (nmol L") of
detected steroid metabolites from BM samples grouped by
postpartum days were normalized by the average volume of
BM reported to be produced on those days.”® Estimated
amounts of 24 h consumed steroid phase II metabolites via
BM were expressed in pmol 24 h™".

Data analysis

MassLynx V4.1, TargetLynx XS software (Waters) and Excel
(Microsoft) were used for data management, qualitative and
quantitative analysis. An open source RawGraphs platform,””
PowerPoint and Excel (Microsoft) were used for data visualiza-
tion purposes.

Given that the steroid metabolite concentration levels in
BM samples were very widespread, data were expressed as
ranges for descriptive and comparative purposes, whereas
zero-adjusted (substituting zero values by one half of the
lowest values detected for each metabolite) and log-trans-
formed data were used in statistical analysis and for global
imaging. Percentages and daily secretions were calculated
using mean values of zero-adjusted concentrations and were
used for graphical data visualization and assessment.

A nonparametric Krustal-Wallis test on independent samples
was applied on log-transformed data to compare concentrations
of steroid conjugated metabolites between three types of BM.
Statistical significance was considered when p < 0.05.

Results
Phase II steroid metabolites identified in BM

Owing to the developed methodology, we could detect within
one instrumental analysis more than 60 conjugated metab-
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olites of steroids in a relatively small volume of BM sample
(0.5 mL). The detected metabolites correspond to various
steroid families: 11 estrogens (ESTR), 5 pregnenolone derived
metabolites (5P), 22 progesterone derived metabolites (4P), 9
5-androstene derived metabolites (5A), 13 4-androstene derived
metabolites (4A), and 6 corticosteroids (CORT). They were rep-
resented by a wide spectrum of mono-conjugated (34 sulfates
and 12 glucuronides) and bis-conjugated (12 bis-sulfates and 8
sulfate-glucuronide) metabolites (Fig. S1, ESIf). Mono-sul-
fated, mono-glucuronylated and to lesser extent bis-sulfated
metabolites were omnipresent in BM samples, whereas
sulfate—glucuronide metabolites were rarely detected, predomi-
nantly within colostrum samples.

Levels of the steroid phase II conjugates in BM

Concentrations of phase II steroid metabolites detected in BM
are given in Table S5 (ESIf). A comprehensive representation
on concentrations of detected steroid conjugates in breast
milk samples of the present study is presented in Fig. 2.

In general, the highest concentrations of steroid phase II
metabolites were detected in colostrum samples (range of
41.71-11 602.65 nmol L™"). In contrast, significantly lower con-
centrations were observed in samples corresponding to transi-
tional (32.78-1669.70 nmol L' range) and mature
(24.32-152.70 nmol L™" range) BM. Such decreases, sometimes
over ten-fold, was characteristic for all types of conjugates with
the exception of some androgen metabolites (e.g. androstene-
diol bis-sulfates) for which no differences were observed
between BM types according to Krustal-Wallis test (p-values >
0.05) (Table S5, ESIT). Levels of specific steroid metabolites in
BM samples were of diverse concentration ranges and, in
addition, they varied highly between individual samples
(Table S5, ESIY).

Regarding phase II conjugation, the most abundant in BM
samples were sulfated forms of steroids, with mono-sulfates
the most copious metabolites irrespective of the BM type
(Table S5 (ESIt) and Fig. 3). They were detected in samples
within 37.78-10218.74 nmol L_l, 16.21-1588.79 nmol L' and
18.040-135.73 nmol L™" concentration ranges, corresponding
to colostrum, transitional and mature BM, accounting for
about 90%, 87% and 79% of all quantified steroid metabolites,
respectively. Bis-sulfates were also found to be abundant with
concentrations ranging 1.11-578.23 nmol L,
3.80-62.60 nmol L™! and 3.06-25.49 nmol L™ which account
for about 5%, 9% and 16% of total detected metabolites in
colostrum, transitional and mature BM, respectively. In con-
trast to mono-sulfated steroid metabolites, overall concen-
trations of mono-glucuronides were much lower, nearly
tenfold, within 1.21-804.56 nmol L™, representing only up to
5% of detected metabolites in all three BM groups. The
sulfate-glucuronide metabolites were a minor fraction of
steroid conjugates observed in BM, not exceeding 10.72 nmol
L' and accounting for less than 0.1% of all quantified conju-
gates. They were principally detected within colostrum
samples. In contrast, bis-sulfated metabolites were commonly

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Levels of endogenous steroid phase Il conjugates (expressed in logarithmic scale because of the large differences in concentrations between
samples and between metabolites) detected in tree types of BM from our population study: colostrum samples are marked as the darkest dots, tran-
sitional as intermediate intensity and mature as the lightest dots, coloured in correspondence to six main steroid families presented in the figure
legend. For details on detected steroid conjugates, please refer to the ESI.§ Metabolites that did not correspond to the metabolic groups (AD-SS,
PD-G_1 and a set of PD-SGs) are not presented on this figure.
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Fig. 3 Proportion of phase Il conjugates (S — mono-sulfates, SS — bis-
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three types of BM (expressed as % of total detected in each type of milk)
and contributions of each steroid family to the pools of specific conju-
gated metabolites.

detected in the majority of samples irrespective of the type of
BM (Table S5, (ESIT), and Fig. 3).

Incidence of phase II metabolites from different steroid
families in BM

The contribution of steroid families to the pools of specifically
conjugated metabolites changed over the period of lactation
and is represented in the Fig. 3. Additionally, the impact of
individual metabolites in relation to input of its family and
metabolic pathway (as a % of total detected metabolites) was
evaluated in different stages of lactation and represented on
the Fig. 4.

Progesterone metabolites (4P). Progesterone metabolites
(4P) were the most abundant (Table S5, (ESIt)) and predomi-
nant among all types of phase II steroid conjugates found in
colostrum milks (Fig. 3). They were primarily represented by
sulfated (e.g. mono- and bis-) conjugates of allopregnanolone
(5a3a-pregnanolone (alloP) and 5a3a-pregnanediol), epiallo-
pregnanolone (5a3p-pregnanolone (EAP) and
5a3p-pregnanediol) and pregnanolone (5p3a-pregnanolone (P)
and 5B3a-pregnanediol) derived metabolites, which account
for almost half of the total steroid content detected in this set
of the samples (Fig. 4). However, their global incidence was
reduced through different stages of lactation to 6% in mature
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BM. In addition, profile of P derived conjugated metabolites
changed from colostrum to mature stages of lactation (Fig. 4).

Androgen metabolites. Androgen metabolites were chiefly
presented by sulfated conjugates of both 4-(4A) and 5-(5A)
androstene groups. Although decreasing in their concen-
trations, with exception of andostenediol bis-sulfates
(Table S5, ESIY), after drastic drop of progesterone metabolites
during first weeks of lactation, they became principal steroid
families in mature BM. Thus, up to 80% of the mature BM
steroid content belongs to androgens (Fig. 4), primarily rep-
resented by mono- and bis-sulfated conjugates of both 4A and
5A derived metabolites (Fig. 3). The relative amounts of metab-
olites in 4A steroid fraction, representing primary and
advanced testosterone metabolites, was similar through all
stages of lactation (Fig. 4).

Regarding 5A metabolites, the relative amounts of dehy-
droepiandrosterone sulfate (DHEA-S), a core androgen,
increased through lactation, positioning it as a principal
steroid found in transitional and mature BM. The concen-
trations and the incidence of 16-hydroxilated conjugated
metabolites of DHEA decreased drastically already from colos-
trum to transitional BM (Table S5, (ESIT)). Along with this,
5-androstenediol (5AED) metabolites incidence markedly
increased in BM from later stages of lactation (Fig. 4).
Interestingly, 5AED-3317p3-SS was the only steroid conjugate
clearly maintaining concentration levels in all three types of
BM, and which positioned as one of the principal steroid
metabolites in mature BM (Table S5, (ESIT) and Fig. 4).

Pregnenolone metabolites (5P). Pregnenolone metabolites
(5P) proportion in the BM steroidal pool, in contrast to pro-
gesterone and androgen metabolites, did not change over lac-
tation, always accounting for about 10% of all detected in this
study steroids (Fig. 4) and was represented mainly by sulfated
conjugates (Fig. 3). Pregnenolone (5P-S) and corresponding
pregnenediol (mono- and bis-) sulfated conjugates were
among copious steroid metabolites in three types of BM.
However, their concentration also decreased significantly from
colostrum to mature BM (Fig. 2 and Table S5, (ESIY)).
Interesting reorganization, replacing pregnenolone sulfate
(5P-S) as a dominant pregnenolone metabolite in colostrum
and transitional milk samples to its advanced metabolite preg-
nenediol bis-sulfate (5PD-3f20a-SS) in mature milks, was
observed (Fig. 4).

Estrogen metabolites (ESTR). Estrogen metabolites (ESTR),
though minor steroids in BM, were found to be present
through all stages of lactation. The concentrations of estro-
gens, like other steroids, drastically decreased from colostrum
to transitional and mature BM, especially estriol metabolites
(Table S5, (ESIT)). On average, estrogen metabolites account
for about 4% of all detected steroids (Fig. 4). Estrone sulfate
(E1-S), a principal BM estrogen metabolite, was among the
most abundant steroids in colostrum samples and still readily
present in the other milk types (Fig. 4). No specific trend or
reorganization among estrogen conjugates was detected.

Corticoid metabolites (CORT). Corticoid metabolites (CORT)
were the smallest group in the steroid pool of BM at any stages

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo05713a

Open Access Article. Published on 25 April 2025. Downloaded on 2/10/2026 6:50:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

Colostrum f

62t @ g
u' “:‘ s 8 .. J"*v‘”'
o ® o o
", ' ‘ o
L
"": u' .Q ‘.»-
. o @ . A
".. .‘ ® MMOtias
wrs o
— o @ ® O-
P (@) W *u,
o O Y
g ao? T« epAN .\ o
. ‘
a'{/’a . g . o
& P W v.“ ~,"' . aA
ES T o\ Y
v 7%20 .00 Mg “ .
C AT o
& 11 - % m|
€ j ‘; L L SA
¢ *1 | P
M corr
B esr

Fig. 4 Proportion of steroid phase Il conjugates in three types of BM
(expressed as % of total detected in each type of milk). The contribution
of each steroid family is given in numbers on the figure. The conjugated
metabolites within each family are assembled according to the corres-
ponding metabolic group (for details see Fig. 1). Steroid families, meta-
bolic groups and steroid metabolites are presented according to their
relevance (the size of the corresponding circle) in three type of BM in
descending order.
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of lactation. The average concentration of detected corticoid
conjugates in BM samples was low, slightly decreasing
through the three stages of lactation (Table S5, (ESIT)), while
their contribution to the steroid pool only a bit increased
somewhat from colostrum to mature stages (Fig. 4).
Tetrahydrocortisone glucuronide (THE-3G), a main metabolite
of this steroid family, was turned out to be also among the
principal steroid metabolites detected in transitional and
mature BM samples (Fig. 4).

The specific contribution of steroid families to the pro-
portion of the sulfate-glucuronide fraction in the different
types of BM could not be properly characterized due to the
limited data obtained on these conjugates Table S5, (ESIT). So
far, it can be mentioned that estriol, 5-pregnenediol and preg-
nanediol metabolites were the only identified steroids contri-
buting to this minor fraction regardless of type of BM (Fig. 3).

Daily consumption of the steroid metabolites through BM

A summary on estimated daily consumption of phase II
steroid in BM over first months of lactation (1-53 postpartum
days) is summarized in Fig. 5.

According to our approximation, in total steroid metab-
olites were consumed via BM on the average 674-937 pmol
24 h™" during the first week of lactation (Table S6, (ESIt)).
With an onset of lactation, concentrations of steroids decrease
drastically, while daily BM consumption volume markedly
increases (in general exceeding 500 mL per day (ref. 26)).
Steroid daily consumption via BM decreases almost ten times
when lactation becomes established. According to our approxi-
mation, the peak of daily consumption of steroid metabolites
with BM by new-borns would correspond to days 4-6 postpar-
tum (Fig. 5). The details on daily consumption of each family
metabolite through lactation establishment are presented in
Table S6 (ESI?).

As stated above, progesterone metabolites accounted for the
largest part of daily consumed steroids during onset of lacta-
tion (first week) reaching, in some cases, 2417 pmol per day
(Table S6, ESIt), which for a normal weight new-born (approxi-
mately 3 kg weight) would correspond to a daily dose of more
than 800 pmol kg™ consumed with BM. Daily BM consump-
tion of estrogens and pregnenolone metabolites decreased ten
times after the first week of lactation, dropping to the unit
pumol 24 h™" level. After onset of lactation, both androgen
family metabolites were predominantly secreted on daily bases
in BM in the dozen pmol 24 h™" range. Daily consumption of
corticosteroids metabolites did not vary very much during lac-
tation with concentrations in unit pmol 24 h™" level (Fig. 5 and
Table S6, ESIt).

Discussion

In our study, the concentrations of endogenous steroid conju-
gates in BM were estimated in relation to the stages of lacta-
tion. By applying a developed targeted metabolomics approach
for the direct detection of a wide variety of phase II conjugated
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the detected concentrations of metabolites in BM samples from study population and reported excretion volumes (mL 24 h™) of BM (according to
Neville2®) from first till 53-rd day of postpartum period. Corresponding numerical data can be found in Table S6 (ESI+).

steroids, we report time- and content-dependent differences in
the steroidal components of BM at different stages of lactation.
We also approximate the evolution of daily intake of the
detected steroid metabolites by breastfed infants.

The detection of steroids in BM, especially those with
known physiological actions, has encouraged researchers to
further explore their biological relevance and potential conse-
quences for both maternal and infant health.'>*** Although
these studies focused primarily on well-known steroid hor-
mones, they collectively suggest that BM comprises a complex
mixture of steroids and their metabolites, which remains
largely underexplored. A comprehensive description of the BM
steroidal pool has only been reported once, in a very small
sample set by Sahlberg and Axelson,*® which highlighted that
steroids in BM are primarily present as phase II conjugated
metabolites. Therefore, our study represents a step forward in
advancing knowledge on the presence of steroids in BM
opening new avenues for exploring the role of these metab-
olites in maternal and infant health.

Our study is the first to report the concentration of steroid
conjugates in BM including mono-sulfates, bis-sulfates, glu-
curonides and sulfate-glucuronide conjugates. Recent research
has highlighted the importance of these conjugates not only
as markers of steroid turnover within an organism, but as
primary players in establishing and maintaining various fun-

4042 | Food Funct, 2025, 16, 4035-4047
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damental biological processes. Our were
obtained using by a targeted analytical approach based on the
direct detection of more than 60 steroid metabolites. To our
knowledge, this is the first LC-MS method with such separ-
ation power capable of detecting a wide range of steroid
metabolites from diverse families and with different types of
conjugation, including highly polar bis-conjugated metab-
olites. In contrast, most previous studies have analysed steroid
metabolites indirectly by monitoring deconjugated species
after hydrolysis. Hydrolysis itself can introduce bias in steroid
detection, while also compromising compound stability and
recovery.>*** Additionally, the exact nature of some conjugated
species cannot be precisely identified through indirect
approaches. Therefore, our study provides unique information

regarding steroid disposition in BM.

Occurrence and dynamics of steroid conjugates in BM

Our results show an abrupt reduction in the concentrations of
the majority of targeted steroid metabolites, with the exception
of some androgens, after the first postpartum weeks. Changes
in both total and individual content of steroid conjugated
metabolites distinguish colostrum from transitional and
mature BM. Such a decline in concentration through lactation
was reported earlier for 17-keto steroids and estrogens,’®>*
and was also observed for conjugated metabolites of

This journal is © The Royal Society of Chemistry 2025
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estrogens”™*® and other steroids®® already during the first
week of lactation. Our findings confirm that throughout all
phases of lactation, the vast majority of BM steroids are
sulfate-conjugated (over 90% of metabolites detected in the
present study), mono-sulfates being the most prevalent ones,
followed by bis-sulfated steroids. It should be mentioned that
a higher proportion of bis-sulfates and lower proportion of
mono-sulfates are found in the later stages of lactation, com-
pared to colostrum milk. This aligns with earlier published
data,”® despite the use of indirect determination, very small
sample size and some differences in steroid conjugates ana-
lysed. In contrast to sulfated steroids, glucuronylated metab-
olites represent a smaller but relatively stable fraction of milk
steroids. The predominant excretion of sulfates is interesting
since some steroid mono-sulfates can exert specific biological
activities themselves or as locally liberated bioactive steroids
following sulfatase hydrolysis.'>*® Additionally, recent studies
show that bis-sulfates conjugates seem to be products of
advanced steroid metabolism with yet undefined biological
impact.*® Given that the lactation is evolutionarily a well-estab-
lished process, it would be of great interest to understand the
physiological meaning of the consumption of potentially
active sulfated steroids with BM by newborns in the first post-
natal weeks, as the most crucial period for establishing the
foundation for long-term infant health and well-being.

Our results also show that variations of the BM steroid com-
position throughout lactation substantially depend not only on
the steroid family but also on specific metabolic pathway and/
or origin of synthesis.

The decline in phase II progesterone metabolite concen-
trations and their shifting relative importance among BM conju-
gated metabolites over lactation aligns with the decrease
observed in serum and BM postpartum progesterone.® This may
reflect changes occurring in the mother in progesterone metab-
olism after delivery. Specifically, the high concentration of sul-
fated 5o-reduced progesterone metabolites (alloP-S and EAP-S
and corresponding pregnanediols) in colostrum, also reported
earlier,?® could be the result of accumulation of these metab-
olites in breast tissue/milk during the initial phase of lactogen-
esis, which begins in late pregnancy.*’ Alternatively, this could
result from the prolonged secretion and, therefore, metabolism
of the pregnancy-related progesterone.®*""*> After placental elim-
ination, which removes the principal source of progesterone
along with its associated metabolic machinery (involving intense
5a-reductase and sulfation transformations*>*?), the female body
slowly returns to basal levels of progesterone, now primarily pro-
duced by the adrenals and later by the corpus lutea, following
corresponding metabolic pathways. In relation to that, our
results show how pregnanediol glucuronide (PD-533020a-3G),
originated from 5p-reduced pregnanolone (P), becomes a relevant
metabolite of progesterone in mature BM. This finding high-
lights that the phase II metabolism (conjugation with sulfate and
glucuronide) is tightly linked to progesterone metabolic pathway
specified by the origin of its synthesis.

In contrast to progesterone metabolites, the proportion of
pregnenolone metabolites in the BM steroidal pool does not
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change throughout lactation. Our study demonstrates that
pregnenolone sulfate (5P-S), a key component of placental ster-
oidogenic machinery*® and the sulfate-conjugated steroid with
very interesting biological activities,"* is gradually replaced
from its dominant position in colostrum by its advanced bis-
sulfated metabolite (5PD-3$200-SS) in mature BM samples.
This bis-conjugate is a well-known and apparently inactive
urinary** and plasmatic*®> metabolite of the hormone pregne-
nolone originating in the adrenal gland. These changes reflect
a shift in the site of synthesis and primary metabolism of
pregnenolone.

Androgen metabolites, according to our data, are principal
steroid metabolites in mature BM, and are chiefly represented
by 4- and 5-androstene sulfated conjugates. According to our
data, the dehydroepiandrosterone sulfate (DHEA-S), a core
androgen, is the principal steroid metabolite in BM at all
stages of lactation. Its concentrations vary widely from a few to
a several hundred nmol L™' ranges, especially within colos-
trum samples, illustrating high interindividual variability in
accordance with earlier observed data.”® The disappearance of
16-hydroxylated DHEA metabolites alongside an increase in
5-androstanediol metabolites in BM during later stages of lac-
tation suggests that the former were of fetal-placental origin,
while the latter originate from maternal adrenals. In relation
to 4-androstene metabolites, our data show that androstane-
diol (AD-5a3017-3S), androsterone sulfate (AN-S), etiocholano-
lone (Etio-S) and epiandrosterone (epiAN-S) sulfates are main
testosterone metabolites in BM. These results contrast with
the ones reported by Sahlberg and Axelson,*® which reported
androstanediol bis-sulfate (AD-503017p-SS) as the major
metabolite in BM. The prior use of hydrolysis for steroid deter-
mination in their study may explain these discrepancies.

Our study reveals that conjugated metabolites of estrogens
are the minor steroids, but they are present in BM in all stages
of lactation. As it was stated in recent review,*® several studies
reported on very low estrogen concentrations detected in
human breast milk, among them only a few had considered
the impact of estrogen conjugated metabolites.”®*! The meth-
odological differences in sampling and in indirect analytical
technics altogether provided inconsistent results regarding the
presence and prevalence of conjugated estrogens in BM
through lactation.*® According to our data, estrone sulfate (E1-
S) is the most abundant estrogen in BM, regardless of lactation
stage. In comparison to previous studies,>**' we report
broader concentration range (over 0.1-100 nmol L") and
higher mean concentrations (tens of nmol L™") in colostrum
samples. Although all estrogen metabolites detected in colos-
trum are clearly pregnancy-related—specifically, placentally
derived estrone and estradiol, as well as fetal-derived estriol
metabolites****—their origins in mature BM remain uncer-
tain, particularly for estriol metabolites.

The cortisone metabolite tetrahydrocortisone glucuronide
(THE-3G) is the principal corticosteroid metabolite detected in
all BM samples. Detection of other conjugated metabolites was
limited to only six compounds due to the absence of corres-
ponding standards. Therefore, a comprehensive analysis of
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this metabolite fraction in BM was not possible. Whether
THE-3G, along with other detected cortisone and cortisol con-
jugates, reflects cortisol-cortisone turnover in BM throughout
lactation remains an open question, one that could be
explored by analysing free, unconjugated steroids in BM.

In summary, our findings are in line with an earlier pub-
lished indirect profiling of BM steroids in early lactation®
regarding the distribution for steroids from various families
and with different types of conjugation. Our data support the
idea that steroid metabolite levels in milk reflect the average
hormone content in maternal plasma, as previously reported
for progesterone, estrogen’® or glucocorticoids.’>*” This
resemblance, along with correlations observed between
specific conjugated steroid levels®>*>' suggests that conjugated
steroids are transported either by direct transfer to BM from
maternal serum (non-polar hormones) or by active transport
(polar conjugates), as it was suggested for other appearing in
BM hormones.*® Nonetheless, it should be mentioned that
breast tissue by itself can exhibit metabolic activity towards
steroids, therefore impacting the BM steroid profile. As an
example, cortisone is much more abundant than cortisol in
BM compared to serum, most probably due to the 118-HSD2
activity in breast tissue, which by converting cortisol to corti-
sone protects the baby from elevated cortisol levels in BM."* In
this context, the levels of BM steroids are of interest in relation
to new-born health and wellbeing.'* Therefore, it would be of
great interest to compare the relative distribution of conju-
gated metabolites in both plasma and BM in order to establish
the role of the steroid metabolic machinery of the breast
tissue.

BM steroid phase II metabolites in relation to infant wellbeing

The present study confirmed that infants are exposed to a wide
variety of steroids right after birth via consumption of BM.
According to our findings, consumption of colostrum is
characterized by the highest postnatal ingestion of steroid
metabolites. In line with this, elevated excretion of some
steroid metabolites detected in infant urine during the first
week of life has been directly linked to BM consumption.*®
The exact role of BM steroids remains unclear—whether
they function as a means of transmitting regulatory signals
from mother to child or play a crucial physiological role in
postnatal development and health.*® However, studies suggest
that some BM-transmitted steroids, including cortisol, have
physiological relevance for breastfed infants.>>%'332%31 Qur
results indicate the prevalence of conjugated steroids in BM.
For a long time, conjugated steroids were considered to be
inactive metabolites. However, recent studies have revealed
that sulfation plays an important regulatory role in steroid
metabolism, where conjugated metabolites can either serve as
reservoirs for the active form of steroids—allowing for their
later activation, particularly in tissues rich in steroid sulfatase
(e.g., placenta, blood, brain, skin, and breast tissue)—or exert
distinct biological activities themselves.">'® In this context,
our results showed that mono-sulfate metabolites are among
the most detected steroids in colostrum. Therefore, BM may be
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considered as a substantial source of steroids with interesting
molecular and physiological activities which could be of
special interest in relation to newborn development and
health."">'*>* Throughout lactation, mono-sulfates decrease
relative to bis-sulfates and glucuronides. Both conjugations,
being inactivating metabolic transformations toward the
parent molecule, may have a prominent role in controlling the
levels and, thus, the biological activity of unconjugated
steroids.®*>** Glucuronide concentrations in BM may serve
as indicators of steroid metabolic turnover or parent steroid
levels, which are often challenging to assess due to methodo-
logical limitations or difficulty in accessing the target of evalu-
ation,” and be used to anticipate its biological relevance.
Numerous studies have emphasized the health relevance of
glucuronylated steroids, particularly their potential for reacti-
vation via deconjugation by intestinal microbiota.’®*’
However, whether this process occurs in the newborn intestine
remains unknown, as research on microbial colonization in
neonatal intestines is still evolving.>®>°

Strengths and limitations

The main strengths of our study are (i) the direct measurement
of conjugates in BM, (ii) the large number of metabolites
including non-commonly detected bis-sulfates and sulfate-glu-
curonide conjugates and (iii) the wide coverage of the cohort
including samples from the first days to over one-month of the
lactation period, allowing the evaluation of colostrum, transi-
tional and mature BM.

Our study has also several limitations. First, we did not
analyse longitudinal intraindividual samples of BM collected
from the same breastfeeding mother through period of lacta-
tion. Analysis of such samples would provide valuable infor-
mation on intraindividual variability in steroid BM compo-
sition. Second, the total amount of BM produced in a 24 h
period was not monitored. In absence of this “gold standard”
normalization®® we normalized our results based on the
average production at the day of sampling. Due to practical
difficulties in obtaining this gold-standard,®* the application
of this approximation is common, with and some studies of
steroid BM concentrations even reported without
normalization.”®?" Third, despite determining a large number
of steroid metabolites, the panel of conjugates was selected on
the basis of available standards (either commercially available
conjugates or available starting materials for synthesis).
Additional steroid conjugates may be detected by increasing
the panel as soon as appropriate standards become accessible.
Among them, it is remarkable the absence of more corticoster-
oids especially considering that the metabolome of corticoster-
oids is very extensive.®* Finally, our study may be complemen-
ted by the analysis of unconjugated forms of steroids in BM.
For some families like the corticosteroids a relatively high pro-
portion of unconjugated steroids in BM has been reported.®?
The simultaneous determination of both conjugated and free
forms of steroids could be of special interest for studies inves-
tigating the biological significance of steroid conjugation in
respect to mother and baby wellbeing and health.'>%*

This journal is © The Royal Society of Chemistry 2025
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Conclusions

In summary, this study provides direct evidence of the
secretion and compositional changes of steroid conjugates in
human BM throughout lactation. Our findings demonstrate
that many pregnancy-related and biologically significant phase
II conjugated steroids are secreted in BM, with their highest
prevalence observed in colostrum, followed by a notable
decline as lactation progresses.

The observed secretion dynamics and metabolite profile
shifts align with the maternal physiological adaptations occur-
ring in the postpartum period. The confirmation that BM
serves as a source of conjugated steroids for new-borns opens
new research avenues for exploring the physiological signifi-
cance of these metabolites in maternal and infant health.
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