& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Eva Szabo,
University of Pécs, Hungary

REVIEWED BY

Christoph Hartel,

University Hospital Warzburg, Germany
Toby Mansell,

Murdoch Childrens Research Institute,
Australia

*CORRESPONDENCE
Rebecca Hoban
Rebecca.hoban@seattlechildrens.org

RECEIVED 07 September 2023
ACCEPTED 26 December 2023
PUBLISHED 02 February 2024

CITATION

Landau-Crangle E, O'Connor D, Unger S,
Hopperton K, Somerset E, Nir H and
Hoban R (2024) Associations of maternal
inflammatory states with human milk
composition in mothers of preterm infants.
Front. Nutr. 10:1290690.

doi: 10.3389/fnut.2023.1290690

COPYRIGHT

© 2024 Landau-Crangle, O'Connor, Unger,
Hopperton, Somerset, Nir and Hoban. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Nutrition

Frontiers in Nutrition

TYPE Original Research
PUBLISHED 02 February 2024
pol 10.3389/fnut.2023.1290690

Associations of maternal
inflammatory states with human
milk composition in mothers of
preterm infants

Erin Landau-Crangle'?, Deborah O'Connor'?2, Sharon Unger?3,
Kathryn Hopperton?, Emily Somerset*, Hadar Nir'? and
Rebecca Hoban'256*

The Hospital for Sick Children, Toronto, ON, Canada, 2Department of Pediatrics, University of
Toronto, Toronto, ON, Canada, Sinai Health System, Toronto, ON, Canada, “Ted Rogers Centre for
Heart Research, The Hospital for Sick Children, University Health Network, Toronto, ON, Canada,
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Introduction: Overweight/obesity (ow/ob) is increasing in prevalence in
pregnant women, and it is associated with other pro-inflammatory states, such
as pre-eclampsia, gestational diabetes, and preterm labor. Data are lacking if
mothers experiencing inflammatory states who deliver preterm have mother’s
own milk (MOM) with differing inflammatory markers or pro-inflammatory fatty
acid (FA) profiles.

Methods: The aim was to explore associations of maternal pre- and perinatal
infammatory states with levels of inflammatory markers and/or FAs in longitudinal
samples of MOM from mothers of preterm infants born <1,250 g. Inflammatory
states included pre-pregnancy ow/ob, diabetes, chorioamnionitis (chorio), preterm
labor (PTL), premature rupture of membranes (PROM), pre-eclampsia, and cesarian
delivery. In MOM,, inflammatory markers studied included c-reactive protein (CRP),
free choline, IFN-Y, IL-10, IL-1p, IL-1ra, IL-6, IL-8, and TNF-a, and FAs included
omega-6:0mega-3 ratio, arachidonic acid, docosahexaenoic acid, linoleic acid,
monounsaturated FAs, and saturated FAs. The above inflammatory states were
assessed individually, and the healthiest mothers (hormal BMI, no chorio, and + no
pre-eclampsia) were grouped. Regression analysis tested associations at baseline
(day 5) and over time using generalized estimating equations.

Results: A total of 92 infants were included who were delivered to mothers (42%
ow/ob) at a median gestational age of 27.7 weeks and birth weight of 850 g. MOM
CRP was 116% higher (relative change 2.16) in mothers with ow/ob at baseline
than others (p=0.01), and lower (relative change 0.46, 0.33, respectively) in
mothers in the two "healthy groups” at baseline (both p<0.05) than others.
MOM IL-8 levels were lower with chorio and PTL at baseline. No significant
associations were found for other individual or grouped inflammatory states nor
for other MOM inflammatory markers nor FA profiles at baseline.

Discussion: In conclusion, MOM CRP levels are positively associated with
inflammatory states, such as ow/ob. Reassuringly, there was no association
between FA profiles or most other inflammatory markers and maternal
infammatory states. Further studies are needed to determine potential
associations or ramifications of MOM CRP in vulnerable preterm infants.

KEYWORDS
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Introduction

The prevalence of pre- and peri-pregnancy overweight/obesity
(ow/ob) has risen substantially in the last 40years, and it is associated
with co-morbidities affecting both mother and infant, including
gestational diabetes, hypertension, pre-eclampsia, and higher rates of
premature rupture of membranes (PROM), preterm labor (PTL), and
cesarian delivery (1, 2). This increase has significant societal justice and
resource utilization ramifications as ow/ob disproportionately affects
racialized women and, therefore, their vulnerable infants (2) and is
associated with an approximately 30% higher rate of preterm delivery
than healthy-weight women (3). This difference may, in part,
be explained by higher levels of inflammation (4) as ow/ob is a
pro-inflammatory state marked by elevated serum c-reactive protein
(CRP) levels (5-8). Higher levels of inflammation in pregnancy may
lead to increased insulin resistance and gestational diabetes (7), with
associated maternal and neonatal complications. In addition, pre- and
peri-pregnancy pro-inflammatory states like ow/ob are often co-morbid
with others, including surgical/cesarian delivery, pre-eclampsia, and
chorioamnionitis (chorio), which are known to influence fetal
metabolic programming and may impact neurodevelopment and
increase risks of childhood obesity (7). It is unclear whether there may
be a cumulative effect of multiple pro-inflammatory “hits” on the
developing fetus (7, 9) and subsequent infant outcomes, such as
whether such early-life programming may continue during lactation.

Mother’s own milk (MOM) is the gold standard for feeding preterm
infants, improving neurodevelopment and lowering rates of
co-morbidities, including necrotizing enterocolitis (10). Like many other
biomolecules, cytokines from the maternal serum, or potentially the
mammary gland, pass into MOM. MOM cytokines and their potential
role or effect on the infant are a relatively new and increasing focus of
human milk research. Data are lacking on whether mothers experiencing
inflammatory states, including ow/ob, who deliver preterm infants have
MOM with altered profiles of inflammatory markers compared to
mothers without or with fewer inflammatory states. Studies have shown
pro-inflammatory fatty acid (FA) profiles, with higher ratios of omega-6
to omega-3s, in MOM of mothers of term infants who had pre-pregnancy
and peri-pregnancy ow/ob than MOM from normal weight mothers,
with optimization potentially possible with dietary interventions (11, 12).

The objective of this study was to investigate associations, if any, of
maternal inflammatory states with subsequent levels of inflammatory
markers and FAs in MOM from mothers of preterm infants.
Inflammatory states studied included pre-pregnancy ow/ob, diabetes,
chorio, PTL, PROM, pre-eclampsia, and caesarian delivery.
Inflammatory markers included cytokines, CRP, and free choline,
which have been reported to inversely correlate with CRP (13, 14). FAs
studied included omega-6:0mega-3 ratio, docosahexaenoic acid
(DHA), arachidonic acid (ARA), linoleic acid, monounsaturated FAs,
and saturated FAs. This was a preplanned analysis of a larger exploratory
study (15) describing longitudinal cytokine and other inflammatory
marker profiles in MOM from mothers of preterm infants.

Abbreviations: BMI, body mass index; chorio, chorioamnionitis; FA, fatty acid;
MOM, mother's own milk; ow/ob, overweight/obesity; PTL, preterm labor; PROM,

premature rupture of membranes; CRP, c-reactive protein.
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Materials and methods
Study site and participants

This study is an exploratory secondary analysis of data and MOM
samples from a prospective, triple-blind, randomized controlled trial
(16) (OptiMoM; NCT02137473) of 127 very low birth weight
(VLBW) infants and their mothers. Infants were eligible if birth
weight was <1,250 g and were feeding MOM and/or consented to
supplemental donor milk. Exclusion criteria included receipt of
formula or fortifier before enrollment, no feeds within 14 days of
birth, and congenital anomalies affecting growth. Enrollment in the
original study occurred at the Hospital for Sick Children and Mount
Sinai Hospital, two-level III NICUs, in Toronto, Canada, in 2014-
2015, an ethnically diverse city where half of the population are
visible minorities and/or immigrants (17). Mothers provided signed
informed consent for themselves and their infants. Mothers
previously enrolled in the OptiMoM study who still had frozen
MOM sample(s) available that were collected at the end of each
postpartum week (+2 days) from each of postpartum weeks 1-4, 7-8,
or 10-11 were eligible for this secondary study. Mothers of singletons
and multiples were included, with the first infant of multiples
enrolled in the original study utilized for infant-level data. As the
exploratory analysis required data from the electronic medical record
(EMR) that had not been originally collected (maternal
pre-eclampsia, PTL, PROM, diabetes, and infant diet at NICU
discharge), eligible mothers were re-consented via phone to allow
access to the EMR to obtain these data and to use frozen MOM
samples for testing outside the original consent of “nutritional
components.” Mothers whose infants died during the original study
were not reapproached, nor was contact attempted for dyads known
to have been lost to follow-up. In these few cases, only data that were
available from the original study were utilized (mother/infant
medical/sociodemographic data, MOM FAs). MOM samples were
only retested for components that fell within the nutritional realm
(free choline). In all eligible mothers, frozen MOM samples that were
subject to secondary analysis were matched (ideally another aliquot
of the same sample with the same time/date, or if not available, then
within 2 days) to MOM samples that had been previously analyzed
for FAs. Longitudinally collected MOM samples were analyzed for
cytokines and inflammatory markers (CRP, free choline, IFN-Y,
IL-10, IL-1, IL-1ra, IL-6, IL-8, and TNF-a) and FA composition
(omega-6:0mega-3 ratio, percentage of ARA, DHA, linoleic acid,
monounsaturated FAs, and saturated FAs) at baseline and over time.
The above inflammatory states were assessed separately, and mothers,
with and without such states, were grouped for comparisons a priori
to better understand the effect of multiple inflammatory morbidities
(or lack thereof). To group “healthier” mothers, we first excluded
mothers with ow/ob as this diagnosis is well known to be associated
with long-term inflammation (4-8). With a relatively small “n” and
high prevalence of ow/ob in the population, we then stepwise added
the two short-term inflammatory diagnoses in our database that are
more definitively associated with inflammation (chorio and
pre-eclampsia as PTL, for example, may or may not be associated
with inflammation depending on the etiology, such as infection vs.
incompetent cervix). Mothers with inflammatory states were then
compared to healthy group 1 (normal BMI, no chorio) and healthy
group 2 (normal BMI, no chorio, and no pre-eclampsia). Both the
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original trial and this exploratory analysis were approved by both
hospitals’ Research Ethics Boards.

Assessment of milk inflammatory markers

All milk analyses aside from FA testing were performed by the
Analytical Facility for Bioactive Molecules, The Hospital for Sick
Children, Toronto, Canada. Milk samples were thawed and centrifuged
to remove the top fat layer. The skimmed product was separated into
aliquots and used in duplicate for all analyses. A custom cytokine
multiplex bead panel assay was performed for IL-1peta, IL-1ra, IL-6,
IL-8, IL-10, IFN-gamma, and TNF-alpha (HCYTOMAG-60K-07
human cytokine magnetic kit; Millepore Sigma). Detection limits
were 1.09, 0.95, 1.90, 1.69, 0.81, 0.66, and 1.00 pg./mL, respectively.
CRP was quantified with a magnetic bead multiplex assay
(HNDG2MAG-36 K-01.Neurodegenerative MAG Panel 2; Millipore
Sigma) using assay buffer; samples were run at 1:100 dilution with a
detection limit of 0.003 pg./mL. Sample data for cytokine and CRP
were processed with Milliplex Analyte version 5.1.0.0. Free choline
was quantified using a choline colorimetric enzyme assay kit
(MAKO056; Sigma-Aldrich) with a detection limit of 0.01nmol/
pL. Sample results in nmol/pL were converted to ng/pL by multiplying
by the molecular weight of choline (104.2ng/nmol).

FA analyses on aforementioned paired unskimmed milk samples
had previously been performed via gas chromatography and described
(18), with each subtype reported as the percentage of total FAs. The
omega-6:0omega-3 ratio was calculated from respective percentages of
omega-6 and omega-3 FAs.

Statistical analysis

Baseline clinical characteristics were summarized using
descriptive statistics. Continuous variables were summarized as means
and standard deviations or medians and interquartile ranges (IQRs),
and dichotomous and polytomous variables were summarized
as frequencies.

To visualize the potentially nonlinear time profile of serial MOM
inflammatory markers (log-transformed) and FA profiles, in keeping
with our previous studies, we modeled the time effect using natural
cubic splines and generalized estimating equations (GEEs) with an
identity link function and independent working correlation matrix.
The corresponding pointwise 95% confidence intervals (Cls) were
estimated using a robust sandwich estimator (15). Cytokines, CRP,
and free choline were log-transformed; FAs were reported as
percentages in the original data; FA values were multiplied by 100 to
compensate for the large differences in units.

We assessed and quantified the association of maternal
inflammatory states with MOM inflammatory markers and FA
profiles using GEEs with identity link functions and an independent
work correlation matrix. Due to the lack of MOM sample availability
before day 4 and low numbers of samples in weeks 10-11 (less than
10% of subjects contributed samples in this time period),
we analyzed all MOM samples from day 5 (henceforth, referred to
as baseline) to day 54. Sample collection time (days) was considered
a covariate and modeled using natural cubic splines. Specifically,
we investigated the interaction between time and maternal
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inflammatory states and assessed if any maternal inflammatory
states altered the time profiles of the milk inflammatory markers or
FA profiles. The corresponding pointwise 95% Cls and p-values were
estimated using a robust sandwich estimator.

Finally, we quantified the associations between FAs and
inflammatory markers in the cohort overall as well as “healthy group 1”
and “not healthy” (aka not in “healthy group 1”). Each association was
adjusted for a time trend and was estimated using GEE with identity
link functions and an independent working correlation matrix.

It is noteworthy that considerable proportions of serial
observations were left censored (i.e., below the detection limit of the
kits; see Supplementary Table S1, for missingness at each time point).
We used a censored likelihood imputation method to account for
these partial observations (19). Specifically, we imputed the left-
censored observations 15 times each and estimated the final model
using Rubin’s rule. Concurrent values of FAs were used as predictors
in the imputation model. All statistical analyses assumed a statistical
significance of 5% and were conducted using R v3.5.3.

Results

Of the 127 VLBW infant-mother dyads in the OptiMoM study,
92 infant-mother dyads had MOM samples that met inclusion criteria
(Supplementary Figure S1). Reflecting Torontos diversity, over
two-thirds of the OptiMoM study cohort consisted of infant-mother
dyads who were visible minorities, with the majority East or South
Asian (16). A total of 226 MOM samples were analyzed and grouped
into six time points: weeks 1, 2, 3, 4, 7-8, and 10-11. Inflammatory
marker levels over time have been previously reported for the cohort
in general (15). Subject characteristics are shown in Table ] —maternal
co-morbidities and pro-inflammatory states were frequent, with a
mean of 2.3 and a maximum of 5 inflammatory diagnoses per mother;
every mother carried at least one inflammatory diagnosis. Ow/ob was
very common; when this diagnosis was excluded, mothers had a mean
of 2.0 additional diagnoses. Mother-infant dyads with remaining
samples at each time point are illustrated in Figure 1. In this large
exploratory analysis of cytokines, we found few associations, so given
the large amount of data analyzed, we report and show figures only
those that were statistically significant with potential clinical relevance
(for full results, see Supplementary Table 52).

In the two “healthy” groups, “healthy group 1” (normal BMI and
no chorioamnionitis) consisted of n=233 mothers. “Healthy group 2”
(normal BMI, no chorio, and no pre-eclampsia) consisted of n=23
mothers. MOM CRP concentrations were 116% higher (odds ratio,
interquartile range [OR, IQR] 2.16 [1.21, 3.88]; Table 2) in ow/ob
mothers at baseline than others and remained higher throughout the
study (Figure 2). CRP concentrations were lower in mothers in the
two “healthy groups” at the day 5 baseline than in the rest of the
cohort, as seen in Table 2. In all groups, CRP decreased over time
(Figure 2); similar rates of change were seen between ow/ob and
healthy groups (p=0.38). CRP rates of change over time only differed
in “healthy group 2” compared to the rest of the cohort (Figure 2),
where CRP concentrations decreased continuously over time instead
of plateauing after an initial decrease in the rest of the cohort. No
significant associations with other maternal inflammatory states were
noted with CRP concentrations at baseline, nor differences in rates of
change over time.
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TABLE 1 Subject characteristics.

10.3389/fnut.2023.1290690

Median [IQR] or n (%)

Entire Cohort Non-overweight/ Overweight/obese
obese (n=53) (n=39)
Infant gestational age at birth (weeks) 27.7 [25.6, 29.6] 27.4(26.3,29.9] 27.7 [25.4,29.1]
Infant birth weight (grams) 850 [735, 1035] 910 (740, 1070] 800 [710, 930]
Male infant 37 (45%) 20 (41%) 17 (52%)
Exclusive MOM feeds during NICU admission 46 (49%) 26 (49%) 20 (53%)
Maternal age (years) 33 (31, 37] 33 (31, 37] 33 [29, 38]
Pre-pregnancy BMI (kg/m?) category
Normal/underweight (<25) 53 (58%) 53 (100%) -
Overweight (25 - <30) 12 (13%) - 12 (30.8%)
Obese (>30) 27 (29%) - 27 (69.2%)
Diabetes 4 (5%) 2 (4%) 2 (6%)
Cesarian delivery 57 (61%) 32 (60%) 24 (63%)
Chorioamnionitis 31 (38%) 20 (43%) 11 (31%)
Pre-eclampsia 20 (24%) 11 (22%) 9 (27%)
Preterm labor 41 (49%) 26 (53%) 14 (42%)
Premature rupture of membranes 26 (32%) 18 (37%) 8 (25%)
MOM: mother’s own milk; NICU: neonatal intensive care unit; BMI: body mass index.
Note: some characteristics don’t add up to N=92 due to missing data.
o
100
0,
90 1
80 9
70
60.87%
60
)
=]
£ sof
8 45.65%
5
A 404
304
20+
10+ 9.78%
1 2 3 1 ] 7 10
Week post-birth
FIGURE 1
Percentage of infant-mother dyads with milk samples available for analysis by week.

MOM 1IL-8 levels, an inflammatory cytokine, were lower in
mothers with chorio (relative change [95% CI] 69.4% [8.06, 89.9%],
p=0.04) and PTL (relative change [95% CI] 63.3% [2.08, 86.2%],
p=0.05) at baseline than mothers without these diagnoses; trajectories
over time did not differ. No other cytokines had any significant
associations with maternal inflammatory states. Although there were
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no baseline differences, free choline demonstrated a significantly
different time trend/shape in mothers who had cesarian sections
(p=0.01) compared to vaginal deliveries. As seen in Figure 3, free-
choline levels decrease for the first month and then increase in
mothers with cesarian sections; an opposite trajectory is seen in
mothers who deliver vaginally. Differences in free choline trajectories
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were also seen in the “healthy group 2” (p=0.05) compared to the rest
of the cohort, and they had a borderline different trajectory in those
with PTL (p=0.06) compared to others (Figure 3). No significant
associations were found for other individual or grouped inflammatory
states for other MOM inflammatory markers at baseline (day 5), nor
did trajectories differ over time when compared to the cohort as
a whole.

In exploring FAs in relation to maternal inflammatory states,
we found few associations; again, only statistically significant results
data (for full results,
Supplementary Table S2). “Healthy group 1” had lower levels of
saturated FAs at baseline (change —4.24, [95% CI —7.71, —0.773],
p=0.02), and mothers with chorio had higher baseline levels of
saturated FA (change 4.06 [0.149, 7.98], p=0.04) when compared to
others. “Healthy group 2” had different trajectories for DHA content
compared to the cohort, with healthy mothers having higher MOM
DHA levels over time than those not in “healthy group 2” (Figure 4A).

are shown given copious see

Obese/overweight mothers had different trajectories for omega-
6:omega-3 ratio than normal weight mothers (Figure 4B), as well as a
trend toward lower monounsaturated FAs (MUFA) levels at baseline
(change —3.38 [-6.91, 0.152], p=0.06). Differences in omega-
6:omega-3 trajectory with chorio vs. no chorio were also observed

TABLE 2 Regression results for c-reactive protein.

N=92; n=226 MOM
samples

Relative Change p value
[95% ClI] at day

5 compared to
entire cohort

Overweight/obese 0.01

n=39 (42%)

2.16 [1.21, 3.88]

Healthy Group 1: normal BMI, no 0.46 [0.23, 0.91] 0.03
chorio

n=33(36%)

Healthy Group 2: normal BMI, no 0.33[0.16, 0.66] <0.01
chorio, no pre-eclampsia

n=23(25%)

MOM: mother’s own milk; BMI: body mass index; chorio: chorioamnionitis.

10.3389/fnut.2023.1290690

(Figure 4C). MUFA trajectory differences were seen with PTL and
PROM (Figures 4D,E, respectively) compared to the rest of the cohort.

Finally, we explored associations between MOM inflammatory
markers and FAs (Table 3). Given a plethora of data, only statistically
significant associations are shown, focusing on markers reported in
earlier sections (such as CRP and IL-8; for full results, see
Supplementary Table S3).

Discussion

This study provides evidence that the pro-inflammatory state
associated with pre- and peri-pregnancy ow/ob, as well as other
inflammatory states, such as pre-eclampsia, are associated with MOM
with temporarily higher markers of inflammation. Overweight and
obesity are known to be pro-inflammatory, as well as associated with
many co-morbidities, including gestational diabetes, hypertension,
which in and of themselves

and pre-eclampsia, are

pro-inflammatory (4).

Impact of inflammation on MOM

Although MOM is the gold standard for feeding preterm infants,
before this study, data were lacking as to whether the inflammatory
markers from maternal inflammatory states were passed to infants
through preterm MOM, such as has been reported in term infants
whose ow/ob mothers produced MOM with a pro-inflammatory FA
profile (11, 12). This is potentially important because, in the vulnerable
preterm population, increased inflammation, in general, is associated
with conditions such as increased bronchopulmonary dysplasia and
poorer long-term outcomes (4). Although there were some minor
differences at baseline and in rates of change over time that we detailed,
overall MOM from “inflamed” mothers was quite similar to those with
fewer inflammatory diagnoses, at least from a cytokine and FA
standpoint. Differences in the baseline for IL-8 interestingly showed
lower levels in mothers experiencing inflammatory states as well as a
positive correlation with DHA, contrary to previous work in a

A B Cc
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105 = /':\.llea“:y 9'011901 ggormal BMI, no chorio 1004 N chorio, no pre-eclampsia
[=] Overweight/obese group 100 ~Allothers  p=0. ‘, |
165 "~ Alothers p=0.38 E=3 - =) All others  p=0.03
05
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20 854
a a 85 &
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7014
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FIGURE 2
C-reactive protein (CRP) trajectory in: (A) Overweight/obese vs. all others; (B) "Healthy group " vs. all others; (C) “Healthy group 2" vs. all others. p
values are for differences in trajectory over time. BMI, body mass index; chorio, chorioamionitis.

Frontiers in Nutrition

05

frontiersin.org


https://doi.org/10.3389/fnut.2023.1290690
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Landau-Crangle et al. 10.3389/fnut.2023.1290690

A B c
bt Cosari . 0 [~ Healthy group 2: normal BMI,
E aren d?"ve'y 2.8 no chorio, no pre-eclampsia 26 Preterm labour
26 Vaginal delivery. p . E o ots AL L5 ob

0 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
Milk collection day Milk collection day

FIGURE 3
Free choline trajectory in (A) cesarian vs. vaginal delivery; (B) “Healthy group 2" vs. all others; (C) preterm labor vs. all others. P-values are for differences
in trajectory over time. BMI, body mass index; chorio, chorioamionitis.
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FIGURE 4

Significant differences in fatty acid trajectories. (A) Docosahexamoic acid (DHA) in Healthy Group 2 vs. all others. (B) Omega-f; pmggg-3 ratio over
time in overweight/obese vs. normal weight. (C) Omega-gpmggg-3 ratio over time in chorioamnionitis (chorio) vs. no chorio. (D) Monounsaturated
fatty acid (MUFA) over time in preterm labor (PTL) vs. no PTL. (E) MUFA over time in premature rupture of membranes (PROM) vs. no PROM p values
are for differences in frajectory over time.

pre-eclamptic term population by Erbagci et al. (20). This provides C-reactive protein

some early evidence that MOM from mothers who gave birth while

experiencing inflammatory states is relatively similar to that of Higher levels of CRP demonstrated in MOM samples from
healthier mothers, especially after the first few weeks postpartum,  mothers experiencing inflammatory states than less-inflamed,
providing reassurance to mothers who worry they might make  normal-weight mothers suggests that the inflammation affecting the
“inferior” MOM. fetal environment could continue to impact the preterm infant after
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TABLE 3 Associations between mother’s own milk inflammatory markers
and fatty acids.

Predictor Response Coefficient [95% Cl] p
variable variable
Log CRP DHA Overall: —0.023 [—0.046, 0.001] 0.056
Healthy: —0.031 [—0.06, —0.002] 0.03
Non-healthy: —0.005 [-0.037, 0.026] 0.74
Omega-6 Overall: 0.247 [—0.173, 0.667] 0.25
Healthy: 0.752 [0.053, 1.45] 0.04
Non-healthy: 0.012 [—0.506, 0.529] 0.96
LogIL-8 DHA Overall: 0.024 [0.002, 0.045] 0.04
Healthy: 0.017 [—0.028, 0.061] 0.46
Non-healthy: 0.025 [0.003, 0.047] 0.03
Omega-6 Overall: —0.26 [—0.76, 0.24] 031
Healthy: —0.16 [—0.006, 0.566] 0.67
Non-healthy: —0.353 [~1.003,0.296] | 0.29
LogIL-6 DHA Overall: 0.003 [—0.006, 0.012] 0.49
Healthy: —0.002 [—0.016, 0.012] 0.76
Non-healthy: 0.008 [—0.003, 0.018] 0.17
Omega-3 Overall: 0.043 [0.002, 0.083] 0.04
Healthy: 0.071 [0.01, 0.133] 0.02
Non-healthy: 0.028 [-0.022, 0.077] 0.27

CRP: C-reactive protein; Healthy = “Healthy Group 1”7 (no chorioamnionitis, normal body
mass index); IL: interleukin.

birth through MOM. The significant difference in CRP was
demonstrated at baseline (day 5), and CRP trajectory did not differ
between most groups. Therefore, although all CRP levels decreased
over time, obese/overweight mothers continued to make milk with
higher CRP, similar to Whitaker et al. who showed MOM CRP to
be positively associated with maternal BMI at 1 month postpartum
(21). In addition, we found a negative association between CRP and
DHA levels in healthy mothers but not in the mothers experiencing
inflammatory states. Perhaps, there are cumulative impacts of
inflammation from birth (i.e., PTL and cesarian section) on top of the
pro-inflammatory pregnancy states (ow/ob, pre-eclampsia, diabetes,
etc.), which lead to higher levels of CRP in the MOM of more inflamed
mothers at baseline and although this effect dissipates somewhat over
time postpartum, at-risk mothers never reach the levels of their
non-inflamed counterparts. In theory, these differences in MOM
could result in “intergenerational transmission of disease risk” (21).
Reassuringly, however, unlike in previous studies of term infants, there
were few significant differences between any other inflammatory
markers in MOM between inflamed and non-inflamed groups of
mothers, including IL-6, which is a precursor to CRP. This lack of
difference in MOM IL-6 by maternal BMI has previously been
reported in mothers of term infants (21). It is still unclear whether the
short-term period of raised levels of CRP in MOM could have a
clinically significant impact on preterm infant health. CRP itself is an
indirect measure, not a cause, of inflammation, and there is no
evidence of which we are aware that it would be absorbed by the
infant, but it could, in theory, bind to infant gastrointestinal tissues
with unclear effect. Interestingly, MOM choline, which previously has
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been reported to be inversely correlated to MOM CRP, did not show
similar associations (13) in our cohort. Overall, the lack of disparities
in more direct measures of inflammation, such as cytokines, is
reassuring. It is likely that the robust benefits of MOM far outweigh
any potential risks, especially given that formula is well known to lead
to a higher risk of NEC and donor milk lacks many of the benefits of
MOM (10).

Fatty acid profiles

There were some differences in FA levels between groups.
Healthier normal-weight mothers had more favorable FA profiles,
including lower levels of saturated fat and higher MUFA levels at
baseline and a DHA trajectory that increased in the first weeks
postpartum. These findings are similar to a previous small study of
mothers of preterm infants by Robinson et al., although 40% of
mothers in that study were taking DHA supplements (22). We did not
have data on DHA supplementation or nutritional intake in our
cohort. In addition, grouping overweight and obese mothers together,
as BMI and potential inflammation is a spectrum, could affect our
results, as previous analyses from a larger number of mothers from
this cohort reported that it was specifically the obese mothers who had
lower MOM DHA levels (18). Studies have shown that maternal
dietary intake has a significant impact on FA composition in MOM,
particularly dietary fat and FA composition (23, 24). There could
be potential to optimize MOM in at-risk populations by increasing
dietary DHA, for example, which could potentially counteract some
of the FA differences seen in the “inflamed” MOM and perhaps
improve infant outcomes (25-27).

Clinical significance

The significance of these results is multi-fold. Globally, there
continues to be an increase in pre-pregnancy and peri-pregnancy ow/
ob. This study, although small, adds to the very limited body of work
on inflammatory markers in preterm MOM and suggests the need for
further research on the potential impacts of ow/ob on MOM and its
subsequent effects on the next generation, especially in vulnerable
preterm populations. DHA and choline, for example, are likely
important in fetal and infant brain and eye development (27); therefore,
suboptimal MOM levels could have long-term ramifications. Work in
term populations suggests MOM cytokines like IL-6 and TNFa can
correlate with infant adiposity (28). As preterm delivery and pregnancy
complications/inflammatory states are more common in racialized
groups, research is an important area of advocacy, particularly to
mitigate inequities in minority populations (1, 2).

Study limitations

This study’s limitations include the relatively small sample size,
particularly at later time points when fewer leftover MOM samples
were available for analysis, the lack of maternal dietary records or
information on nutritional supplementation (such as DHA), and the
lack of infant outcome data. There is a need for future studies to
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prospectively evaluate the profile of inflammatory markers and FAs
in MOM of preterm infants born to mothers with and without
inflammatory states, controlling for dietary intake (especially the FA
profile of the diet). Future studies should include short-term outcome
data,
bronchopulmonary dysplasia, and sepsis, and long-term outcome

such as incidence of necrotizing enterocolitis,
data, including growth and neurodevelopment. Because of the
exploratory nature of this study and relatively small sample size, there
was a large number of associations examined and no correction for
multiple comparisons, which increases the risk of Type 1 error.
Future research testing is needed to test the hypotheses raised by this
exploratory analysis. In addition, while healthy groupings examined
in this study are clinically relevant to this population, it is possible
that other differences between the groups not measured or adjusted

for in the present work may be driving some relationships.

Conclusion

In summary, in the early postpartum days (day 5), we report for
the first time that inflammatory states in mothers are associated with
higher CRP in MOM. As rates of change did not differ over time, ow/
ob status was associated with MOM with higher CRP levels
throughout the study. Reassuringly, there were few other associations
between most other cytokines/inflammatory markers or FA profiles
and maternal inflammatory states; however, we found some
suggestions of a more ideal FA profile in mothers with fewer
inflammatory diagnoses. Prospective studies are needed to further
investigate the inflammatory profile of MOM from mothers
experiencing inflammatory states, including ow/ob who deliver
preterm infants, potential long-term impacts to vulnerable preterm
infants, and how or if MOM can be optimized.

Data availability statement

The datasets presented in this article are not readily available
because this analysis involved secondary use of data from a previous
study (for which primary and senior authors were not PIs). Requests
to access the datasets should be directed to rebeccahoban@
seattlechildrens.org.

Ethics statement

The studies involving humans were approved by Mount Sinai
Health System (Toronto, Canada) and The Hospital for Sick Children
(Toronto, Canada). The studies were conducted in accordance with
the local legislation and institutional requirements. Written informed

References

1. Driscoll AK, Gregory ECW. Increases in prepregnancy obesity: United States,
2016-2019. NCHS Data Brief. (2020) 392:1-8.

2. Poston L, Caleyachetty R, Cnattingius S, Corvaldn C, Uauy R, Herring S, et al.
Preconceptional ~and  maternal  obesity: epidemiology and  health
consequences. Lancet Diabetes Endocrinol. (2016) 4:1025-36. doi: 10.1016/
$2213-8587(16)30217-0

3. Ratnasiri AWG, Parry SS, Arief VN, DeLacy IH, Lakshminrusimha S, Halliday LA,
et al. Temporal trends, patterns, and predictors of preterm birth in California from 2007

Frontiers in Nutrition

10.3389/fnut.2023.1290690

consent for participation in this study was provided by the participants’
legal guardians/next of kin.

Author contributions

EL-C: Data curation, Writing - original draft, Writing - review &
editing. DO’C: Data curation, Funding acquisition, Resources,
Writing - review & editing. SU: Data curation, Funding acquisition,
Resources, Writing - review & editing, Conceptualization. KH: Data
curation, Investigation, Validation, Writing - review & editing. ES:
Formal analysis, Methodology, Software, Visualization, Writing -
original draft, Writing - review & editing. HN: Data curation,
Investigation, Writing - review & editing. RH: Conceptualization,
Data curation, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Supervision, Visualization,
Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. A secondary analysis
supported by internal funding from the Department of Paediatrics, The
Hospital for Sick Children, Toronto, Canada. The original study and milk
samples were funded by the CIHR, OptiMom NCT02137473.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1290690/
full#supplementary-material

to 2016, based on the obstetric estimate of gestational age. Mater Health, Neonatol
Perinatol. (2018) 4:25. doi: 10.1186/s40748-018-0094-0

4. Humberg A, Fortmann I, Siller B, Kopp MV, Herting E, Gopel W, et al. Preterm
birth and sustained inflammation: consequences for the neonate. Semin Immunopathol.
(2020) 42:451-68. doi: 10.1007/s00281-020-00803-2

5. Basu S, Haghiac M, Surace P, Challier ], Guerre-Millo M, Singh K, et al. Pregravid
obesity associates with increased maternal Endotoxemia and metabolic inflammation.
Obesity. (2011) 19:476-82. doi: 10.1038/0by.2010.215

frontiersin.org


https://doi.org/10.3389/fnut.2023.1290690
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
mailto:rebecca.hoban@seattlechildrens.org
mailto:rebecca.hoban@seattlechildrens.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1290690/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1290690/full#supplementary-material
https://doi.org/10.1016/S2213-8587(16)30217-0
https://doi.org/10.1016/S2213-8587(16)30217-0
https://doi.org/10.1186/s40748-018-0094-0
https://doi.org/10.1007/s00281-020-00803-2
https://doi.org/10.1038/oby.2010.215

Landau-Crangle et al.

6. Gaillard R, Rifas-Shiman SL, Perng W, Oken E, Gillman MW. Maternal
inflammation during pregnancy and childhood adiposity. Obesity. (2016) 24:1320-7.
doi: 10.1002/0by.21484

7. Catalano PM, Shankar K. Obesity and pregnancy: mechanisms of short term and long
term adverse consequences for mother and child. BMJ. (2017) 356:j1. doi: 10.1136/bmj.j1

8. Shin D, Hur ], Cho E, Chung H, Shivappa N, Wirth MD, et al. Pre-pregnancy body
mass index is associated with dietary inflammatory index and C-reactive protein
concentrations during pregnancy. Nutrients. (2017) 9:351. doi: 10.3390/nu9040351

9. Freitas NA, Santiago LTC, Kurokawa CS, Meira Junior JD, Corrente JE, Rugolo
LMSS. Effect of preeclampsia on human milk cytokine levels. ] Matern Fetal Neonatal
Med. (2019) 32:2209-13. doi: 10.1080/14767058.2018.1429395

10. Hoban R, Bowker RM, Gross ME, Patel AL. Maternal production of milk for
infants in the neonatal intensive care unit. Semin Perinatol. (2021) 45:151381. doi:
10.1016/j.semperi.2020.151381

11. Panagos PG, Vishwanathan R, Penfield-Cyr A, Matthan NR, Shivappa N, Wirth
MD, et al. Breastmilk from obese mothers has pro-inflammatory properties and decreased
neuroprotective factors. J Perinatol. (2016) 36:284-90. doi: 10.1038/jp.2015.199

12. Storck Lindholm E, Strandvik B, Altman D, Méller A, Palme KC. Different fatty
acid pattern in breast milk of obese compared to normal-weight mothers. Prostaglandins
Leukot Essent Fat Acids. (2012) 88:211-7. doi: 10.1016/j.plefa.2012.11.007

13. Ozarda Y, Cansev M, Ulus IH. Breast Milk choline contents are associated with
inflammatory status of breastfeeding women. J Hum Lact. (2014) 30:161-6. doi:
10.1177/0890334413508004

14. Maas C, Franz AR, Shunova A, Mathes M, Bleeker C, Poets CF, et al. Choline and
polyunsaturated fatty acids in preterm infants’ maternal milk. Eur J Nutr. (2017)
56:1733-42. doi: 10.1007/s00394-016-1220-2

15. Hoban R, Nir H, Somerset E, Lewis ], Unger S, O'Connor D. Inflammatory

markers in Mother's own Milk and infant stool of very low birthweight infants. | Hum
Lact. (2023) 39:656-65. doi: 10.1177/08903344231192441

16. O'Connor DL, Kiss A, Tomlinson C, Bando N, Bayliss A, Campbell DM, et al.
Nutrient enrichment of human milk with human and bovine milk-based fortifiers for
infants born weighing <1250 g: a randomized clinical trial. Am J Clin Nutr. (2018)
108:108-16. doi: 10.1093/ajcn/nqy067

17. City of Toronto. T.O. Health check: population demographics. (2019). Available at:
https://www.toronto.ca/wp-content/uploads/2019/11/99b4-TOHealthCheck_2019Chapter].
pdf (Accessed July 11, 2023).

Frontiers in Nutrition

09

10.3389/fnut.2023.1290690

18. Hopperton KE, Pitino MA, Chouinard-Watkins R, Shama S, Sammut N, Bando N,
et al. Determinants of fatty acid content and composition of human milk fed to infants
born weighing <1250 g. Am J Clin Nutr. (2021) 114:1523-34. doi: 10.1093/ajcn/nqab222

19. Boss J, Mukherjee B, Ferguson K, Aker A, Alshawabkeh A, Cordero J, et al.
Estimating outcome-exposure associations when exposure biomarker detection limits
vary across batches. Epidemiology. (2019) 30:746-55. doi: 10.1097/EDE.0000000000001052

20. Erbagc1 AB, Cekmen MB, Balat O, Balat A, Aksoy E, Tarak¢ioglu M. Persistency
of high proinflammatory cytokine levels from colostrum to mature milk in preeclampsia.
Clin Biochem. (2005) 38:712-6. doi: 10.1016/j.clinbiochem.2005.05.004

21. Whitaker KM, Marino RC, Haapala JL, Foster L, Smith KD, Teague AM, et al.
Associations of maternal weight status before, during, and after pregnancy with
inflammatory markers in breast Milk. Obesity. (2018) 26:1659-60. doi: 10.1002/0by.22278

22. Robinson DT, Palac HL, Baillif V, Goethem EV, Dubourdeau M, Horn LV, et al. Long
chain fatty acids and related pro-inflammatory, specialized pro-resolving lipid mediators and
their intermediates in preterm human milk during the first month of lactation. Prostaglandins
Leukot Essent Fat Acids. (2017) 121:1-6. doi: 10.1016/j.plefa.2017.05.003

23. Juber BA, Jackson KH, Johnson KB, Harris WS, Baack ML. Breast milk DHA levels
may increase after informing women: a community-based cohort study from South
Dakota USA. Int Breastfeed J. (2016) 12:7. doi: 10.1186/s13006-016-0099-0

24. Fougere H, Bilodeau J, Lavoie PM, Mohamed I, Rudkowska I, Pronovost E, et al.
Docosahexaenoic acid-rich algae oil supplementation on breast milk fatty acid profile
of mothers who delivered prematurely: a randomized clinical trial. Sci Rep. (2021)
11:21492. doi: 10.1038/541598-021-01017-8

25. Innis SM. Fatty acids and early human development. Early Hum Dev. (2007)
83:761-6. doi: 10.1016/j.earlhumdev.2007.09.004

26. Baack ML, Norris AW, Yao J, Colaizy T. Long-chain polyunsaturated fatty acid
levels in US donor human milk: meeting the needs of premature infants. J Perinatol.
(2012) 32:598-603. doi: 10.1038/jp.2011.152

27.Mun JG, Legette LL, Ikonte CJ, Mitmesser SH. Choline and DHA in maternal and
infant nutrition: synergistic implications in brain and eye health. Nutrients. (2019)
11:1125. doi: 10.3390/nul1051125

28. Fields DA, Demerath EW. Relationship of insulin, glucose, leptin, IL-6 and TNF-a
in human breast milk with infant growth and body composition. Pediatr Obes. (2012)
7:304-12. doi: 10.1111/j.2047-6310.2012.00059.x

frontiersin.org


https://doi.org/10.3389/fnut.2023.1290690
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/oby.21484
https://doi.org/10.1136/bmj.j1
https://doi.org/10.3390/nu9040351
https://doi.org/10.1080/14767058.2018.1429395
https://doi.org/10.1016/j.semperi.2020.151381
https://doi.org/10.1038/jp.2015.199
https://doi.org/10.1016/j.plefa.2012.11.007
https://doi.org/10.1177/0890334413508004
https://doi.org/10.1007/s00394-016-1220-2
https://doi.org/10.1177/08903344231192441
https://doi.org/10.1093/ajcn/nqy067
https://www.toronto.ca/wp-content/uploads/2019/11/99b4-TOHealthCheck_2019Chapter1.pdf.
https://www.toronto.ca/wp-content/uploads/2019/11/99b4-TOHealthCheck_2019Chapter1.pdf.
https://doi.org/10.1093/ajcn/nqab222
https://doi.org/10.1097/EDE.0000000000001052
https://doi.org/10.1016/j.clinbiochem.2005.05.004
https://doi.org/10.1002/oby.22278
https://doi.org/10.1016/j.plefa.2017.05.003
https://doi.org/10.1186/s13006-016-0099-0
https://doi.org/10.1038/s41598-021-01017-8
https://doi.org/10.1016/j.earlhumdev.2007.09.004
https://doi.org/10.1038/jp.2011.152
https://doi.org/10.3390/nu11051125
https://doi.org/10.1111/j.2047-6310.2012.00059.x

	Associations of maternal inflammatory states with human milk composition in mothers of preterm infants
	Introduction
	Materials and methods
	Study site and participants
	Assessment of milk inflammatory markers
	Statistical analysis

	Results
	Discussion
	Impact of inflammation on MOM
	C-reactive protein
	Fatty acid profiles
	Clinical significance
	Study limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

