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Maternal high-fat diet during lactation reduces
sialylated milk oligosaccharides and shapes
early-life microbiota in rat offspring†
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Human milk oligosaccharides (HMOs) promote the development of the infant gut microbiota, notably

through the growth of beneficial bacteria. However, the interaction between maternal diet, HMOs and the

offspring’s gut microbiota remains incompletely understood. We hypothesize that a high-fat (HF) diet

influences the composition of HMOs and shapes gut microbiota in offspring. In lactating rat mothers fed

with a HF or a low-fat (LF) diet, we measured at mid-lactation, the levels of milk sialylated oligosacchar-

ides (SL-MOs) and the expression of enzymes for synthesizing SL-MOs in the mammary gland. In rat pups

from LF or HF mothers, we analysed the caecal microbiota and measured levels of faecal short-chain

fatty acids (SCFAs). In addition, in humans, we quantified 24 HMOs in the colostrum of lean and obese

mothers. In rat mothers, HF feeding significantly reduced the breast milk 6’SL level but not the 3’SL one

and increased the gene-expression level of the St3Gal1 enzyme in the mammary gland. In HF rat pups,

the caecal microbiota was drastically modified with increases in α- and β-diversities as well as in the abun-

dance of Parabacteroides and Lachnospiraceae. Levels of faecal SCFAs including acetate, butyrate, isobu-

tyrate, valerate and isovalerate were also increased in HF pups. In humans, maternal obesity only slightly

increased DFLNHa concentration in the colostrum. In conclusion, our data suggest that a hyperlipidic diet

during lactation may reduce the level of sialylated oligosaccharides in breast milk and alter the abundance

of several groups of bacteria in the infant’s gut. We also demonstrated that, in humans, obesity did not

highly affect levels of HMOs in the colostrum reinforcing previous findings suggesting that being over-

weight does not influence drastically the HMO profile in breast milk.

1. Introduction

To establish advanced strategies for supporting infant health,
a deeper understanding of the mechanisms implicated in
early-life intestinal microbial colonization and development is
essential. Indeed, recent evidence has increasingly highlighted
that the development of the gut microbiota during infancy is a
pivotal process with profound implications for both short- and
long-term health.1–3 In infants, the early gut microbiota has
been shown to play numerous important roles, including
aiding in nutrient metabolism, producing short-chain fatty
acids (SCFAs), supporting the development of the gut barrier
and immune system, as well as protecting against
pathogens.2,3 Breastfeeding is widely recognized for its pivotal
role in shaping the early development of the infant gut micro-
biota, a process influenced by specific bioactive components
from human milk.4,5 Among these components, human milk
oligosaccharides (HMOs) have gained remarkable interest in
recent years due to their diverse biological functions, particu-

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5fo00559k
‡Co-first authors.
§Co-senior authors.

aUniversity of Lille, Inserm, CHU Lille, U1286-INFINITE-Institute for Translational

Research in Inflammation, F-59000 Lille, France. E-mail: jean.lesage@univ-lille.fr
bMetabolism and Nutrition Research Group, Louvain Drug Research Institute (LDRI),

UCLouvain, Université catholique de Louvain, Brussels, Belgium
cWalloon Excellence in BIOtechnology (WELBIO) Department, WEL Research Institute

(WELRI), Wavre, Belgium
dUniversity of Lille, ULR 2694 METRICS, F-59000 Lille, France
eCHU Lille, Department of Pediatrics, Lille University Hospital, F-59000 Lille, France
fInstitute of Experimental and Clinical Research (IREC), UCLouvain, Université

catholique de Louvain, 1200 Brussels, Belgium
gDivision of Gastroenterology Hepatology and Nutrition, Department of Paediatrics,

Jeanne de Flandre Children’s Hospital, CHU Lille, F-59000 Lille, France
hUniversity of Lille, Inserm, CHU Lille, Institut Pasteur de Lille, U1011-EGID,

F-59000 Lille, France

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 5123–5132 | 5123

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 6
:5

3:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0003-2789-756X
http://orcid.org/0000-0003-2040-2448
http://orcid.org/0000-0001-8925-8144
http://orcid.org/0000-0002-6329-1613
https://doi.org/10.1039/d5fo00559k
https://doi.org/10.1039/d5fo00559k
https://doi.org/10.1039/d5fo00559k
http://crossmark.crossref.org/dialog/?doi=10.1039/d5fo00559k&domain=pdf&date_stamp=2025-06-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00559k
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO016012


larly their ability to promote the growth of beneficial bacteria
such as Bifidobacterium species in the infant gut.6,7

HMOs consist of a combination of five monosaccharides
including glucose, galactose, N-acetylglucosamine, fucose, and
sialic acid.6,7 These monosaccharides are combined in various
ways to form different core HMOs that can be further modified
by sialic acid and fucose to generate sialylated and/or fucosy-
lated HMOs.6,7 HMOs are divided into several groups, i.e.,
fucosylated (neutral) and non-fucosylated (neutral) oligosac-
charides and sialylated (acidic) molecules.8 Some minor
HMOs also contain both fucose and sialic acid molecules,
forming an additional subgroup.9 The highest concentration
of HMOs is found in colostrum, up to 20 g L−1. Thereafter, as
the composition of breast milk changes during lactation, the
concentration of HMOs decreases to 7–15 g L−1 in mature
breast milk.6,7 Human milk has a complex composition of
HMOs with around 150 different molecules identified so far.
However, fewer than 50 of these HMOs are present in signifi-
cant amounts and proposed as exerting significant biological
roles.8

In breastfed infants, the majority of HMOs (close to 99%)
reach the large intestine due to their resistance to acidic pH
and their inability to be hydrolyzed by pancreatic and intesti-
nal enzymes.7 In the colon, these molecules serve as substrates
for bacterial metabolism by specific gut microbiota members,
notably from the genus Bifidobacterium.6 However, some
Bacteroides and Akkermansia species are also utilizers of
HMOs.7,10 Among the early gut colonizers that specifically
ferment HMOs, several species of Bifidobacterium, such as
B. bifidum, B. breve, and B. longum subsp. infantis used HMOs
as their sole carbon source.11 For the genus Bacteroides,
B. fragilis, B. vulgatus, B. caccae, and B. thetaiotaomicron are
also important utilizers of HMOs.12 Furthermore, other bac-
terial species, such as Lactobacillus species, also benefit from
HMOs for their development.13 HMOs also act directly on
intestinal and immune cells and exert antiadhesive and anti-
microbial effects, as well as beneficial immunomodulatory
roles.7,14

The composition and content of HMOs in human milk can
vary significantly due to various factors, such as maternal gen-
etics and health, the stage of lactation, but also environmental
factors, such as diet, season and geographical location.7,15,16

However, there is a limited number of experimental and clini-
cal studies available, particularly those focusing on the effect
of maternal diet on HMOs. A deeper understanding of the
functional interactions between specific nutrients of maternal
diet and HMOs is crucial for developing future dietary inter-
ventions in lactating women to promote infant health. To
address this, we established a rat model of maternal high-fat
(HF) diet administered exclusively during lactation. We
measured levels of sialylated milk oligosaccharides (SL-MOs),
which are the main oligosaccharides in rat milk,7 and analyzed
the gene expression of several enzymes for synthesizing sialy-
lated oligosaccharides in the mammary glands of lactating
rats. Additionally, to investigate the putative impact of changes
in SL-MOs on pup gut microbiota, we investigated the caecal

microbiota composition in rat pups at mid-lactation as well as
levels of faecal short-chain fatty acids (SCFAs). Finally, to
assess the translational application of our results using a clini-
cal cohort, we measured the level of 24 HMOs in the colostrum
of mothers with or without obesity.

2. Materials and methods
2.1. Animal model and samples

Lactating female Wistar rats (Charles River Laboratories,
L’Arbresle, France) suckled 8 pups each (4 males and 4
females), and received either a HF diet (n = 7 litters; 60% kcal
from fat, D12492, research diet, New Brunswick, USA) or a
control low-fat (LF) diet (n = 7 litters; 10% kcal from fat,
D12450J, Research Diet) exclusively during the lactation period
(from postnatal day 1 (P1) to P12) as previously described.17

The entire composition of HF/LF diets is reported in ESI
Table S1.† Maternal and pup body weights were measured
from P1 to P12 of lactation. Breast milk (BM) was collected
from anesthetized P12 mothers after oxytocin administration
as previously described.17 Briefly, mothers were anesthetized
at P12 on isoflurane and mammary glands (MG) were exter-
nally gently massaged for BM collection after oxytocin admin-
istration intraperitoneally (2U, Sigma-Aldrich, St. Louis, USA).
For MG collection, mothers were euthanized after BM collec-
tion by intracardiac blood puncture performed on anesthetized
animals. MGs were collected post-mortem, flash frozen in
liquid nitrogen and stored appropriately at −80 °C for RNA
analysis as previously described.17

At P12, only male pups of both LF and HF groups (n =
22–28 per group) were euthanized for sample collection as pre-
viously described17 in line with a previous study of our group
focusing on the programming of obesity only in male pups
using this model. Caecal and faecal contents were collected
and immediately flash-frozen and stored at −80 °C. Animal
protocols were conducted in accordance with the principles of
laboratory animal care (European Communities Council
Directive of 1986, 86/609/EEC) and approval was received from
the “Région Hauts-de-France” ethical committee for animal
experimentation (Comité d’éthique en expérimentation
animale du Nord - Pas de Calais; no. CEEA-075).

2.2. Human cohort and samples

To investigate, in humans, whether a high amount of adipose
tissue in lactating mothers can affect breast milk HMOs, a
cohort of breastfeeding mothers composed of mothers with or
without obesity (BMI > 30 or BMI between 18 and 25, respect-
ively) (n = 15 per group) was used (ESI Table S2†) at the Jeanne
de Flandre Maternity Hospital (Lille, France). Inclusion criteria
were women between 18 and 42 years of age, with social insur-
ance, presenting a single pregnancy with a term between 35
and 40 SA and consenting after informed consent. Exclusion
criteria were: pre-pregnancy diabetes, gestational diabetes,
hypertension, pre-eclampsia, IUGR <10th percentile, no medi-
cation and long-term medication, drug use, renal insufficiency,
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hepatic or cardiac insufficiency, a history of bariatric surgery,
foetal anoxia with an umbilical cord pH below 7.0, a prenatally
diagnosed genetic or chromosomal abnormality of the mother
and/or newborn, or a prenatally diagnosed foetal malfor-
mation. In this small clinical cohort only colostrum samples
were collected 2–3 days after delivery in the morning (≈11 am)
without any fasting. In this cohort, mature breast milk was not
available making comparison to ‘mature’ P12 rat milk not
possible. All samples were frozen at −80 °C until further ana-
lysis. Patient’s informed consent was obtained at the begin-
ning of the study. Clinical protocols were approved by the
“Nord Ouest IV” committee for the protection of persons and
received the approval number 2015 A01696 43.

2.3. Quantification of oligosaccharides in rat and human
milk

We quantified the level of two SL-MOs in P12 rat milk (3′-sialyl-
lactose (3′SL) and 6′-sialyllactose (6′SL)) and the level of 24
HMOs in human milk from our clinical cohort using a pre-
viously described and validated method.18 All milk samples
were shipped on dry ice to Neotron S.p.A. (Italy) for oligosac-
charides quantification by liquid chromatography with fluo-
rescence detection after labelling with 2-aminobenzamide
(2AB) as described by Austin & Benet (2018).18 An Ultimate
3000-RS ultra-high performance liquid chromatography
(UHPLC) system equipped with an RF-2000 fluorimeter (FLD)
and a 2-way 10-port high pressure switching valve (all from
Thermo Fisher Scientific, Waltham, USA) was used. The
columns were an Acquity BEH Glycan (1.7 μm, 2.1 × 150 mm)
and VanGuard BEH amide (1.7 μm, 2.1 × 50 mm) both from
Waters Corporation (Milford, USA). The guard column was
installed between the injector and the 10-port valve. Eluent A
was acetonitrile and eluent B was ammonium formate
(50 mmol L−1). After injection, the sample was directed to the
guard column with flow diverted to the waste using an eluent
composition of 5% B for 2.5 min at a flow rate of 0.5 mL
min−1. Then the flow was directed through the analytical
column for elution of oligosaccharides with the following gra-
dient: 2.4 min with 10% B (isocratic), then ramp % B from
10% to 18% in 27.2 min then 18.0–19.5% in 16.0 min, 19.5%–

22.0% in 13.4 min and 22.0%–25.4% in 27.5 min. The flow
rate was 0.5 mL min−1 and the analytical column was kept at
55 °C. Detection was performed using an excitation wavelength
of 330 nm and emission wavelength of 420 nm. Ten HMOs
were quantified using genuine standards of HMOs with known
purity assessed using quantitative nuclear magnetic resonance
spectroscopy (Elicityl, France), namely 2′-fucosyllactose (2′FL),
3-fucosyllactose (3FL), lacto-N-tetraose (LNT), lacto-N-neote-
traose (LNnT), 3′-sialyllactose (3′SL), 6′-sialyllactose (6′SL),
lacto-N-fucopentaose-I (LNFP-I), lacto-N-fucopentaose-V
(LNFP-V), and lacto-N-neofucopentaose (LNnFP). The remain-
ing HMOs were quantified against maltotriose of known purity
(Sigma-Aldrich, Germany), assuming equimolar response
factors. The full names and abbreviations of all quantified rat
SL-MOs and HMOs are indicated in the legend of Fig. 2 and 5.

2.4. Real-time quantitative polymerase chain reaction (RT-
qPCR)

Total ribonucleic acid (RNA) was extracted from P12 rat
mammary glands (n = 7 per group) using RNeasy Mini Kits
(Qiagen, Hilden, Germany). Reverse transcription was per-
formed using an iScript kit (Bio-Rad Laboratories, Hercules,
USA). Using specific primers (ESI Table S3†), mRNA levels of
three sialyltransferases implicated in the synthesis of milk 3′
SL and 6′SL were quantified with SYBR Green (Thermo Fisher
Scientific, Illkrich-Graffenstaden, France) in a StepOne system
(Thermo Fisher Scientific). The expression of transcripts was
analyzed by the 2−ΔCt method using the mean of cyclophilin B
as reference genes as previously described.17

2.5. Caecal microbiota analysis in P12 rat pups

DNA was extracted from male rat pups caecal samples (n = 12
per group) using a QIAamp DNA Stool Mini Kit (Qiagen)
according to the manufacturer’s instructions with modifi-
cations,19 followed by the amplification of the 16SrRNA gene
V1–V3 regions using the primers 27Fmod (5′-
AGRGTTTGATCMTGGCTCAG-3′) and 519Rmodbio (5′-
GTNTTACNGCGGCKGCTG-3′). Amplicon sequencing was per-
formed using an Illumina MiSeq platform at MRDNA
(Shallowater, TX, USA). QIIME2 (q2cli 2021.4.0)20 was used for
sample processing, starting with Cutadapt21 for primer
removal, using the following parameters: overlap = 5, error rate
= 0.1, discard untrimmed reads. DADA222 was used for denois-
ing of pre-merged reads using the default parameters in
QIIME2 with the following modifications: maximum expected
errors = 2, truncation length = 453 nt. A classifier for the V1–V3
region was built using the SILVA 138.1 SSURef NR99 database,23

using RESCRIPt24 for dereplication and trimming accordingly.
Taxonomy assignment and mapping to the rat genome with
BLAST in QIIME2 were used to detect off-target ASVs, resulting
in the removal of 14 ASVs. The dataset consisted of 354 ASVs in
24 samples, with between 45 582 and 67 263 sequence reads per
sample, averaging at 56 452. The R package collection “tidy-
verse” was used for graphics visualisation.25 The sequencing
data were submitted to the European Nucleotide Archive (ENA/
EBI) and are available under the study accession number
PRJEB83305. Quantification of total bacteria was carried out by
qPCR with universal bacterial primers (338F:
ACTCCTACGGGAGGCAGCAG, 518R: ATTACCGCGGCTGCTGG),
with the StepOnePlus real-time PCR system and software
(Applied Biosystems, Den Ijssel, The Netherlands) using GoTaq
qPCR SYBR green mix (Promega, Madison, Wisconsin, USA),
according to the manufacturer’s instructions. All samples were
run in duplicate in a single 96-well reaction plate. The cycle
threshold of each sample was compared with a standard curve
made by serially diluting genomic DNA isolated from a pure
culture of the type strain of Lactobacillus acidophilus (DSM
20079 01-21) (BCCM/LMG, Ghent, Belgium; DSMZ,
Braunshweig, Germany). The absolute abundances of individual
bacterial genera were estimated by multiplying their relative
abundance by total bacterial density as described previously.26
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2.6. Levels of faecal SCFAs in P12 rat pups

The faecal content of male LF and HF pups at P12 (n = 10–12
per group) was homogenized in 1.5 mL of 0.005 M NaOH solu-
tion, including internal standards (acetate-D3, propionate-D2,
butyrate-13C2 and valerate-D9) using Precellys equipment.
Total DNA was extracted following several steps and SCFAs
were measured by chromatography-mass spectrometry (GC/
MS) analysis as previously described.27 The GC/MS analysis
comprised a phase of liquid injection at 260 °C in the split
mode and a separation phase on a 50 m × 0.25 mm, 0.25 μm,
DB-5 ms capillary column. Quantification was performed with
a single quadrupole using electron impact ionization.

2.7. Statistical analysis

Statistical analysis (indicated in the figure legends) was per-
formed with GraphPad Prism 9.0 software. Grubb’s test was used
to detect any outliers. Normality of variables was evaluated by a
D’Agostino–Pearson test. If needed, a log 10 transformation of
data was performed to reach normality. Statistical differences
were tested by a Mann–Whitney or Student’s t-test according to
sample normality assessment results. The gut microbial data
were processed with QIIME2. According to the rarefaction curves,
the minimum numbers of sequences per sample represented a
sufficient sampling depth. Principal coordinate analyses (PCoA)

were performed on weighted and unweighted UniFrac distances
(wUniFrac, unwUniFrac28). Differences between group α-diversity
metrics were assessed with the Kruskal–Wallis test. PERMANOVA
and PERMDISP, both at 9999 permutations, were used for statisti-
cal evaluations of beta-diversity. Differentially abundant ASVs and
genera were detected using ANCOM-BC.29 To obtain a Spearman
correlation matrix between the concentrations of milk 3′SL and 6′
SL and abundances of ASVs or taxa in the pup gut microbiota,
the relative frequencies of ASVs and taxa were transformed to the
absolute scale using the 16S rRNA gene-based quantitative PCR
measurements of the total bacterial load. These data were com-
bined for the creation of an ASV- or taxon-level correlation matrix
using the R package Hmisc and the rcorr function. A Benjamini–
Hochberg correction was used to correct the resulting p-values,
whereby the corrected value of 0.05 was considered as the signifi-
cance threshold.

3. Results
3.1. Maternal HF diet increases the body weight of P12 rat
pups and reduces the breast milk levels of 6′SL

At P12, the body weight (BW) of HF and LF mothers was similar
(Fig. 1A). However, male HF pups displayed 7% higher BW than
LF pups (Fig. 1B). The concentrations of the two major rat
SL-MOs (3′SL and 6′SL) were analysed at P12. Maternal HF diet
did not significantly affect 3′SL levels but there was a trend
towards a slight reduction of this compound (p = 0.202, Fig. 2A
and ESI Table S4†). However, in milk of HF mothers, 6′SL concen-
trations were reduced by 15% (p = 0.007, Fig. 2A and ESI
Table S4†). The gene-expression levels of three enzymes involved
in 3′SL and 6′SL syntheses pathways were measured in the MGs
of mothers at P12. MG St3Gal1 mRNA expression was signifi-
cantly increased in HF mothers (p = 0.039, Fig. 2B) whereas
St3Gal4 and St6Gal1 mRNA expressions were similar between LF
and HF mothers (p = 0.872, p = 0.221 respectively).

3.2. Maternal HF diet alters the caecal microbiota of P12
pups and increases their content of faecal SCFAs

The gut microbiota of P12 rat pups exhibited limited diversity
and was mainly composed of Proteobacteria (mainly

Fig. 1 Effects of HF diet during lactation on maternal body weight (A)
and body weight of rat pups (B) at postnatal day 12 (P12) (n = 7 per
group (A) and n = 22–28 per group (B)). Mean ± SEM. ***p < 0.001 HF
vs. LF group by the Mann–Whitney test.

Fig. 2 Breast milk levels of 3’SL and 6’SL in P12 lactating rat mothers (A) and gene-expression levels of the three enzymes St3Gal1, St3Gal4 and
St6Gal1, which are involved in their syntheses in the mammary glands of LF and HF mothers at P12 (B) (n = 7 per group). Mean ± SEM. *p < 0.05, **p
< 0.01 HF vs. LF group by the Mann–Whitney test; 3’/6’SL is 3’/6’-sialyllactose.

Paper Food & Function

5126 | Food Funct., 2025, 16, 5123–5132 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 6
:5

3:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo00559k


Escherichia–Shigella) and Firmicutes (mainly Ligilactobacillus).
Bacteroidota were largely represented only in the caecal
content of HF pups (Fig. 3A). The enhanced presence of
Bacteroidota was reflected in significantly higher α-diversity
metrics linked to richness and phylogenetic diversity in HF
pups (Fig. 3B–E). The difference in gut microbiota composition
was also significant between the two groups in terms of
β-diversity, regardless of whether or not ASV relative frequen-
cies were taken into account (PERMANOVA, p = 0.0001 for
wUniFrac and unwUniFrac; Fig. 3F and G). The dispersion
within the HF group was significantly higher than in the LF
group when relative frequencies were taken into account

(PERMDISP, wUniFrac, p = 0.0014). Differential abundance
analysis with ANCOM-BC revealed 23 significant genera:
Parabacteroides, unknown Lachnospiraceae, Negativibacillus,
UBA1819, unknown Ruminococcaceae, Faecalitalea,
Butyricicoccus, Romboutsia, Colidextribacter, [Eubacterium]
nodatum group, Hungatella, unknown Clostridia, and
Frisingicoccus were more abundant in HF pups, whereas
Enterococcus, Terrisporobacter, Marvinbryantia, Clostridium
sensu stricto 1, Escherichia–Shigella, Anaerotruncus,
Lachnoclostridium, Lactobacillus, unknown Lactobacillaceae,
and the [Eubacterium] coprostanoligenes group were less abun-
dant in this group (Fig. 3A). Moreover, several ASVs and taxa

Fig. 3 Analysis of the caecal microbiota of P12 rat pups fed by LF or HF mothers. (A) A genus-level taxonomy bar-plot for each sample in the LF and
HF groups. ASVs assigned only to a taxonomic rank higher than genus were grouped and depicted at that rank. Taxa more or less abundant in the
HF group compared to the LF group according to ANCOM-BC are framed red or blue in the legend, respectively. “Minorities” – taxa represented at
<1.0% relative frequency in all samples. (B–E) Alpha-diversity metrics (Shannon index, Pielou’s evenness, observed ASVs, Faith’s phylogenetic diver-
sity) with the Kruskal–Wallis p-values. (F and G) Principal coordinate analysis plots based on unweighted (F) and weighted (G) UniFrac distances, with
PERMANOVA and PERMDISP p-values (n = 12 per group).
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within the pup gut microbiota significantly correlated with the
concentrations of 3′SL and 6′SL in maternal breast milk (ESI
Fig. S1A and B†). In particular, twelve significant correlations
between ASVs and SL-MOs were identified (ESI Table S4†). Two
ASVs belonging to Clostridium sensu stricto 13 and
Escherichia–Shigella correlated positively with 3′SL, while two
ASVs belonging to unknown or uncultured Ruminococcaceae
correlated negatively with both 3′SL and 6′SL levels. Three
ASVs belonging to Enterococcus and two ASVs belonging to
Blautia and Clostridium sensu stricto 1 correlated positively
with 6′SL; an additional ASV belonging to Parabacteroides cor-
related negatively with 6′SL. Four significant taxon-level corre-
lations with the two SL-MOs were found: unknown
Ruminococcaceae correlated negatively with both 3′SL and 6′
SL, whereas Enterococcus and Anaerotruncus correlated posi-
tively with 6′SL. Additionally, amounts of five major SCFAs
including acetate, butyrate, isobutyrate, valerate and isovale-
rate were increased in the faeces of P12 HF pups (Fig. 4A–C, E
and F). Although, faecal propionate was not significantly
affected, a tendency for a similar increase in HF pups was
observed (Fig. 4D).

3.3. Levels of HMOs in colostrum are not affected by
maternal obesity

We measured the levels of the 24 HMOs in our clinical cohort.
Using data reported in Fig. 5 and ESI Table S5,† we were able
to determine the secretor status of lactating mothers. Indeed,
as high levels of both 2′FL and LNFP-I were found in all
samples, in accordance with Tonon et al.,30 the presence of
these specific HMOs at high levels is sufficient to characterize
the maternal phenotype as secretor. Regarding the influence

of maternal obesity, we did not observe major impacts of this
pathology on the amount of these HMOs in colostrum. Only
DFLNHa, which is present at a very low level in human milk of
secretor mothers, was significantly increased by maternal
obesity (Fig. 5A and ESI Table S5†). Similarly, a tendency of an
increased level of DSLNT (P = 0.058) was observed in mothers
with obesity (Fig. 5A and ESI Table S5†). The calculation of
total levels of fucosylated, acidic and neutral non-fucosylated
HMOs in milk samples did not show any significant modu-
lation by obesity (Fig. 5B and ESI Table S5†).

4. Discussion

The present study on a rat model of postnatal nutritional inter-
vention demonstrated that HF feeding exclusively during lacta-
tion is sufficient to reduce levels of sialylated breast milk oligo-
saccharides and to shape the microbiota of rat offspring
during the mid-lactation period. However, as only male
offspring were investigated, this constitutes a major limitation
of the present study. We further showed that maternal HF
feeding during this brief period increased the body weight of
rat offspring. A previous study using this experimental model
revealed that the maternal HF diet drastically altered the fatty
acid (FA) composition of breast milk resulting in a reduced
proportion of medium-chain FAs, an increased proportion of
long-chain FAs, elevated mono- and poly-unsaturated FAs and
increased the n-6/n-3 ratio.17 In addition, this model was
shown to program depot-specific adiposity in offspring, partly
by modifying visceral white adipose tissue cellularity and the
epigenetic landscape.17 This programming of adipose tissue

Fig. 4 Levels of faecal SCFAs in P12 rat pups from LF and HF mothers. (A) Acetate, (B) butyrate, (C) isobutyrate, (D) propionate, (E) valerate and (F)
isovalerate concentrations in faecal samples (n = 22–28 per group). Mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 HF vs. LF group by the Mann–
Whitney test or Student’s t-test.
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development by maternal HF diet and the changes in breast
milk lipids may explain the increased body weight observed in
P12 rat pups in the present study. These hypotheses are in
accordance with other previous studies that have demon-
strated, for example, that the n-6/n-3 PUFA ratio in human
milk is positively associated with early infant WAT depo-
sition.31 Additionally, they are consistent with the presumed
obesogenic role of n-6 poly-unsaturated FAs during the perina-
tal period as suggested by others authors.32

That said, FAs are not the only milk components that could
mediate the increase in body weight in the offspring. Indeed,
breast milk oligosaccharides could also be involved in such
effects knowing their effects on gut microbiota composition
and the important roles of gut microbes in the regulation of
host metabolism and body weight regulation in pups.1–3,19

Further studies are needed to assess whether specific microbes
(e.g. Akkermansia muciniphila) are also implicated in the
increased body weight of HF pups. The second key finding of
this study is that a HF diet in lactating rat dams from postnatal
day 1 (P1) to P12 is sufficient to reduce significantly the breast
milk 6′SL concentration by 15%. In addition, the levels of 3′SL
(the major SL-MOs measured in rat milk in this study) were
slightly reduced in HF mothers, but this change was not stat-

istically significant. Very few studies have investigated levels of
milk oligosaccharides in rodents. Four studies have shown
that 6′SL and at a lower level 3′SL are the two dominant oligo-
saccharides in mouse milk while very low levels or trace
amounts of up to 19 other oligosaccharides have been detected
in some other studies using mass spectrometry.33–36 Our find-
ings in rat milk are aligned with results from Li et al.,33

showing that in contrast to mouse milk, 3′SL is the dominant
milk oligosaccharide (concentration close to 7800 mg kg−1)
and 6′SL is the second major milk oligosaccharide, which is
far less abundant (concentration close to 36 mg kg−1). While
we observed a reduction in milk 6′SL level in HF dams, we did
not find any significant modulation of the gene-expression level
of the sialyltransferase (St6Gal1) implicated in the synthesis
pathway of 6′SL. Surprisingly, we observed an increased
expression of the St3Gal1 enzyme in HF mothers without modu-
lation of the St3Gal4 enzyme. This suggests that HF feeding may
affect the metabolic pathway and/or the enzymatic activities
implicated in the synthesis of milk containing sialylated oligosac-
charides, as well as potentially other factors of the milk glyco-
biome knowing that sialyltransferases are also implicated in the
synthesis of others milk glycoconjugate compounds.37 Consistent
with our findings, Liu et al.36 observed that exposure to HF

Fig. 5 Individual and total concentrations of HMOs in the colostrum of a clinical cohort including normal-weight mothers (N) and mothers with
obesity (O). Individual (A), total HMOs and types of HMOs (B) were quantified in colostrum samples. Total HMOs were calculated as the sum of all
HMOs. The total fucosylated, acidic and neutral non-fucosylated HMOs were calculated by the sum of the HMOs belonging to a group and rep-
resented by g kg−1. A-TETRA, A-tetrasaccharide; DFLNHa, difucosylated lacto-N-hexaose a; DSLNT, disialyllacto-N-tetraose; 2’/3’FL, 2’/3’-fucosyllac-
tose; 3’/6’GL, 3’/6’-galactosyloligosaccharide; LDFT, lactodifucotetraose (difucosyllactose); LNDFH, lacto-N-difucohexaose; LNFP-I/II/III/V, lacto-N-
fucopentaose I/II/III/V; LNH a/b, lacto-N-hexaose a/b; LNnDFH, lacto-N-neodifucohexaose; LNnDFH, lacto-N-neodifucohexaose; LNnFP-V, lacto-
N-neofucopentaose-V; LNnT, lacto-N-neotetraose; LNT, lacto-N-tetraose; LST b/c, sialyllacto-N-tetraose b/c; MFLNH-III, monofucosyllacto-N-
hexose-III; 3’/6’SL, 3’/6’-sialyllactose; NF, neutral fucosylated; NnF, neutral non-fucosylated; S, sialylated (acidic). Mean ± SEM (n = 15 per group). *p
< 0.05 O vs. N group by the Mann–Whitney test or Student’s t-test.
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during eleven weeks including the gestational and lactation
periods altered especially sialylated milk oligosaccharides in
mice. Similarly, another study in humans found that a HF diet
was similarly linked to a decrease in sialylated HMOs.38 Thus,
these findings altogether support the concept that sialylated
oligosaccharides in breast milk, especially 3′SL and 6′SL, may be
reduced by a maternal hyperlipidic diet especially if this regimen
takes place during the critical lactation period.

The third significant finding of this study is that maternal
HF feeding exclusively during lactation alters the gut micro-
biota of P12 rat pups and increases the production of gut
SCFAs. Despite the well-established beneficial roles of SCFAs
(e.g., epithelial gut barrier function, anti-inflammatory effects,
colonic homeostasis, appetite regulation),1–3 we found
increased levels of SCFAs in the offspring of HF-fed dams. One
potential explanation is that maternal HF diet exposure may
have altered the gut microbiota of the offspring in a way that
favours expansion of SCFA-producing taxa that could represent
a compensatory microbial adaptation to an altered intestinal
environment or nutrient landscape. Alternatively, the
increased SCFAs might not necessarily confer beneficial effects
in this context. The response of the host to SCFAs may be
altered due to developmental programming by the maternal
diet, potentially leading to impaired signalling or utilization of
SCFAs, thereby suggesting lower absorption and/or utilization
of SCFAs by the intestinal epithelial cells, eventually leading to
higher concentrations of SCFAs in the faeces. These findings
highlight the complex interplay between maternal diet,
microbial composition, and host-microbiome interactions in
early life. Future studies are needed to assess whether the
observed increase in SCFAs exerts protective, detrimental, or
neutral effects on offspring health outcomes. Concerning the
gut microbiota of rat pups, our results demonstrate that a
maternal HF diet largely influences the composition and
activity (i.e., production of SCFAs) of the offspring gut micro-
biota with an increase in α-diversity and β-diversities as well as
a differential abundance of several groups of bacteria, com-
pared to the microbiota of LF diet offspring. Among the most
affected bacterial genera, a high relative abundance of
Parabacteroides only in HF offspring was found, which could
be consistent with the increase in the production of SCFAs, in
particular acetate, isovalerate, and propionate.39 These data
confirmed recent findings showing that a maternal HF diet
during lactation increases the α-diversity in the caecal gut
microbiota of rat pups.40 Interestingly, it was also demon-
strated in rats that it is the postnatal maternal diet rather than
prenatal diet that predominantly shaped the offspring’s gut
microbiota.40 In addition, these authors also identified
Parabacteroides as a characteristic feature of offspring gut
microbiota from HF mothers.40 In our study, the increased
abundance of one of the two main ASVs of Parabacteroides
coincided with a lower concentration of 6′SL in rat milk.
Besides Parabacteroides, other bacteria were also affected in
our study, including those of Lachnospiraceae that were
observed to increase in the gut microbiota of HF pups.
Members of this diverse family of bacteria could also contrib-

ute to the increased pool of SCFAs, as many of them are buty-
rate producers.41 Interestingly, in a human cohort of breastfed
infants, it was shown that both Parabacteroides and
Lachnospiraceae were strongly and negatively correlated with
faecal concentration of HMOs, reinforcing the well-described
link that exists between breast milk oligosaccharides and gut
microbiota composition in offspring.42

Finally, as previous findings in rats suggested that altered lipid
status may reduce the contents of oligosaccharides in milk, we
analysed the levels of 24 HMOs in the colostrum of mothers with
or without obesity. Mature milk was not available in our clinical
cohort as well as antibiotic treatment history in the last
3–6 months, which is a limitation of the present study to
compare human results with previous findings in rats. Using this
cohort, we did not find major modulations of concentrations of
HMOs in the colostrum of mothers with a secretor phenotype
and affected by obesity. However, we noted that the level of
DFLNHa, which is a minor HMO in secretor-type mothers, was
increased by maternal obesity. Our data are in accordance with
those of others in clinical studies that have demonstrated that
obesity did not affect drastically the levels of HMOs in transi-
tional and mature breast milk.43–46

The findings from the present study may shed light on the
consequences of a hyperlipidic diet during lactation on the
contents of oligosaccharides in breast milk and on the gut
microbiota in offspring. Based on the experimental results, it
is concluded that high-fat feeding during lactation reduces the
level of sialylated oligosaccharides in breast milk and modu-
lates the early-life gut microbiota in offspring. These data
underline the importance of further research on the effects of
early postnatal maternal diet on breast milk composition and
the health of offspring.
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