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Human milk metabolites modulate gut barrier and
immunity-related genes in an in vitro multicellular
model of intestinal epithelium†
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Human milk (HM) is a complex food that meets nutritional newborn needs. The role of its bioactive com-

ponents, particularly metabolites, in neonatal development remains poorly understood. This study

focused on evaluating the effects of HM short chain fatty acids (SCFA), polyamines, tryptophan derivatives,

gamma-aminobutyric acid (GABA), serotonin and lactate on several neonatal gut functions. The effects of

these metabolites, at HM concentration, were analyzed individually or in mixture (MTB mix), on an in vitro

multicellular model of intestinal epithelium, including Caco-2 (enterocytes), HT29-MTX (goblet cells),

NCI-H716 (enteroendocrine cells) and M cells. Transcriptomic semi-screening revealed the impact of

these metabolites, especially combined as a mixture, on various intestinal functions. MTB mix upregulated

CLDN3 and CLDN4 while downregulating CLDN1 and this was associated with a higher transepithelial re-

sistance, highlighting its potential role in strengthening the intestinal epithelial barrier (IEB). MTB mix also

reduced the expression of genes involved in mucus formation (MUC1, TFF3). Besides, MTB mix decreased

immune-related gene expression (CXCL8, MYD88, GPX2), suggesting an immunomodulatory effect.

Lastly, MTB mix decreased nutrient transporter and enzyme gene expression (SLC2A1, SLC15A1, LCT ),

suggesting that the mixture modulates digestive function. SCFA, especially butyrate, drove most of these

effects, with a contribution from polyamines also, especially on IEB. Individually, GABA had a significant

impact on all the examined functions, although these effects were absent with the MTB mix. Overall, this

study highlights the ability of HM metabolites to modulate IEB and some genes related to the immune,

digestive and endocrine functions in vitro, with some cumulative or attenuated effects when taken

altogether vs. individually, emphasizing the importance of studying them as a mixture.

Introduction

Human milk (HM) is a nutritive fluid that meets all the nutri-
tional needs of newborns in the early postnatal period.1 HM
is associated with numerous health benefits, including a
reduced risk of neonatal infections,2 as well as growing evi-
dence linking HM to a reduction in metabolic3 and immune
diseases.4 These benefits are related to the dynamic and
complex composition of HM. Indeed, HM is a complex food
favouring the optimal development of the newborn, notably its
immune and intestinal development, as well as the establish-

ment of an optimal intestinal microbiota.5 In addition to its
nutritional components, HM contains several bioactive com-
pounds that contribute to its health and developmental
benefits.1,6 These include bioactive proteins such as growth
factors, hormones, cytokines, immunoglobulins and lacto-
ferrin, a complex microbial fraction and numerous
metabolites.1,6 In particular, HM contains metabolites which
are also present in the gut, due to the activity of the intestinal
microbiota. These include short chain fatty acids (SCFA),
lactate, polyamines (PA), tryptophan derivatives (TRPd) such as
kynurenine, indole and indole-3-lactic acid (ILA), as well as
gamma-aminobutyric acid (GABA) and serotonin,7–11 which
are known to play a key role in gastrointestinal physiology.

In the colon, SCFA, which include butyrate, acetate and pro-
pionate, are mainly derived from the microbial fermentation of
non-digestible dietary fibers and absorbed by colonocytes to be
used as energy sources.12 Their ability to bind to various recep-
tors such as free fatty acid receptor 2 and 3 (FFAR 2 and 3), as
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well as their action on histone deacetylase and other transcrip-
tion factors, such as aryl hydrocarbon receptor (AHR), means
that they exert numerous physiological actions in the intestine
and they are also major players in the microbiota–gut–brain
axis.13,14 They are involved in lipid and carbohydrate metab-
olisms and help to maintain the intestinal epithelial barrier
(IEB) by inducing mucus production and by enhancing the
expression of tight junction proteins (TJP).15,16 SCFA also mod-
erate inflammation and promote immune tolerance.17–19

Lactate, an organic acid, which is a product of glycolysis, can be
used as an energy source, particularly by the intestinal micro-
biota, and enables the synthesis of SCFA.20 PA, including sper-
mine, spermidine and putrescine, promote the growth of the
gastrointestinal tract21 and enhance IEB by increasing
expression of TJP.22,23 They are also involved in the development
of the immune system and have antioxidant properties.22–24

TRPd, such as kynurenine and the various metabolites pro-
duced by the kynurenine pathway, which is the main trypto-
phan catabolic pathway (≈90%), have a complex relationship
with the immune system and gut microbiota.25 Other TRPd,
indole and its derivatives such as ILA, produced by intestinal
micro-organisms, enhance IEB by increasing TJP expression
in vitro and in vivo and are able to modulate the host immune
response.26 GABA, the main inhibitory neurotransmitter in ver-
tebrates, can be used or produced by the microbiota.27 Its recep-
tors are present on enterocytes, enteroendocrine cells and
immune cells and it is involved in the regulation of various
functions, including intestinal motility, immune and endocrine
functions.28 Serotonin, also known as 5-hydroxytryptamine
(5-HT), is a neurotransmitter derived from tryptophan. It is
involved in numerous gastrointestinal functions, notably motor
and sensory functions. Recent studies have established a link
between 5-HT, gut microbiota, and immune function.29

The origins of these metabolites within HM are not well
understood, but it is likely that some are derived from
maternal metabolism, particularly in the mammary gland.30 It
is also possible that some of these metabolites originate from
the maternal intestinal microbiota via the bloodstream, or are
produced by the HM resident microbiota.31 A correlation was
previously reported between putrescine concentration and
Gammaproteobacteria abundance in the HM.32 HM putrescine
and butyrate were suggested to be of microbial origin, while
most of the other metabolites targeted in the present study
would be of endogenous maternal origin.30,33

While the role of the above-mentioned metabolites has
been relatively well documented when they are produced in
the gut or supplied by the diet in adults, their role in HM has
been little explored. Only butyrate and PA have been studied
through supplementation in infant formulas at HM concen-
trations. Butyrate strengthened the IEB, suppressed inflamma-
tory reactions and could prevent food allergies, as evidenced
in a mouse preclinical model and an in vitro human cell line
of enterocytes (Caco-2).17,19 PA supplementation during lacta-
tion in murine and porcine models promoted intestinal devel-
opment, immune system and modulated the composition of
the intestinal microbiota.22,23,34,35 These interesting effects led

us to explore further the role of HM metabolites. We hypoth-
esized that, despite their low concentrations, HM metabolites
could modulate several gut functions, either individually or
when supplied together, as they are in HM.

In the present study, we addressed the impact of 12 metab-
olites present in HM, including SCFA, PA, TRPd as well as
GABA, 5-HT and lactate, on the barrier, immune, digestive and
endocrine gut functions using an in vitro multicellular model of
intestinal epithelium. The model included Caco-2 enterocytes,
HT29-MTX goblet cells, NCI-H716 enteroendocrine cells and M
cells derived from Caco-2 differentiation. This multicellular
model was composed of recognized and widely used cell lines
of human origin, ensuring easier transferability to humans, and
expressed genes present in infant gut such as lactase, ensuring
also to a certain extent transferability to infants. This model
was suitable for assessing the impact of several combinations of
HM metabolites on the main intestinal functions using a semi-
screening approach.36,37 Metabolites were used at HM concen-
trations, either individually, combined by class, or as a mixture
of all metabolites. This approach revealed the individual effects
of these HM metabolites, as well as their combined effects, for a
better assessment of their role in HM.

Materials and methods
Culture of the intestinal epithelial cells

The adherent intestinal Caco-2 cells (ECACC 09042001) and
HT29-MTX cells (CRB CelluloNet; SFR Biosciences, CNRS UMS
3444, Inserm US 8, Université Claude-Bernard, Lyon, France)
were routinely cultivated in high glucose Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), supplemented with 10% heat inactivated
fetal bovine serum (FBS) (HyClone Laboratories INC, South
Logan, Utah, USA), 1% L-glutamine (Gibco) and 1% penicillin–
streptomycin (Gibco) (hereafter referred as to complete
DMEM). For the Caco-2 cells, complete DMEM was sup-
plemented with 1% non-essential amino acid solution (Gibco).
The floating intestinal NCI-H716 cells (ATCC CCL-251) and
RAJI cells (ECACC 85011429) were routinely cultivated in
Roswell Park Memorial Institute medium (RPMI-1640) (Gibco)
supplemented with 10% heat inactivated FBS, 1% L-glutamine
and 1% penicillin–streptomycin (hereafter referred as to com-
plete RPMI). Each cell line was grown at 37 °C in a 5% CO2

water-saturated atmosphere in 75 cm2 flask (Falcon, Dutcher,
Bernolsheim, France) and medium was completely changed
for adherent cells and half changed for floating cells every 3
days. At 80% confluence, Caco-2 and HT29-MTX cells were
treated with trypsin-EDTA (Gibco) and reseeded at 1–2 × 104

cell per cm2 in flasks. The NCI-H716 and RAJI were reseeded 1
time per week at 1–2 × 104 cell per cm2 in flasks.

Implementation of the multicellular model of intestinal
epithelium

The multicellular model of intestinal epithelium was adapted
from models previously developed37–39 and included three
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human colorectal adenocarcinoma (Caco-2, enterocyte cells
model; HT29-MTX, goblet cells model; NCI-H716, enteroendo-
crine cells model) and M cells derived from differentiated
Caco-2 cells with the action of RAJI cells. M cells are involved
in the translocation of food and microbial antigens from the
gut lumen to the lamina propria.38

Caco-2, HT29-MTX and NCI-H716 cells were seeded into
inserts with 0.4 µm pore polyester membrane (Corning, Sigma-
Aldrich, Saint Quentin Fallavier, France) coated with Matrigel
(Corning) at 25 µg cm−2 and placed in a 24-well plate (Corning).
A total of 2 × 105 cell per cm2 (i.e. 6.6 × 104 cell per insert) was
added in 250 µL of complete DMEM with a ratio of 8 Caco-2
cells for 1 HT29-MTX cell and 1 NCI-H716, in order to reproduce
a functionally optimal model in the relative cell proportions of
the small intestine,40,41 and 1 mL of complete DMEM was added
to the basal compartment. Medium of both compartments were
changed every 3 days. After 15 days of co-culture, 1.6 × 105 RAJI
cells, corresponding to a RAJI/initial Caco-2 cells ratio of 3 : 1,
were added into the basal compartment to allow the differen-
tiation of a part of Caco-2 cells into a M cell phenotype. The pro-
portion of Caco-2 differentiated into M cells was evaluated to be
∼7%,39 i.e. close to the M cell ratio in human Peyer’s patches
(<5%).42 Caco-2, HT29-MTX, NCI-H716 and RAJI cells were co-
cultured for 6 days with a daily change of half of the DMEM
media of the basal compartment after the first 3 days and a com-
plete change of the media of the apical pole.

Stimulation of the multicellular model with the HM
metabolites

At day 21, the model had reached maturity. RAJI cells were dis-
carded after resuspension in the well by aspiration-reflux and
the well was rinsed twice with Hanks balanced salt solution
(HBSS, Gibco) supplemented with 1% penicillin–streptomycin
(hereafter referred as to HBSS p/s) and once with DMEM Low
Glucose (Gibco) supplemented with 1% L-glutamine and 1%
penicillin–streptomycin (hereafter referred as to DMEM Low-
Glu). At the apical compartment, the co-cultured Caco-2, HT29-
MTX, NCI-H716 and M cells were then washed with DMEM

Low-Glu. 250 µL and 1 mL of fresh DMEM Low-Glu were added
at the apical and basal compartments, respectively, and the co-
culture was incubated at 37 °C in a 5% CO2 water-saturated
atmosphere during 5 h to acclimatize cells to the new medium.
Experiments are carried out in DMEM Low-Glu in order to
achieve more physiological glucose concentrations and without
FBS to avoid possible interference with lipid metabolites.43 After
acclimatization of the co-cultured Caco-2, HT29-MTX, NCI-H716
and M cell, targeted metabolites were added into the apical
compartment at two different concentrations, corresponding to
a concentration based on the mean and median HM concen-
trations of these metabolites as available in the literature (here-
after referred as to [HM]), and to the highest HM concentrations
described in the literature (hereafter referred as to [HM+]). [HM]
was based on the concentrations found in mature milk (Table 1
and ESI Table S1†). [HM+] concentration was 5-fold [HM],
except for acetate and propionate where [HM+] concentration
was 10-fold [HM], in order to cover the wide range of acetate
concentrations found in HM. [HM+] concentration generally
remained within the range of concentrations found in HM (ESI
Table S1†). Metabolites were used individually, combined by
classes (hereafter referred as to SCFA mix including butyrate,
acetate, propionate, PA mix including spermine, spermidine,
putrescine, and TRPd mix including indole, ILA, kynurenine),
and as a mixture with all the metabolites (hereafter referred as
to MTB mix). All metabolites were obtained from Sigma-Aldrich.
100× stock solutions of each metabolite were prepared in water,
except for ILA which required 1.5% DMSO (Sigma-Aldrich), ali-
quoted and stored at −20 °C. Dilutions were then prepared in
culture medium (complete DMEM Low-Glu). After 24 h of
stimulation at 37 °C in a 5% CO2 water-saturated atmosphere,
the cells were lysed with lysis buffer (Buffer RLT, RNeasy Micro
Kit, QIAGEN, Courtaboeuf, France), supplemented with 2%
dithiothreitol at 2M (Sigma-Aldrich) and stored at −80 °C.

Measurements of epithelial permeability

The epithelial barrier integrity was evaluated by measuring the
transepithelial electrical resistance (TEER) of the epithelial cell

Table 1 Concentrations of human milk metabolites tested in the multicellular model

Class Metabolites [HM]a [HM+]b No. CAS/references (Sigma-Aldrich)

Short chain fatty acid (SCFA) Butyrate 0.75 mM 3.75 mM 107-92-6 /B103500
Acetate 0.25 mM 2.5 mM 64-19-7/0070515
Propionatec 0.25 mM 2.5 mM 79-09-4/P1386

Polyamines (PA) Spermine 1 µM 5 µM 71-44-3/S4264
Spermidine 1 µM 5 µM 124-20-9/S0266
Putrescine 0.5 µM 2.5 µM 333-93-7/P5780

Tryptophan derivatives (TRPd) Indoled 20 µM 100 µM 120-72-9/W259306
Indole-3-lactic acid (ILA)d 20 µM 100 µM 832-97-3/I5508
Kynurenine 200 nM 500 nM 2922-83-0/K8625

Non-proteinogenic amino acid Gamma-aminobutyric acid (GABA) 120 nM 600 nM 56-12-2/A2129
Monoamine Serotonin (5-HT) 120 nM 600 nM 153-98-0/H9523
Organic acids Lactate 100 µM 500 µM 127-09-3/S2889

a [HM]: concentration based on mean and median concentrations of metabolites in human milk (HM). b [HM+]: high concentration in HM,
corresponds to 5- to 10-fold the [HM]. c Propionate concentrations are poorly documented in HM and we aligned it with acetate concentration.
d The concentrations used correspond to an estimate based on those found in the intestines and feces of newborn, as data from HM were not
available when the study began. A recent study measured indole and ILA in HM at concentrations lower that those used in the present study.11
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layer before (T-5) and after 5 h (T0) DMEM Low-Glu acclimatiz-
ation, and after 24 h metabolites stimulation (T24), with STX2-
plus/EVOM3 devices (WPI). The culture plates were placed on
a plate at 37 °C for 5 min before the measurements to stabilize
TEER. TEER was expressed as a percentage difference in Ohm
× cm2 between T0 and T24, all relative to control wells not
exposed to the metabolites, according to the following calcu-
lation: delta TEERT24–T0/delta TEERT24–T0, CTRL.

Paracellular permeability was assessed using Lucifer yellow,
a small fluorescent marker (452 Da). After 24 h metabolite
stimulation, supernatants were discarded and apical and basal
compartments were washed with HBSS p/s. Protected from
light, 250 µL of HBSS p/s supplemented with Lucifer yellow at
a final concentration of 200 µM (Sigma-Aldrich) were added to
the apical compartment and 1 mL of HBSS p/s was added to
the basal compartment. Culture plates were placed at 37 °C in
a 5% CO2 water-saturated atmosphere during 2 h. Basal super-
natants were sampled and Lucifer yellow’s fluorescence was
measured using spectrometer (FLUOstar Omega, BMG
LABTECH, Champigny s/Marne, France). Paracellular per-
meability to Lucifer yellow was assessed by calculating the per-
centage of basal pole fluorescence over Lucifer yellow’s fluo-
rescence at 200 µM, all relative to the control wells not exposed
to the metabolites, according to the following calculation:
[(LYbasal compartment − blank)/(LY 200 µM − blank) × (100)]/
[(LYbasal compartment − blank)/(LY 200 µM − blank) ×
(100)]CTRL.

Measurement of gene expression

Total RNA of the cell lysis was extracted using an RNA purifi-
cation kit (RNeasy Micro Kit, QIAGEN), following manufac-
turer instructions. 1 µg of RNA was reverse transcribed into
cDNA with High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Fisher Scientific, Illkirch, France) follow-
ing the protocol provided by the manufacturer. The high-
throughput qPCR amplification was performed using the
Takara SmartChip Real-time PCR system by the EcogenO
Platform (OSUR, Université de Rennes, France) on 5184-well
plates. Amplification conditions were as follows: 95 °C for
5 min of denaturation, followed by 45 cycles of 10 s of dena-
turation at 95 °C, 30 s of annealing at 60 °C and 30 s of elonga-
tion at 72 °C, and a final cycle of denaturation–annealing. The
melting curves of each product were analyzed to assess ampli-
fication specificity. qPCR reactions were performed in dupli-
cate and a threshold cycle (Ct) of 30 was used as the detection
limit. The list of genes performed is detailed in ESI Table S2.†
The expression of targeted genes was calculated as 2−ΔΔCT

after normalization to the mean expression of at least three of
the household genes (ACTB, B2M, HPRT1, RPLP0, RPL18,
RPL37A and TBP; ΔCt) (ESI Table S2†) and to the mean
expression of targeted genes of controls (wells without metab-
olites) (ΔΔCt).

Statistical analysis

Experiments were conducted in three to four runs on two to
four replicates. Gene expression and epithelial permeability

were analyzed by two-way ANOVA (treatment and run as
factors) followed by Tukey test on GraphPad Prims Statistical
Software (v9.3.1) software. P values < 0.05 were considered sig-
nificant and P value < 0.1 considered as a tendency.

The multivariate statistical analyses were performed using
R Statistical Software (v4.2.3; R Core Team 2021). Principal
component analysis (PCA) was used for separating metabolites
based on their profile with FactoMineR package. 33 variables
were used: gene expression and TEER measurements.

Results
HM metabolites affected expression of genes related to the
barrier, immune, digestive and endocrine intestinal functions
depending on the metabolite class

A PCA was carried out considering all the dataset (expression
of 32 genes associated to barrier, immune, digestive and endo-
crine intestinal functions as well as TEER, a physiological
marker of intestinal barrier) (ESI Tables S3–S5†). These genes
were selected because they are representative of functions
whose establishment is crucial during the early postnatal
period (ESI Table S2†). PCA was performed separately in [HM]
and [HM+] conditions (ESI Fig. S1† and Fig. 1). [HM] corre-
sponded to the mean or median concentrations of these
metabolites in HM, and [HM+] corresponded to their high
concentrations found in HM (Table 1). The [HM+] concen-
tration remained within the range of concentrations found in
HM. Overall, concentrations corresponded to those found in
mature milk (ESI Table S1†). PCA labelling was done with
regard to the metabolite class, i.e. SCFA, PA, TRPd, whereas
GABA, 5-HT and lactate were labelled individually as they
could not be included into a metabolite class. A separate label
was attributed to the mixture of all metabolites (MTB mix).
Although all groups were not clearly separated, different pat-
terns were somewhat revealed with [HM+] on the first com-
ponent of the PCA, explaining 15.74% of the differences, as
illustrated by the distinct barycenters and confidence intervals
for each metabolite class (Fig. 1A). Of note, separation between
metabolite classes was hardly visible with [HM] (ESI Fig. S1†).
At [HM+], the scatter plot highlighted that the SCFA group and
the MTB mix stood out clearly from all the other groups on
component 1 (Fig. 1A). These two groups were positively
associated with the gene expression of solute carrier family
16 member 1 (SLC16A1) encoding for a transporter of SCFA,
intestinal alkaline phosphatase (ALPI) involved in lipopolysac-
charide (LPS) detoxification and a marker of maturation of the
multicellular model, and TEER, associated with the ion transe-
pithelial permeability (Fig. 1B). The TRPd group and GABA
were rather on the other side of the component 1 of the PCA,
positively associated with the gene expression of the immune
marker myeloid differentiation primary response gene
(MYD88), as well as with the tight junction genes claudin 1
(CLDN1), occludin (OCLN) and tight junction protein 1 (TJP1)
on components 1–2 (Fig. 1). PA group was separated from the
other groups on component 2, especially SCFA, GABA and
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TRPd groups (Fig. 1A) and was positively associated with the
expression of two genes related to the intestinal endocrine
function, chromogranin A (CHGA) and proglucagon (GCG), as
well as with the digestive enzyme genes sucrase isomaltase (SI)
and lactase (LCT ) and the mucus-forming genes mucin 5AC
(MUC5AC) and trefoil factor 3 (TFF3) (Fig. 1B). Finally, lactate
and 5-HT were central into the PCA, indicating poor impact
(Fig. 1A). Overall, this PCA underlined that the different metab-
olite classes found in HM differentially modulated genes
associated with the barrier, immune, digestive and endocrine
gut functions, as detailed below.

HM metabolites modulated the intestinal barrier function

HM metabolites were also analyzed individually against the
control, i.e. culture medium alone. These analyses highlighted
major effects on intestinal barrier function, in particular for
SCFA. TEER was indeed increased with butyrate (P < 0.05) and
SCFA mix (P < 0.01) (Table 2 and Fig. 2A). This was corrobo-
rated by a decrease in the paracellular diffusion rate of Lucifer
yellow with SCFA mix at [HM+] (P < 0.01) (Fig. 2B).

Butyrate and SCFA mix significantly altered expression of
genes that mediate tight and adherent junctions. Relative to
control cells, expression of claudin 3 (CLDN3) and E-cadherin
(CDH1) were greater with butyrate (P < 0.05) and SCFA mix (P <
0.01) respectively, and expression levels of CLDN1 and TJP1
were lower in butyrate (P < 0.05 and <0.1 respectively) and
SCFA mix (P < 0.0001 and <0.01 respectively) (Table 2 and ESI

Table S3†). Most changes in tight and adherent junction
protein expressions were observed at the [HM+] with, some-
times, intermediate or significant effects at [HM] (for CLDN1
and CLDN3 for instance). SCFA also impacted the expression
of genes encoding mucins. Butyrate increased the expression
of MUC1 (P < 0.05), but the SCFA mix decreased the expression
of both MUC1 (P < 0.05) and MUC5AC (P < 0.01). Butyrate and
SCFA mix decreased TFF3 expression, as early as [HM] for the
SCFA mix (P < 0.01 and <0.0001 respectively). Regarding the
trophic factors, SCFA decreased the expression of the Ki-67
proliferation marker both individually (acetate, propionate and
butyrate, P < 0.0001, <0.01 and <0.05 respectively) and in com-
bination (SCFA mix, P < 0.05) at [HM+]. The SCFA mix also
induced a decrease of caspase 8 (CASP8, P < 0.05) (Table 2).

Some changes in the expression of genes related to the
barrier function were also observed with the other metabolites,
such as PA that modulated the expression of TJP genes.
Indeed, the individual PA spermine, spermidine and
putrescine increased expression of claudin 4 (CLDN4, P < 0.01,
<0.05 and <0.05 respectively), observable from the [HM]. This
was not the case with the PA mix, which conversely decreased
the expression of other TJP genes such as CLDN1 and TJP1,
from the [HM] (P < 0.05) (Table 2). In addition, PA individually
and in combination, decreased the expression of CASP8 (P <
0.01). Unlike with SCFA and PA mix, GABA and ILA increased
the expression of TJP1 at [HM+] (P < 0.05). GABA decreased
claudin 7 (CLDN7) expression at the two concentrations tested

Fig. 1 Contrasted impact of human milk metabolites used at human milk high concentrations on the barrier, immune, digestive and endocrine
functions in a multicellular model of intestinal epithelium. Principal component analysis was performed on 32 variables corresponding to the
expression of genes involved in various intestinal functions (refer to ESI Table S2†) and 1 variable corresponding to the transepithelial electrical resis-
tance (TEER), a marker of para- and trans-epithelial permeability. (A) Scatter plot of individuals on dimension 1 (Dim 1) and 2 (Dim 2), with the confi-
dence circles (corresponding to the confidence interval of the estimate of the barycenter’s coordinates) and the barycenters of 7 groups defined
according to their metabolic class: SCFA (butyrate, acetate, propionate, and SCFA mix), PA (spermine, spermidine, putrescine and PA mix), TRPd
(kynurenine, indole, indole-3-lactic acid and TRPd mix), GABA, serotonin, lactate and the mixture of all the metabolites (MTB). (B) Correlation circle
for Dim 1 and 2, with the 21 most involved variables represented. 5-HT: serotonin; GABA: gamma-aminobutyric acid; LT: lactate; SCFA: short chain
fatty acid; PA: polyamines; TRPd: tryptophan derivatives.
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Table 2 Relative expression of genes related to barrier function in the multicellular model of intestinal epithelium differentially expressed after
exposure to metabolites at human milk concentrations

Metabolite Function Protein name/physiological marker Gene/Codea CTRLb [HM]b [HM+]b p-Value

SCFA mix Permeability Cadherin 1 CDH1 1.03 ± 0.05a 1.03 ± 0.06a 1.22 ± 0.04b 0.010
Claudin 1 CLDN1 0.96 ± 0.06a 0.85 ± 0.05b 0.55 ± 0.02c <0.0001
Tight junction protein 1 TJP1 1.01 ± 0.07a 1.03 ± 0.08a 0.84 ± 0.06b 0.005
trans-Epithelial electric resistance TEER 1.00 ± 0.05a 1.17 ± 0.05b 1.19 ± 0.05b 0.009

Mucus Mucin 1 MUC1 1.06 ± 0.19a 1.19 ± 0.10a 0.70 ± 0.08b 0.014
Mucin 5AC MUC5AC 1.03 ± 0.11a 0.92 ± 0.10ab 0.56 ± 0.05b 0.007
Trefoil factor 3 TFF3 1.01 ± 0.09a 0.80 ± 0.07b 0.48 ± 0.03c <0.0001

Trophism Antigen Kiel 67 Ki-67 1.05 ± 0.15a 0.97 ± 0.10ab 0.77 ± 0.13b 0.018
Caspase 8 CASP8 1.01 ± 0.06a 0.85 ± 0.06ab 0.69 ± 0.07b 0.033

Butyrate Permeability Claudin 1 CLDN1 1.02 ± 0.08# 1.05 ± 0.05# 0.81 ± 0.07## 0.041
Claudin 3 CLDN3 1.05 ± 0.12a 1.10 ± 0.22ab 1.54 ± 0.25b 0.023
trans-Epithelial electric resistance TEER 1.00 ± 0.03a 0.99 ± 0.02a 1.18 ± 0.05b 0.005

Mucus Mucin 1 MUC1 1.08 ± 0.23a 2.15 ± 0.36ab 2.12 ± 0.33b 0.017
Trefoil factor 3 TFF3 1.04 ± 0.12a 1.01 ± 0.15a 0.55 ± 0.06b 0.003

Trophism Antigen Kiel 67 Ki-67 1.01 ± 0.05a 0.90 ± 0.09a 0.55 ± 0.05b <0.0001
Acetate Trophism Antigen Kiel 67 Ki-67 1.01 ± 0.07a 0.99 ± 0.05a 0.78 ± 0.06b 0.002
Propionate Trophism Antigen Kiel 67 Ki-67 1.01 ± 0.05a 0.93 ± 0.03ab 0.84 ± 0.04b 0.048
PA mix Permeability Claudin 1 CLDN1 1.00 ± 0.08a 0.80 ± 0.06b 0.79 ± 0.04b 0.016

Tight junction protein 1 TJP1 1.01 ± 0.09# 0.81 ± 0.06## 0.83 ± 0.07## 0.044
Trophism Caspase 8 CASP8 1.02 ± 0.07a 0.73 ± 0.06b 0.70 ± 0.04b 0.004

Spermine Permeability Claudin 4 CLDN4 1.02 ± 0.08a 1.60 ± 0.10b 1.42 ± 0.20b 0.002
Trophism Caspase 8 CASP8 1.05 ± 0.17a 0.84 ± 0.06b 0.83 ± 0.05b 0.011

Spermidine Permeability Claudin 4 CLDN4 1.01 ± 0.06a 1.15 ± 0.10ab 1.25 ± 0.10b 0.045
Trophism Caspase 8 CASP8 1.05 ± 0.15a 0.86 ± 0.09b 0.81 ± 0.06b 0.013

Putrescine Permeability Claudin 4 CLDN4 1.02 ± 0.08a 1.44 ± 0.14b 1.26 ± 0.07b 0.002
Trophism Caspase 8 CASP8 1.02 ± 0.10a 0.91 ± 0.08ab 0.76 ± 0.07b 0.050

GABA Permeability Claudin 7 CLDN7 1.00 ± 0.04a 0.87 ± 0.06b 0.87 ± 0.03b 0.024
Tight junction protein 1 TJP1 1.01 ± 0.07a 1.19 ± 0.07a 1.31 ± 0.08b 0.048

Trophism Caspase 3 CASP3 1.02 ± 0.10a 1.38 ± 0.09b 1.47 ± 0.09b 0.002
5-HT Permeability Claudin 4 CLDN4 1.02 ± 0.09a 0.82 ± 0.13ab 0.76 ± 0.06b 0.030
Kynurenine Permeability Claudin 1 CLDN1 1.01 ± 0.05a 1.10 ± 0.10ab 1.25 ± 0.09b 0.027

Occludin OCLN 1.01 ± 0.04a 1.06 ± 0.06ab 1.19 ± 0.06b 0.008
ILA Permeability Tight junction protein 1 TJP1 1.00 ± 0.06a 1.13 ± 0.06ab 1.20 ± 0.06b 0.030

Trophism Caspase 8 CASP8 1.00 ± 0.03a 1.09 ± 0.10ab 1.26 ± 0.07b 0.038

aGene names are in italics; code refers to physiological marker. b Results presented were obtained by RT-qPCR (mean ± SEM). CTRL refers to
control cells not exposed to metabolites and [HM] and [HM+] refer to cells treated with metabolites or groups of metabolites indicated at the
mean or high concentrations found in human milk, respectively. SCFA mix includes butyrate, acetate and propionate and PA mix includes sper-
mine, spermidine and putrescine. Differences between groups were assessed by two-way ANOVA. a,b,c different letters indicate that groups differ
significantly (p-value < 0.05) and #,## symbols indicate that groups tend to differ (p-value < 0.1). 5-HT: serotonin; GABA: gamma-aminobutyric
acid; ILA: indole-3-lactid acid; PA: Polyamines; SCFA: short chain fatty acid.

Fig. 2 Effect of the short chain fatty acid mix at human milk concentrations on transepithelial electrical resistance and paracellular permeability to
Lucifer yellow in a multicellular model of intestinal epithelium. The multicellular model of intestinal epithelium was exposed to short chain fatty
acids (SCFA, acetate, propionate and butyrate) for 24h at [HM] and [HM+], with the CTRL not supplemented with SCFA. (A) Relative transepithelial
electrical resistance (TEER) was expressed as the difference in Ohm × cm2 between TEER at T24 and T0, relative to this difference in CTRL con-
ditions. (B) Lucifer yellow diffusion was measured in the basal pole 2h after it was added to the apical pole and was expressed relative to the fluor-
escence of Lucifer yellow at 200 µM and to the CTRL condition. Statistical: two-way ANOVA. *: P < 0.05; **: P < 0.01.
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(P < 0.05). Besides, GABA and ILA increased the expression of
CASP3 and CASP8 (P < 0.05) respectively, from [HM] for GABA
(Table 2). Finally, at [HM+], 5-HT decreased CLDN4 expression
(P < 0.05) and kynurenine increased CLDN1 (P < 0.05) and
OCLN (P < 0.01) expression (Table 2).

MTB mix recapitulated the effects of the individual metab-
olites or classes of metabolites, such as the increase in TEER
at [HM+] (P < 0.01) observed with SCFA, the decrease in CLDN1
(P < 0.01) observed with SCFA and PA mix, the decrease in
MUC1 (P < 0.05) and MUC5AC (P < 0.05) observed with SCFA,
and the increase (P < 0.05) in CLDN3 and CLDN4 induced by
butyrate and the individual PA respectively (Fig. 3A). MTB mix
had no significant impact on proliferation (Ki-67) and apopto-
sis genes (CASP3 and 8, ESI Table S3†).

HM metabolites, especially SCFA, affected the expression of
genes involved in immunity

Butyrate decreased the expression of MYD88 (P < 0.05) and
increased that of ALPI (P < 0.0001) and AHR (P < 0.01) at the
[HM+]. Propionate also increased AHR expression, although
this gene expression was not modulated by the SCFA mix.
Acetate decreased (P < 0.05) glutathione peroxidase 1 (GPX1)
and chemokine C–X–C motif ligand 8 (CXCL8) expression at
[HM] and [HM+] respectively. When combined, the SCFA also
regulated ALPI (P < 0.0001), CXCL8 (P < 0.01) and MYD88 (P <
0.01), with effects from [HM] for the last one. Finally, SCFA
mix also led to a reduction in the expression of transforming
growth factor beta (TGFB1) (P < 0.05) and glutathione peroxi-
dase 2 (GPX2) (P < 0.0001) (Table 3). Likewise, GABA had an
impact on immune markers increasing the expression of
CXCL8 (P < 0.05) and AHR (P < 0.05) and decreasing that of
TGFB1 (P < 0.05), with effects from the [HM] for AHR and
TGFB1 (Table 3).

The other metabolites tested hardly affected the expression
of immune markers, especially PA, whose impact was limited
to a higher GPX1 expression with spermine. TRPd, such as ILA
and kynurenine increased AHR expression at [HM] and [HM+]
respectively, and ILA decreased cyclooxygenase-2 (COX-2)
expression (Table 3).

Most of the regulations observed previously were also found
after exposure to the MTB mix, especially those induced by
SCFA mix, including lower expression of CXCL8 (P < 0.001),
MYD88 (P < 0.05), GPX2 (P < 0.0001) and higher expression of
ALPI (P < 0.05) (Fig. 3B).

HM metabolites modulated the expression of genes involved
in digestive and endocrine functions

SCFA had a significant impact on markers of digestive func-
tion, especially associated to carbohydrate and peptide trans-
port, as well as to endocrine function. Firstly, solute carrier
family 2 member 1 (SLC2A1), encoding glucose transporter
type 1 (GLUT1), was negatively affected by SCFA mix (P < 0.05),
GABA (P < 0.05), 5-HT (P < 0.0001) and lactate (P < 0.01),
whereas SLC16A1, encoding monocarboxylate transporter 1
(MCT1), was positively affected (P < 0.05) by SCFA mix and
butyrate. Regarding peptide transport, solute carrier family

15 member 1 (SLC15A1), encoding peptide transporter 1
(PEPT1), showed a higher expression with PA mix (P < 0.05),
putrescine (P < 0.05) and GABA (P < 0.01) and a lower
expression with SCFA mix (P < 0.01), whereas ANPEP, encoding
alanyl aminopeptidase, was increased with SCFA mix (P <
0.01), butyrate (P < 0.01) and kynurenine (P < 0.05) (Table 4).
These changes in expression were mostly observed at [HM+]
with intermediate expression for [HM]. Additional digestive
enzymes were affected. LCT, whose expression tended to be
reduced with butyrate, was significantly reduced with the SCFA
mix at [HM+] (P < 0.0001) (ESI Table S5† and Table 4). In
addition, GABA and 5-HT increased the expression of SI at
[HM+] (P < 0.05) (Table 4).

MTB mix decreased the expression of SCL2A1 (P < 0.05)
similar to the response to SCFA mix, GABA, 5-HT and lactate,
and decreased (P < 0.01) the expression of SLC15A1 and LCT as
observed with the SCFA mix as well. Surprisingly, MTB mix
decreased SI expression at [HM], while it was higher with
GABA and 5-HT at [HM+] (Fig. 3C).

Finally, some genes related to the endocrine function were
affected by HM metabolites, including a lower expression of
the proglucagon encoding gene (GCG) with SCFA mix at both
concentrations (P < 0.05) and an increase in the endocrine
marker chromogranin A (CHGA) with MTB mix at the [HM+] (P
< 0.05) (Table 4 and Fig. 3C).

Discussion

HM is a nutritive fluid with a complex and dynamic structure
and composition.1 It contains numerous classes of metab-
olites, often at very low concentrations compared to concen-
trations found, for example, in the colon.44,45 The role of these
metabolites has been little studied in a breastfeeding context,
either alone or even more as a combination of different meta-
bolic classes, as it occurs naturally in HM. Here, we investi-
gated whether HM metabolites, at the concentrations found in
HM, could modify the expression of genes associated with
different intestinal functions, alone and especially in combi-
nation. For this purpose, we used an original and complex
multicellular model of the intestinal epithelium, including
cells mimicking enterocytes, goblet cells, enteroendocrine
cells and M cells, which expressed genes representative of the
barrier, immune and endocrine intestinal functions, also in
infancy.

Our study revealed that several HM metabolites affected the
expression of genes associated with barrier, immune, digestive
and endocrine functions in a multicellular model of intestinal
epithelium. The impacts of the HM metabolites on these gene
expressions indicate that HM metabolites could potentially be
bioactive in the newborn during breastfeeding, and could
therefore modulate and influence the different gut functions,
which are under maturation in infancy. In general, the metab-
olites had an effect at the [HM+], although some statistical
effects were also observed at [HM]. Although [HM+] corres-
ponds to metabolite concentrations 5 or 10-fold higher than
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Fig. 3 Relative expression of genes related to different intestinal functions in a multicellular model of intestinal epithelium after exposure to the mix
of human milk metabolites. The multicellular model of intestinal epithelium was exposed to the mix of metabolites (butyrate, acetate, propionate,
spermine, spermidine, putrescine, gamma-aminobutyric acid, indole, indole-3-lactic acid, kynurenine, serotonin, lactate) for 24h at human milk
mean or median concentrations (MTB [HM]) and high human milk concentrations (MTB [HM+]), or to culture medium without metabolites (CTRL).
(A) Differentially expressed barrier function genes. Relative transepithelial electrical resistance (TEER) was expressed as the difference in Ohm × cm2

between TEER at T24 and T0, relative to this difference in CTRL conditions. (B) Differentially expressed immune function genes. (C) Differentially
expressed digestives and endocrine function genes. Statistical: two-way ANOVA. a,b,c different letters indicate that groups differ significantly (p-value
< 0.05).
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their mean\median HM concentrations, it remains within a
concentration range that can be found in HM (ESI Table S1†)
and could therefore be physiologically relevant in newborns.
Multivariate PCA analysis, a non-supervised analysis, high-

lighted contrasting effect of metabolites, depending on their
class, with notably a separation between SCFA, PA and GABA/
TRPd effects. Interestingly, despite different and possibly
opposite effects of the different classes of metabolites, the PCA

Table 3 Relative expression of genes related to immune function in the multicellular model of intestinal epithelium differentially expressed after
exposure to metabolites at human milk concentrations

Metabolite Function Protein name Gene CTRLa [HM]a [HM+]a p-Value

SCFA mix Anti-inflammatory Transforming growth factor beta 1 TGFB1 1.00 ± 0.05a 0.98 ± 0.04ab 0.87 ± 0.04b 0.050
Pro-inflammatory Chemokine C–X–C motif ligand 8 CXCL8 1.02 ± 0.10a 1.12 ± 0.08a 0.70 ± 0.06b 0.007
Receptor/cellular
signaling

Myeloid differentiation primary
response gene

MYD88 1.02 ± 0.09a 0.79 ± 0.09b 0.62 ± 0.04b 0.003

Anti-oxidant Glutathione peroxidase 2 GPX2 1.00 ± 0.07a 1.02 ± 0.06a 0.56 ± 0.03b <0.0001
Defense Intestinal alkaline phosphatase ALPI 1.08 ± 0.15a 1.48 ± 0.16a 2.94 ± 0.20b <0.0001

Butyrate Receptor/cellular
signaling

Myeloid differentiation primary
response gene

MYD88 1.03 ± 0.09a 0.92 ± 0.08ab 0.73 ± 0.05b 0.034

Aryl hydrocarbon receptor AHR 1.02 ± 0.09a 1.17 ± 0.09ab 1.35 ± 0.06b 0.003
Defense Intestinal alkaline phosphatase ALPI 1.04 ± 0.12a 0.82 ± 0.08a 2.44 ± 0.29b <0.0001

Acetate Pro-inflammatory Chemokine C–X–C motif ligand 8 CXCL8 1.04 ± 0.11a 0.94 ± 0.19ab 0.61 ± 0.07b 0.044
Anti-oxidant Glutathione peroxidase 1 GPX1 1.14 ± 0.23a 0.69 ± 0.08b 0.99 ± 0.08ab 0.013

Propionate Receptor/cellular
signaling

Aryl hydrocarbon receptor AHR 1.02 ± 0.09a 1.09 ± 0.05a 1.27 ± 0.04b 0.011

Spermine Anti-oxidant Glutathione peroxidase 1 GPX1 1.10 ± 0.20a 0.70 ± 0.09ab 0.63 ± 0.08b 0.026
GABA Anti-inflammatory Transforming growth factor beta 1 TGFB1 1.01 ± 0.05a 0.88 ± 0.06b 0.87 ± 0.05b 0.020

Pro-inflammatory Chemokine C–X–C motif ligand 8 CXCL8 1.02 ± 0.07a 1.10 ± 0.16ab 1.32 ± 0.11b 0.029
Receptor/cellular
signaling

Aryl hydrocarbon receptor AHR 1.00 ± 0.07a 1.32 ± 0.05b 1.31 ± 0.09b 0.015

Kynurenine Receptor/cellular
signaling

Aryl hydrocarbon receptor AHR 1.02 ± 0.07a 1.21 ± 0.15ab 1.34 ± 0.12b 0.004

ILA Pro-inflammatory Cyclooxygenase-2 COX-2 1.00 ± 0.03a 1.08 ± 0.03a 0.86 ± 0.04b 0.001
Receptor/cellular
signaling

Aryl hydrocarbon receptor AHR 1.00 ± 0.06a 1.25 ± 0.10b 1.18 ± 0.07ab 0.050

a Results presented were obtained by RT-qPCR (mean ± SEM). CTRL refers to control cells not exposed to metabolites and [HM] and [HM+] refer
to cells treated with metabolites or groups of metabolites indicated at the mean or high concentrations found in human milk, respectively. SCFA
mix includes butyrate, acetate and propionate. Differences between groups were assessed by two-way ANOVA. a,b different letters indicates that
groups differ significantly (p-value < 0.05). GABA: gamma-aminobutyric acid; ILA: indole-3-lactid acid; SCFA: short chain fatty acid.

Table 4 Relative expression of genes related to digestive and endocrine functions in the multicellular model of intestinal epithelium differentially
expressed after exposure to metabolites at human milk concentrations

Metabolite Function Protein name Gene CTRLa [HM]a [HM+]a p-Value

SCFA mix Nutrient transporter Glucose transporter type 1 SLC2A1 1.01 ± 0.06a 1.03 ± 0.07a 0.81 ± 0.03b 0.011
Monocarboxylate Transporter 1 SLC16A1 1.05 ± 0.18a 1.42 ± 0.43a 2.60 ± 0.39b 0.017
Peptide transporter SLC15A1 1.01 ± 0.06a 0.94 ± 0.19a 0.85 ± 0.08b 0.005

Digestive enzyme Alanyl aminopeptidase ANPEP 1.01 ± 0.09a 1.41 ± 0.08b 1.34 ± 0.12b 0.010
Lactase LCT 1.03 ± 0.11a 0.98 ± 0.06a 0.54 ± 0.03b <0.0001

Endocrine Proglucagon GCG 1.15 ± 0.29a 0.56 ± 0.13b 0.51 ± 0.10b 0.019
Butyrate Nutrient transporter Monocarboxylate transporter 1 SLC16A1 1.09 ± 0.18a 1.20 ± 0.15a 1.66 ± 0.11b 0.013

Digestive enzyme Alanyl aminopeptidase ANPEP 1.10 ± 0.19a 1.10 ± 0.17a 1.64 ± 0.18b 0.003
PA mix Nutrient transporter Peptide transporter 1 SLC15A1 1.01 ± 0.08a 1.05 ± 0.07ab 1.34 ± 0.10b 0.029
Putrescine Nutrient transporter Peptide transporter 1 SLC15A1 1.02 ± 0.13a 1.10 ± 0.11ab 1.55 ± 0.18b 0.043
GABA Nutrient transporter Glucose transporter type 1 SLC2A1 1.01 ± 0.04a 0.88 ± 0.07b 0.89 ± 0.05b 0.026

Peptide transporter 1 SLC15A1 1.00 ± 0.04a 1.10 ± 0.06ab 1.28 ± 0.07b 0.004
Digestive enzyme Sucrase isomaltase SI 1.04 ± 0.12a 1.48 ± 0.14ab 1.69 ± 0.18b 0.047

5-HT Nutrient transporter Glucose transporter type 1 SLC2A1 1.01 ± 0.06a 0.73 ± 0.05b 0.84 ± 0.06b <0.0001
Digestive enzyme Sucrase isomaltase SI 0.95 ± 0.11a 1.42 ± 0.15ab 1.52 ± 0.14b 0.025

Lactate Nutrient transporter Glucose transporter type 1 SLC2A1 1.01 ± 0.06a 0.84 ± 0.04b 0.90 ± 0.06b 0.002
Kynurenine Digestive enzyme Alaniyl aminopeptidase ANPEP 1.01 ± 0.06a 1.14 ± 0.08ab 1.27 ± 0.08b 0.049

a Results presented were obtained by RT-qPCR (mean ± SEM). CTRL refers to control cells not exposed to metabolites and [HM] and [HM+] refer
to cells treated with metabolites or groups of metabolites indicated at the mean or high concentrations found in human milk, respectively. SCFA
mix includes butyrate, acetate and propionate and PA mix includes spermine, spermidine and putrescine. Differences between groups were
assessed by two-way ANOVA. a,b different letters indicate that groups differ significantly (p-value < 0.05). GABA: gamma-aminobutyric acid; PA:
polyamines; SCFA: short chain fatty acid.
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analysis highlighted that the MTB mix displayed the most con-
trasting effect compared to all the other metabolites, either
individually or in mixtures by classes. Notably, the effects of
the MTB mix were close to those of the SCFA mix, suggesting
that the effects of the MTB mix were mainly driven by SCFA.

The MTB mix affected the barrier function of the multicel-
lular intestinal epithelium model at [HM+] by increasing TEER
as well as by modulating TJP and mucin gene expressions
despite sometimes different effects of individual metabolites
on TJP gene expression. Expression of CLDN3 and 4 was
increased with the MTB mix, as with butyrate and individual
PA, respectively. On the contrary, CLDN1 was decreased with
the MTB mix, as with the SCFA mix and PA mix, despite
increased expression with kynurenine. Thus, the action of
SCFA and/or PA prevailed on that of kynurenine over CLDN1
expression. SCFA and PA mix decreased TJP1 expression,
whereas GABA and ILA increased it. As a result, the MTB mix
had no effect. Of note, TEER increased with the MTB mix at
[HM+] only, while it increased from [HM] with SCFA,
suggesting that different effects of the different metabolites
may occur individually or within the MTB mix. The effects of
SCFA on intestinal permeability have been widely documented
in the literature, and there is a consensus that they strengthen
the IEB both in vitro and in vivo,16,19,46 as found in the present
study with measurements of TEER and Lucifer yellow per-
meability. SCFA have been reported to increase the expression
of tight and adherent junction,44,46,47 as we found in our study
with CLDN3 and CDH1 respectively. However, exposure to
SCFA also decreased the expression of other TJP in our study,
such as CLDN1 and TJP1, as previously described in in vitro
models.47,48 These opposite effects of SCFA on different tight
and adherent junction gene expression underline the complex-
ity and important dynamics of tight and adherent junction
genes under the influence of SCFA. Furthermore, a study
carried out in Caco-2 cells showed that the action of SCFA did
not only involve regulation of TJP expression, but also a more
efficient recruitment of TJP to the cell junctions, mediated by
the activation of AMP-activated protein kinase.16,49 PA modu-
lated TJP expression without impacting TEER, with differential
effects when added individually (increased CLDN4) or in
mixture (decreased CLDN1 and TJP1). In vitro, PA depletion
studies highlighted their role in the expression of TJP such as
OCLN and TJP1.50 In a pig model, PA supplementation
increased TJP gene expression.22,23 The effects of PA on intesti-
nal permeability are largely dependent on their concentration,
with permeabilizing effects at concentrations above
15 mM.51,52 In our study, concentrations were in the µM range
and it is difficult to conclude on the functional effect of PA, as
TEER was not affected. However, the increase in CLDN4
expression and the decrease in CLDN1 expression, also present
with the MTB mix, highlight their potential effects on the IEB.
Overall, despite a combination of differential effects on TJP
expression, the MTB mix seemed to strengthen IEB in vitro
because the TEER was increased in the conditions we tested.
The effect seemed driven by SCFA and PA because the effects
observed in the MTB mix were also found in the latter.

Mucins, which are transmembrane or secreted glyco-
proteins, are also essential components of the IEB as they
form a protective mucus layer. MUC1, a gene highly expressed
in HT29-MTX cells, decreased with the MTB mix only at [HM],
while MUC5AC, a secreted mucin, was higher at [HM] than at
[HM+], but did not differ from the control. Mucin genes are
finely regulated and extremely sensitive to the environment
such as nutritional environment, bacterial products or
cytokines.15,53 For instance, these modulations could be due to
a transient effect of SCFA. Indeed, butyrate increased MUC1
expression, but SCFA mix reduced both MUC1 and MUC5AC.
SCFA are known to modulate mucus production in both
in vitro and in vivo studies.15,19,54 A previous study has also
shown that SCFA mixtures can decrease MUC5AC expression,
though at higher acetate and propionate concentrations than
the ones we used.15 Finally, TFF3, which encodes a peptide
involved in intestinal repair, decreased with the MTB mix,
SCFA mix, and butyrate, consistent with previous studies
showing butyrate ability to reduce TFF3 expression.55

Regarding trophicity, the MTB mix did not affect genes
related to proliferation or apoptosis. However, SCFA mix, PA
mix, GABA and ILA modulated some of these markers. SCFA,
especially butyrate, has been shown to have an antiproliferative
effect on cancer cells by reducing the Ki-67 marker.56,57

Likewise, most of these metabolites reportedly affect caspase
expression.58–62 Thus, in the MTB mix, possible interferences
between metabolites could occur allowing fine regulation of
trophicity.

In terms of intestinal immune markers, the MTB mix
overall decreased their expression, with, notably, a decrease in
CXCL8 which encodes the pro-inflammatory cytokine interleu-
kin 8 (IL-8), MYD88 involved in toll like receptor (TLR) signal
transduction, GPX2 involved in scavenging oxygen free rad-
icals, suggesting downregulation of inflammation by the MTB
mix. These effects occurred with the SCFA mix as well,
suggesting SCFA as main drivers of the modulations induced
by the MTB mix on immune markers, as already mentioned
for IEB markers. Notably, certain metabolites had opposite
effects on immune marker expression. For example, SCFA
decreased CXCL8 expression, while GABA increased it, but the
overall effect with the MTB mix was a reduction. The effects of
SCFA on immunity are well documented, especially in the
colon, where they are known for their inflammation modu-
lation properties and role in immune tolerance.18,19 Hence,
SCFA at concentrations similar or lower than those in the
colon (2.5 to 0.625 mM) reduced IL-8 gene expression and pro-
duction in a Caco-2 model stimulated by tumor necrosis factor
alpha.17 In our study, under non-inflammatory conditions and
at HM concentrations, SCFA also decreased CXCL8 expression,
likely due to acetate. Similarly, MYD88 was down-regulated by
SCFA, in line with in vivo studies showing that microbiota-
derived SCFA inhibit the TLR4/MyD88/NF-kB pathway, with
NF-kB being the nuclear factor-kappa B.63 SCFA influence oxi-
dative stress responses differently depending on the
model,64,65 and in the present study, they reduced GPX2
expression. SCFA influence many regulators and pathways,
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such as NF-kB, extracellular signal-regulated kinases (ERK),
p38 mitogen-activated protein kinases (MAPK), c-Jun
N-terminal kinases (JNK), and tyrosine-protein kinase (SYK),
which explains their impact on immune function.17

Furthermore, as mentioned for the effect on IEB, the effect of
the MTB mix is not just a sum of individual metabolite effects.
For instance, the increased expression of AHR, a transcription
factor involved in the immune response, with butyrate, GABA,
kynurenine and ILA, was not observed with the MTB mix. As a
central regulator, AHR is tightly regulated, with several ligands
including kynurenine, ILA and butyrate,66–68 able to modulate
its activity as well as its expression through feedback loop.69,70

Finally, the MTB mix reduced the expression of nutrient
transporters and digestive enzymes, suggesting it may affect
nutrient absorption. Specifically, the expression of SLC2A1
(encoding GLUT1) and SLC15A1 (encoding PEPT1) decreased.
Lower SLC2A1 expression with the MTB mix was also observed
with SCFA, GABA, lactate, and 5-HT, possibly due to alternative
energy sources being available when glucose is low.15,71 In
agreement, a RNA-seq study reported that SCFA treatment
altered glucose metabolism, increasing GLUT4 and decreasing
GLUT2 and GLUT9,72 albeit at higher concentrations than the
ones we used. The expression of SLC15A1 decreased with SCFA
mix while it increased with PA mix and putrescine, as already
demonstrated in vivo after spermine supplementation.73,74 It
was also increased with GABA, although GABA is not trans-
ported by the latter.75 So, once again, the effect of SCFA was
predominant. Nevertheless, this modulation contrasts with the
results of a study showing the activation of SLC15A1 expression
by 5 mM butyrate after 24 h of exposure in a Caco-2-BBE
model.76 This discrepancy may be due to the different models
and the Caco-2 clone used. Finally, expression of LCT, encod-
ing lactase, was decreased with the MTB mix, as it was with
SCFA. In a Caco-2 study, LCT expression decreased after 11
days of differentiation, making it an early marker of matu-
ration.77 This decrease might be related to increased ALPI, a
maturation marker that also increases after exposure to SCFA.
SCFA have been shown to positively affect the differentiation
and maturation of intestinal epithelium models,78 which is
consistent with our results.

The MTB mix up-regulated expression of CHGA, a marker of
endocrine cells, suggesting an effect of the mixture on the
NCI-H716 enteroendocrine cells. However, the modulation
observed with SCFA, i.e. the reduction of GCG expression, was
not observed with the MTB mix. This decrease, although not
in line with the consensus that SCFA induce GCG expression,
confirms some studies that have highlighted the particular be-
havior of NCI-H716 after exposure to butyrate.79,80

One of the main objectives of the study was to decipher the
role of several HM metabolites on expression of genes related
to various functions of the intestinal epithelium despite their
low or very low concentrations in HM, in any case lower than
in the gut. Here, we have clearly shown that HM metabolites,
sometimes alone, but more often in mixture, have an impact
on the expression of genes related to all the gut functions we
tested in vitro. Within the MTB mix, the impact of SCFA

appeared predominant, as most genes affected by the MTB
mix were similarly affected by SCFA. Within the SCFA, it was
mainly butyrate that drove the modulations, maybe as it was
used at a concentration 3-fold higher than acetate and propio-
nate, as found in HM. Nevertheless, the use of mixtures, by
classes or with all the metabolites clearly highlighted some
cumulative effects of individual metabolites, resulting in
amplified or, on the contrary, attenuated effects. This was
clearly demonstrated with GABA, which individually had a sig-
nificant effect on the expression of genes related to all the
functions screened, but whose effects in a mixture seemed to
be barely visible. In line with this, we could speculate that,
depending on the relative concentrations of the different
metabolites in HM, different effects would be observed on the
intestinal epithelium. Our study was designed based on mean
and median concentrations found in HM, but large variability
in the concentration of HM metabolites between individuals
and studies has indeed been reported.7–11,45 The question
then arises as to the impact of these different metabolite pro-
files on the expression of genes related to the different intesti-
nal functions, with possible consequences for infant health.
When considering the possible consequences of different pro-
files of HM metabolites on neonatal health, it is important to
note that although our multicellular model attempts to intro-
duce the cellular diversity present in the intestinal epithelium,
it has some limitations. In fact, it is an adult model, using
cancer cell lines, but these cell lines do express genes present
in infant gut such as that encoding for the enzyme lactase.77

Another limitation of the present study is that we evaluated
the effect of HM metabolites on several gut functions mainly
through gene expression, which allowed an overview of the
HM metabolite effects, and revealed a pleiotropic effect of HM
metabolites, but this should be further corroborated by physio-
logical data. While some of them were included in the present
study such as the TEER and paracellular permeability with
Lucifer Yellow, additional physiological readouts could be
monitored, including the production of cytokines. Besides,
interferences could occur between the HM metabolites and
the intestinal microbiota metabolites, which were not con-
sidered in the present study. However, in the proximal parts of
the infant intestine, the microbiota is less abundant and so
are its metabolites. It is therefore possible that the metabolites
of interest, despite their low concentration in the HM, act and/
or are absorbed in the small intestine. We can therefore expect
direct effects on the proximal part of the intestine, as investi-
gated in vitro in this study, but we cannot exclude more indir-
ect effects on the distal parts of the intestine and on the intes-
tinal microbiota. For this reason, it would be important to
explore the HM metabolite effects in in vivo preclinical
models, in order to study them in more physiological models
considering the influence of the microbiota, and the dynamic
of growth and development during the early postnatal/lacta-
tion period, such as in some studies carried out on butyrate
and PA.19,34 Further studies are also needed to understand the
potential matrix effects of HM on intestinal epithelium and
host responses. Indeed, we studied the metabolites in a mix as
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in HM, but they were added to the cellular model in a cell
culture medium, which does not reflect the complexity of the
HM composition and does not consider possible interference
with the matrix.

Conclusions

In conclusion, our study showed that HM metabolites
enhanced IEB in vitro and were able to modulate expression of
genes involved in immune, digestive and endocrine functions.
Cumulative as well as opposite effects of the different classes
of metabolites were revealed, with a dominant effect of SCFA.
The effects observed with the MTB mix did not correspond to
the sum of the individual metabolite effects, highlighting the
importance of considering the diversity of the HM metabo-
lome on its impact on newborn physiology and development.
Further studies in preclinical models mimicking better the
complexity of gut physiology are warranted to better character-
ize the role of HM metabolites. This would open new avenues
for the development of more biomimetic infant formulas.

Author contributions

I. L. H. L. Sa. B., So. B., S. E. and Y. L. L. conceived the project
that led to the submission of this work. Sa. B., So. B. and
S. E. designed the experiments; Sa. B., M. B. and
V. R. performed experiments and acquired data and
Sa. B. analyzed data. Sa. B., So. B. and S. E. interpreted results
of experiments; Sa. B. prepared figures; Sa. B., So. B. and
S. E. drafted manuscript; all authors approved final version of
manuscript.

Conflicts of interest

The authors have no conflicts of interest to declare.

Data availability

All data generated or analysed during this study are included
in this published article and its ESI† (https://doi.org/10.57745/
8Z0LWX).

Acknowledgements

This work was funded by the Région Bretagne (grant no.
19008213) and Région Pays de la Loire (grant no. 2019-013227)
(France), and by the Bretagne Biotechnologie Alimentaire
(BBA) Milk Valley association through the PROLIFIC project.

We thank Charles Le Bras and Nathalie Daniel for sharing
their expertise in cell culture and for sharing the protocol on
epithelial permeability measurement using Lucifer yellow. We
are most grateful to Biogenouest Genomics, ANAEE-Fr and the

EcogenO core facility of Rennes (OSUR) for its technical
support.

References

1 O. Ballard and A. L. Morrow, Human Milk Composition:
Nutrients and Bioactive Factors, Pediatr. Clin. North Am.,
2013, 60, 49–74.

2 L. Duijts, V. W. V. Jaddoe, A. Hofman and H. A. Moll,
Prolonged and Exclusive Breastfeeding Reduces the Risk of
Infectious Diseases in Infancy, Pediatrics, 2010, 126, e18–
e25.

3 H. Bernardo, V. Cesar and World Health Organization,
Long-term effects of breastfeeding: a systematic review, World
Health Organization, Geneva, 2013.

4 M. Xue, E. Dehaas, N. Chaudhary, P. O’Byrne, I. Satia and
O. P. Kurmi, Breastfeeding and risk of childhood asthma: a
systematic review and meta-analysis, ERJ Open Res., 2021, 7,
00504–02021.

5 I. L. Huërou-Luron, S. Blat and G. Boudry, Breast- v.
formula-feeding: impacts on the digestive tract and
immediate and long-term health effects, Nutr. Res. Rev.,
2010, 23, 23–36.

6 C. C. Almeida, B. F. Mendonça Pereira, K. C. Leandro,
M. P. Costa, B. F. Spisso and C. A. Conte-Junior, Bioactive
Compounds in Infant Formula and Their Effects on Infant
Nutrition and Health: A Systematic Literature Review,
Int. J. Food Sci., 2021, 2021, 8850080.

7 A. Limon, J.-L. Gallegos-Perez, J. M. Reyes-Ruiz,
M. A. Aljohi, A. S. Alshanqeeti and R. Miledi, The endogen-
ous GABA bioactivity of camel, bovine, goat and human
milks, Food Chem., 2014, 145, 481–487.

8 J. Wu, M. Domellöf, A. M. Zivkovic, G. Larsson, A. Öhman
and M. L. Nording, NMR-based metabolite profiling of
human milk: A pilot study of methods for investigating
compositional changes during lactation, Biochem. Biophys.
Res. Commun., 2016, 469, 626–632.

9 T. Maeda, A. Shioyama, T. Tairabune, R. Takeda, A. Sanbe,
A. Kikuchi, K. Kudo and T. Chiba, Physiologic changes in
serotonin concentrations in breast milk during lactation,
Nutrition, 2020, 79–80, 110969.

10 N. C. Muñoz-Esparza, O. Comas-Basté, M. L. Latorre-
Moratalla, M. T. Veciana-Nogués and M. C. Vidal-Carou,
Differences in Polyamine Content between Human Milk
and Infant Formulas, Foods, 2021, 10, 2866.

11 N. V. Wieser, M. Ghiboub, C. Verseijden, J. B. van
Goudoever, A. Schoonderwoerd, T. G. J. de Meij,
H. J. Niemarkt, M. Davids, A. Lefèvre, P. Emond,
J. P. M. Derikx, W. J. de Jonge and B. Sovran, Exploring the
Immunomodulatory Potential of Human Milk: Aryl
Hydrocarbon Receptor Activation and Its Impact on
Neonatal Gut Health, Nutrients, 2024, 16, 1531.

12 T. Sakata, Stimulatory effect of short-chain fatty acids on
epithelial cell proliferation in the rat intestine: a possible
explanation for trophic effects of fermentable fibre, gut

Paper Food & Function

5612 | Food Funct., 2025, 16, 5601–5615 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
 2

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
5:

55
:5

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.57745/8Z0LWX
https://doi.org/10.57745/8Z0LWX
https://doi.org/10.57745/8Z0LWX
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01144b


microbes and luminal trophic factors, Br. J. Nutr., 1987, 58,
95–103.

13 B. Dalile, L. Van Oudenhove, B. Vervliet and K. Verbeke,
The role of short-chain fatty acids in microbiota–gut–brain
communication, Nat. Rev. Gastroenterol. Hepatol., 2019, 16,
461–478.

14 C. Martin-Gallausiaux, L. Marinelli, H. M. Blottière,
P. Larraufie and N. Lapaque, SCFA: mechanisms and func-
tional importance in the gut, Proc. Nutr. Soc., 2021, 80, 37–
49.

15 E. Gaudier, A. Jarry, H. M. Blottière, P. de Coppet,
M. P. Buisine, J. P. Aubert, C. Laboisse, C. Cherbut and
C. Hoebler, Butyrate specifically modulates MUC gene
expression in intestinal epithelial goblet cells deprived of
glucose, Am. J. Physiol.: Gastrointest. Liver Physiol., 2004,
287, G1168–G1174.

16 L. Peng, Z.-R. Li, R. S. Green, I. R. Holzman and J. Lin,
Butyrate Enhances the Intestinal Barrier by Facilitating
Tight Junction Assembly via Activation of AMP-Activated
Protein Kinase in Caco-2 Cell Monolayers, J. Nutr., 2009,
139, 1619–1625.

17 T. V. Hung and T. Suzuki, Short-Chain Fatty Acids Suppress
Inflammatory Reactions in Caco-2 Cells and Mouse Colons,
J. Agric. Food Chem., 2018, 66, 108–117.

18 N. Arpaia, C. Campbell, X. Fan, S. Dikiy, J. van der Veeken,
P. deRoos, H. Liu, J. R. Cross, K. Pfeffer, P. J. Coffer and
A. Y. Rudensky, Metabolites produced by commensal bac-
teria promote peripheral regulatory T cell generation,
Nature, 2013, 504, 451–455.

19 L. Paparo, R. Nocerino, E. Ciaglia, C. Di Scala, C. De Caro,
R. Russo, G. Trinchese, R. Aitoro, A. Amoroso, C. Bruno,
M. Di Costanzo, A. Passariello, F. Messina, A. Agangi,
M. Napolitano, L. Voto, G. D. Gatta, L. Pisapia, F. Montella,
M. P. Mollica, A. Calignano, A. Puca and R. Berni Canani,
Butyrate as a bioactive human milk protective component
against food allergy, Allergy, 2021, 76, 1398–1415.

20 P. Louis, S. H. Duncan, P. O. Sheridan, A. W. Walker and
H. J. Flint, Microbial lactate utilisation and the stability of
the gut microbiome, Gut Microbiome:mplic. Hum. Dis.,
2022, 3, e3.

21 C. Löser, A. Eisel, D. Harms and U. R. Fölsch, Dietary polya-
mines are essential luminal growth factors for small intes-
tinal and colonic mucosal growth and development, Gut,
1999, 44, 12–16.

22 G. Liu, W. Mo, W. Cao, X. Wu, G. Jia, H. Zhao, X. Chen,
C. Wu and J. Wang, Effects of spermine on ileal physical
barrier, antioxidant capacity, metabolic profile and large
intestinal bacteria in piglets, RSC Adv., 2020, 10, 26709–
26716.

23 G. Liu, W. Mo, X. Xu, X. Wu, G. Jia, H. Zhao, X. Chen,
C. Wu and J. Wang, Effects of putrescine on gene
expression in relation to physical barriers and antioxidant
capacity in organs of weaning piglets, RSC Adv., 2019, 9,
19584–19595.

24 J. C. ter Steege, W. A. Buurman and P. P. Forget, Spermine
induces maturation of the immature intestinal immune

system in neonatal mice, J. Pediatr. Gastroenterol. Nutr.,
1997, 25, 332–340.

25 A. P. Van der Leek, Y. Yanishevsky and A. L. Kozyrskyj, The
Kynurenine Pathway As a Novel Link between Allergy and
the Gut Microbiome, Front. Immunol., 2017, 8, 1374.

26 X. Ye, H. Li, K. Anjum, X. Zhong, S. Miao, G. Zheng, W. Liu
and L. Li, Dual Role of Indoles Derived From Intestinal
Microbiota on Human Health, Front. Immunol., 2022, 13,
903526.

27 R. Mazzoli and E. Pessione, The Neuro-endocrinological
Role of Microbial Glutamate and GABA Signaling, Front.
Microbiol., 2016, 7, 1934.

28 S. Sokovic Bajic, J. Djokic, M. Dinic, K. Veljovic, N. Golic,
S. Mihajlovic and M. Tolinacki, GABA-Producing Natural
Dairy Isolate From Artisanal Zlatar Cheese Attenuates Gut
Inflammation and Strengthens Gut Epithelial Barrier
in vitro, Front. Microbiol., 2019, 10, 527.

29 Y. H. Kwon, H. Wang, E. Denou, J.-E. Ghia, L. Rossi,
M. E. Fontes, S. P. Bernier, M. S. Shajib, S. Banskota,
S. M. Collins, M. G. Surette and W. I. Khan, Modulation of
Gut Microbiota Composition by Serotonin Signaling
Influences Intestinal Immune Response and Susceptibility
to Colitis, Cell. Mol. Gastroenterol. Hepatol., 2019, 7, 709–
728.

30 M. Matsuda, T. Imaoka, A. J. Vomachka, G. A. Gudelsky,
Z. Hou, M. Mistry, J. P. Bailey, K. M. Nieport, D. J. Walther,
M. Bader and N. D. Horseman, Serotonin Regulates
Mammary Gland Development via an Autocrine-Paracrine
Loop, Dev. Cell, 2004, 6, 193–203.

31 L. F. Stinson and D. T. Geddes, Microbial metabolites: the
next frontier in human milk, Trends Microbiol., 2022, 30,
408–410.

32 C. Gómez-Gallego, H. Kumar, I. García-Mantrana, E. du
Toit, J.-P. Suomela, K. M. Linderborg, Y. Zhang, E. Isolauri,
B. Yang, S. Salminen and M. C. Collado, Breast Milk
Polyamines and Microbiota Interactions: Impact of Mode
of Delivery and Geographical Location, Ann. Nutr. Metab.,
2017, 70, 184–190.

33 C. Gómez-Gallego, J. M. Morales, D. Monleón, E. Du Toit,
H. Kumar, K. M. Linderborg, Y. Zhang, B. Yang, E. Isolauri,
S. Salminen and M. C. Collado, Human Breast Milk NMR
Metabolomic Profile across Specific Geographical
Locations and Its Association with the Milk Microbiota,
Nutrients, 2018, 10, 1355.

34 C. Gómez-Gallego, M. C. Collado, G. Pérez, T. Ilo,
U.-M. Jaakkola, M. J. Bernal, M. J. Periago, R. Frias, G. Ros
and S. Salminen, Resembling breast milk: influence of
polyamine-supplemented formula on neonatal BALB/
cOlaHsd mouse microbiota, Br. J. Nutr., 2014, 111, 1050–1058.

35 F. J. Pérez-Cano, A. González-Castro, C. Castellote,
À. Franch and M. Castell, Influence of breast milk polya-
mines on suckling rat immune system maturation, Dev.
Comp. Immunol., 2010, 34, 210–218.

36 F. Araújo and B. Sarmento, Towards the characterization of
an in vitro triple co-culture intestine cell model for per-
meability studies, Int. J. Pharm., 2013, 458, 128–134.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 5601–5615 | 5613

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
5:

55
:5

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01144b


37 T. Gautier, N. Fahet, Z. Tamanai-Shacoori, N. Oliviero,
M. Blot, A. Sauvager, A. Burel, S. D.-L. Gall, S. Tomasi,
S. Blat and L. Bousarghin, Roseburia intestinalis
Modulates PYY Expression in a New a Multicellular Model
including Enteroendocrine Cells, Microorganisms, 2022, 10,
2263.

38 E. Gullberg, M. Leonard, J. Karlsson, A. M. Hopkins,
D. Brayden, A. W. Baird and P. Artursson, Expression of
Specific Markers and Particle Transport in a New Human
Intestinal M-Cell Model, Biochem. Biophys. Res. Commun.,
2000, 279, 808–813.

39 T. Vernay, I. Cannie, F. Gaboriau, S. D.-L. Gall, Z. Tamanai-
Shacoori, A. Burel, A. Jolivet-Gougeon, O. Loréal and
L. Bousarghin, Bacteroides fragilis prevents Salmonella
Heidelberg translocation in co-culture model mimicking
intestinal epithelium, Benefic. Microbes, 2020, 11, 391–401.

40 G. J. Mahler, M. L. Shuler and R. P. Glahn, Characterization
of Caco-2 and HT29-MTX cocultures in an in vitro diges-
tion/cell culture model used to predict iron bioavailability,
J. Nutr. Biochem., 2009, 20, 494–502.

41 X. Huang, Y. Gao, S. Li, C. Wu, J. Wang and N. Zheng,
Modulation of Mucin (MUC2, MUC5AC and MUC5B)
mRNA Expression and Protein Production and Secretion in
Caco-2/HT29-MTX Co-Cultures Following Exposure to
Individual and Combined Aflatoxin M1 and Ochratoxin A,
Toxins, 2019, 11, 132.

42 P. J. Giannasca, K. T. Giannasca, A. M. Leichtner and
M. R. Neutra, Human Intestinal M Cells Display the Sialyl
Lewis A Antigen, Infect. Immun., 1999, 67, 946–953.

43 R. C. Anderson, A. K. H. MacGibbon, N. Haggarty,
K. M. Armstrong and N. C. Roy, Bovine dairy complex
lipids improve in vitro measures of small intestinal epi-
thelial barrier integrity, PLoS One, 2018, 13, e0190839.

44 D. Parada Venegas, M. K. De la Fuente, G. Landskron,
M. J. González, R. Quera, G. Dijkstra, H. J. M. Harmsen,
K. N. Faber and M. A. Hermoso, Short Chain Fatty Acids
(SCFAs)-Mediated Gut Epithelial and Immune Regulation
and Its Relevance for Inflammatory Bowel Diseases, Front.
Immunol., 2019, 10, 277.

45 L. F. Stinson, M. C. L. Gay, P. T. Koleva, M. Eggesbø,
C. C. Johnson, G. Wegienka, E. du Toit, N. Shimojo,
D. Munblit, D. E. Campbell, S. L. Prescott, D. T. Geddes
and A. L. Kozyrskyj, Human Milk From Atopic Mothers
Has Lower Levels of Short Chain Fatty Acids, Front.
Immunol., 2020, 11, 1427.

46 Y. Gao, B. Davis, W. Zhu, N. Zheng, D. Meng and W. A. Walker,
Short-chain fatty acid butyrate, a breast milk metabolite,
enhances immature intestinal barrier function genes in
response to inflammation in vitro and in vivo, Am. J. Physiol.:
Gastrointest. Liver Physiol., 2021, 320, G521–G530.

47 M. C. Valenzano, K. DiGuilio, J. Mercado, M. Teter, J. To,
B. Ferraro, B. Mixson, I. Manley, V. Baker, B. A. Moore,
J. Wertheimer and J. M. Mullin, Remodeling of Tight
Junctions and Enhancement of Barrier Integrity of the
CACO-2 Intestinal Epithelial Cell Layer by Micronutrients,
PLoS One, 2015, 10, e0133926.

48 M. Krishnan, A. Singh, J. Smith, A. Sharma, X. Chen,
S. Eschrich, T. Yeatman, R. Beauchamp and P. Dhawan,
HDAC inhibitors regulate claudin-1 expression in colon
cancer cells through modulation of mRNA stability,
Oncogene, 2010, 29, 305–312.

49 H.-B. Wang, P.-Y. Wang, X. Wang, Y.-L. Wan and Y.-C. Liu,
Butyrate Enhances Intestinal Epithelial Barrier Function
via Up-Regulation of Tight Junction Protein Claudin-1
Transcription, Dig. Dis Sci., 2012, 57, 3126–3135.

50 X. Guo, J. N. Rao, L. Liu, T. Zou, K. M. Keledjian,
D. Boneva, B. S. Marasa and J.-Y. Wang, Polyamines are
necessary for synthesis and stability of occludin protein in
intestinal epithelial cells, Am. J. Physiol.: Gastrointest. Liver
Physiol., 2005, 288, G1159–G1169.

51 N. E. Osman, B. Weström, Q. Wang, L. Persson and
B. Karlsson, Spermine affects intestinal in vitro permeability
to different-sized molecules in rats, Comp. Biochem. Physiol.,
Part C:Pharmacol., Toxicol. Endocrinol., 1998, 120, 211–216.

52 Y. Sugita, K. Takao, Y. Toyama and A. Shirahata,
Enhancement of intestinal absorption of macromolecules
by spermine in rats, Amino Acids, 2007, 33, 253–260.

53 G. Theodoropoulos and K. L. Carraway, Molecular signaling
in the regulation of mucins, J. Cell. Biochem., 2007, 102,
1103–1116.

54 A. Shimotoyodome, S. Meguro, T. Hase, I. Tokimitsu and
T. Sakata, Short chain fatty acids but not lactate or succi-
nate stimulate mucus release in the rat colon, Comp.
Biochem. Physiol., Part A:Mol. Integr. Physiol., 2000, 125,
525–531.

55 C. P. Tran, M. Familari, L. M. Parker, R. H. Whitehead and
A. S. Giraud, Short-chain fatty acids inhibit intestinal trefoil
factor gene expression in colon cancer cells, Am. J. Physiol.:
Gastrointest. Liver Physiol., 1998, 275, G85–G94.

56 R. Kuefer, M. D. Hofer, V. Altug, C. Zorn, F. Genze,
K. Kunzi-Rapp, R. E. Hautmann and J. E. Gschwend,
Sodium butyrate and tributyrin induce in vivo growth inhi-
bition and apoptosis in human prostate cancer,
Br. J. Cancer, 2004, 90, 535–541.

57 J. Park, T. Kotani, T. Konno, J. Setiawan, Y. Kitamura,
S. Imada, Y. Usui, N. Hatano, M. Shinohara, Y. Saito,
Y. Murata and T. Matozaki, Promotion of Intestinal
Epithelial Cell Turnover by Commensal Bacteria: Role of
Short-Chain Fatty Acids, PLoS One, 2016, 11, e0156334.

58 H. Zhang, Y. Wang, F. Gao, R. Liu, W. Chen, X. Zhao,
Q. Sun, X. Sun, J. Li, C. Liu and X. Ma, GABA increases sus-
ceptibility to DSS-induced colitis in mice, J. Funct. Foods,
2022, 99, 105339.

59 N. Seiler and F. Raul, Polyamines and apoptosis, J. Cell.
Mol. Med., 2005, 9, 623–642.

60 S. Ikonomovic, E. Kharlamov, H. Manev, M. D. Ikonomovic
and D. R. Grayson, GABA et NMDA dans la prévention de la
mort cellulaire de type apoptotique in vitro, Neurochem.
Int., 1997, 31, 283–290.

61 L. Wang, H.-S. Luo and H. Xia, Sodium butyrate induces
human colon carcinoma HT-29 cell apoptosis through a
mitochondrial pathway, J. Int. Med. Res., 2009, 37, 803–811.

Paper Food & Function

5614 | Food Funct., 2025, 16, 5601–5615 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
 2

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
5:

55
:5

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01144b


62 S. A. Jones, R. N. Butler, I. R. Sanderson and J. W. Wilson,
The effect of specific caspase inhibitors on TNF-α and buty-
rate-induced apoptosis of intestinal epithelial cells, Exp.
Cell Res., 2004, 292, 29–39.

63 W. Huangfu, J. Ma, Y. Zhang, M. Liu, B. Liu, J. Zhao,
Z. Wang and Y. Shi, Dietary Fiber-Derived Butyrate
Alleviates Piglet Weaning Stress by Modulating the TLR4/
MyD88/NF-κB Pathway, Nutrients, 2024, 16, 1714.

64 H. M. Hamer, D. M. A. E. Jonkers, A. Bast,
S. A. L. W. Vanhoutvin, M. A. J. G. Fischer, A. Kodde,
F. J. Troost, K. Venema and R.-J. M. Brummer, Butyrate
modulates oxidative stress in the colonic mucosa of
healthy humans, Clin. Nutr., 2009, 28, 88–93.

65 M. Domokos, J. Jakus, K. Szeker, R. Csizinszky, G. Csiko,
Z. Neogrady, A. Csordas and P. Galfi, Butyrate-Induced Cell
Death and Differentiation Are Associated with Distinct
Patterns of ROS in HT29-Derived Human Colon Cancer
Cells, Dig. Dis Sci., 2010, 55, 920–930.

66 J. D. Mezrich, J. H. Fechner, X. Zhang, B. P. Johnson,
W. J. Burlingham and C. A. Bradfield, An Interaction
between Kynurenine and the Aryl Hydrocarbon Receptor
Can Generate Regulatory T Cells, J. Immunol., 2010, 185,
3190–3198.

67 A. M. Ehrlich, A. R. Pacheco, B. M. Henrick, D. Taft, G. Xu,
M. N. Huda, D. Mishchuk, M. L. Goodson, C. Slupsky,
D. Barile, C. B. Lebrilla, C. B. Stephensen, D. A. Mills and
H. E. Raybould, Indole-3-lactic acid associated with
Bifidobacterium-dominated microbiota significantly
decreases inflammation in intestinal epithelial cells, BMC
Microbiol., 2020, 20, 357.

68 L. Marinelli, C. Martin-Gallausiaux, J.-M. Bourhis,
F. Béguet-Crespel, H. M. Blottière and N. Lapaque,
Identification of the novel role of butyrate as AhR ligand in
human intestinal epithelial cells, Sci. Rep., 2019, 9, 643.

69 A. Rannug, How the AHR Became Important in Intestinal
Homeostasis—A Diurnal FICZ/AHR/CYP1A1 Feedback
Controls Both Immunity and Immunopathology, Int. J. Mol.
Sci., 2020, 21, 5681.

70 C. Schiering, E. Wincent, A. Metidji, A. Iseppon, Y. Li,
A. J. Potocnik, S. Omenetti, C. J. Henderson, C. R. Wolf,
D. W. Nebert and B. Stockinger, Feedback control of AHR
signalling regulates intestinal immunity, Nature, 2017, 542,
242–245.

71 A. Schousboe, L. K. Bak, H. M. Sickmann, U. Sonnewald
and H. S. Waagepetersen, Energy substrates to support glu-

tamatergic and GABAergic synaptic function: Role of glyco-
gen, glucose and lactate, Neurotoxic. Res., 2007, 12, 263–
268.

72 C. Huang, W. Deng, H. Xu, C. Zhou, F. Zhang, J. Chen,
Q. Bao, X. Zhou, M. Liu, J. Li and C. Liu, Short-chain fatty
acids reprogram metabolic profiles with the induction of
reactive oxygen species production in human colorectal
adenocarcinoma cells, Comput. Struct. Biotechnol. J., 2023,
21, 1606–1620.

73 T. Fang, G. Jia, H. Zhao, X. Chen, C. Wu, B. Xue,
J. Cai, G. Tian, J. Wang and G. Liu, Effects of sper-
mine supplementation on blood biochemical para-
meters, amino acid profile and ileum expression of
amino acid transporters in piglets, Anim. Feed Sci.,
2019, 28, 337–345.

74 G. Liu, W. Mo, W. Cao, G. Jia, H. Zhao, X. Chen, C. Wu,
R. Zhang and J. Wang, Digestive abilities, amino acid trans-
porter expression, and metabolism in the intestines of
piglets fed with spermine, J. Food Biochem., 2020, 44,
e13167.

75 S. Frølund, O. Marquez, M. Larsen, B. Brodin and
C. Nielsen, δ-Aminolevulinic acid is a substrate for the
amino acid transporter SLC36A1 (hPAT1), Br. J. Pharmacol.,
2010, 159, 1339–1353.

76 G. Dalmasso, H. T. T. Nguyen, Y. Yan, L. Charrier-
Hisamuddin, S. V. Sitaraman and D. Merlin, Butyrate
Transcriptionally Enhances Peptide Transporter PepT1
Expression and Activity, PLoS One, 2008, 3, e2476.

77 E. H. Van Beers, R. H. Al, E. H. H. M. Rings,
A. W. C. Einerhand, J. Dekker and H. A. Büller, Lactase and
sucrase-isomaltase gene expression during Caco-2 cell
differentiation, Biochem. J., 1995, 308, 769–775.

78 H. Matsumoto, R. H. Erickson, J. R. Gum, M. Yoshioka,
E. Gum and Y. S. Kim, Biosynthesis of alkaline phos-
phatase during differentiation of the human colon
cancer cell line Caco-2, Gastroenterology, 1990, 98,
1199–1207.

79 P. Larraufie, C. Martin-Gallausiaux, N. Lapaque, J. Dore,
F. M. Gribble, F. Reimann and H. M. Blottiere, SCFAs
strongly stimulate PYY production in human enteroendo-
crine cells, Sci. Rep., 2018, 8, 74.

80 X. Cao, G. Flock, C. Choi, D. M. Irwin and D. J. Drucker,
Aberrant Regulation of Human Intestinal Proglucagon
Gene Expression in the NCI-H716 Cell Line, Endocrinology,
2003, 144, 2025–2033.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 5601–5615 | 5615

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
5:

55
:5

1 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01144b

	Button 1: 


