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Abstract: Maternal breast milk plays a key role in providing newborns with passive immunity and
stimulating the maturation of an infant’s immune system, protecting them from many diseases. It is
known that diet can influence the immune system of lactating mothers and the composition of their
breast milk. The aim of this study was to establish if a supplementation during the gestation and
lactation of Lewis rats with extra virgin olive oil (EVOO), due to the high proportion of antioxidant
components in its composition, has an impact on the mother’s immune system and on the breast
milk’s immune composition. For this, 10 mL/kg of either EVOO, refined oil (control oil) or water
(REF group) were orally administered once a day to rats during gestation and lactation periods.
Immunoglobulin (Ig) concentrations and gene expressions of immune molecules were quantified
in several compartments of the mothers. The EVOO group showed higher IgA levels in both the
breast milk and the mammary glands than the REF group. In addition, the gene expression of IgA
in mammary glands was also boosted by EVOO consumption. Overall, EVOO supplementation
during gestation and lactation is safe and does not negatively affect the mother’s immune system
while improving breast milk immune composition by increasing the presence of IgA, which could be
critical for an offspring’s immune health.

Keywords: maternal diet; breastmilk; immunoglobulin; polyphenols

1. Introduction

A balanced diet is important for good health and, among other body systems [1],
diet plays a key role in the maintenance of the immune system’s optimal functioning [2].
The Mediterranean diet (MD) is known as a healthy lifestyle, which is characterized by
a high consumption of fruits and vegetables, whole grain cereals, legumes and seeds [2].
The usage of extra virgin olive oil (EVOO) stands out by being the main source of fat in
this diet [3]. EVOO is particularly beneficial for its antioxidant and anti-inflammatory
properties [4]. Its high monounsaturated fatty acid (MUFA) content, of up to 80%, has
always been related to all these healthy properties; however, lately, EVOO’s benefits are also
related to minor components, which make up 1–2% of the total contents, such as phenolic
compounds [3]. There are a great variety of phenolic antioxidants present in EVOO such
as phenyl alcohols, phenolic acids, secoiridoids, flavonoids and lignans, with the main
phenolic compounds being tyrosol, hydroxytyrosol, oleuropein and oleocanthal [5]. After
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these EVOO pehnolics’ intake, there is an increase in their plasma concentrations and urine
elimination, which seem to be due to a dose-dependent absorption [6–8]. Then, EVOO’s
antioxidants are tissue-distributed and have been linked to health properties through
many different mechanisms [9,10]. In this sense, EVOO intake has been associated with an
increase in the activity of glutathione peroxidase (GPX), superoxide dismutase (SOD) or
catalase (CAT), enzymes implicated in antioxidant activity [11–13].

In addition to their antioxidant role, these compounds are also antimicrobial [4,14,15]
and anti-inflammatory [16], being that all these properties are associated with the preven-
tion of neurodegenerative diseases, cancers and rheumatic pathologies [10,17]. Neverthe-
less, EVOO has always had a big impact on cardiovascular diseases [18,19] and it also
seems to positively modulate the intestinal microbiota [20,21]. Although it is clear the
relationship between antioxidant intake, the homeostasis of the redox systems and their
modulation of immune system activities and inflammation [22], little is known about the
effect of EVOO on the immune system (IS). In addition, even less studied is this relationship
during pregnancy and lactation periods or its impact on breast milk (BM) composition.

BM plays a key role in growth and an infant’s immune system [23]. It participates
in the protection of the infant from infectious diseases during the first months of life due
to its different components such as maternal immunoglobulins (Ig), hormones, cytokines,
immunocompetent cells, or a variety of antimicrobial compounds. It also contains its own
microbiota and prebiotic substances such as oligosaccharides (HMOs) that stimulate the
growth of beneficial bacteria in the gut [24].

Therefore, breastfeeding offers a multitude of benefits; besides shielding against
infections, it promotes optimal neurodevelopment, reduces allergies, lowers the chances of
obesity and diabetes, and safeguards against cardiovascular diseases and asthma, among
others [25]. In humans, it is recommended to exclusively breastfeed for the first 6 months
and continue until the child reaches 2 years, supplemented with complementary food [26].

Besides genetics, different factors can influence breastfeeding and breast milk com-
position [27], such as parity, the method of delivery, the breastfeeding technique, feeding
frequency, maternal nutritional status, dietary intake, and eating habits [25,28,29]. A dis-
rupted nutritional status affects the mother’s capacity to produce sufficient BM for the
infant’s nutritional needs [25].

In this line, nutritional interventions during gestation and lactation can be a strategy to
modulate the properties of BM. Previous nutritional interventions, both, at preclinical and
clinical levels, have shown modifications in the lipid and immune profiles of BM [30–32].
Furthermore, it has been recently described that plasma EVOO metabolites reach the BM of
EVOO-supplemented rats [33].

In order to better understand the impact of EVOO on health, and particularly on the
IS in these periods, a preclinical approach has been designed. The aim of this study was to
assess the impact of EVOO supplementation during pregnancy and lactation on the mother
rat’s immunity and on BM composition.

2. Materials and Methods
2.1. Animals

The study was performed with 20 female and 5 male Lewis rats from Envigo (Sant
Feliu de Codines, Spain) aged 8 weeks in two different cohorts. Animals were individu-
ally housed in cages and fed with a standard diet, with the AIN-93G formulation [34]
and water ad libitum. The rats were randomly mated with males (2 female rats and
1 male per cage) for 48 h and housed individually again. Finally, after confirming preg-
nancy, the experiments were carried out with 14 pregnant rats. The animals were under
controlled temperature and humidity conditions, in a 12:12 h light:dark cycle in the
Diagonal Campus Experimentation Unit located at the Faculty of Pharmacy and Food
Science (University of Barcelona).

The study was performed according to the criteria of the Guide for the Care and Use
of Laboratory Animals. All experimental procedures were reviewed and approved by the
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Ethical Committee for Animal Experimentation of the University of Barcelona and the
Catalan Government (CEEA-UB Ref. 240/19 and DAAM10933, respectively).

2.2. Experimental Design

The intervention lasted 6 weeks, 3 weeks of gestation (G0–G21) and 3 weeks of
lactation (L1–L21). Rats were distributed into three experimental groups: REF dams
(reference, n = 4), that received water; ROO dams (refined olive oil, n = 4) that received a
refined olive oil; and EVOO dams (n = 6). Water, ROO and EVOO were administered
daily at dosage or 10 mL/kg of body weight, by oral gavage during both gestation
and lactation. EVOO proceeded from the Picual cultivar and was purchased from a
supermarket in 2020. The phenolic profile of the EVOO was analyzed and described
in a previous study [33], in which there was a total content of phenolic compounds of
862 mg/kg with a high proportion of oleuropein and oleacein.

Body weight, water and feed consumption were recorded daily. On the last day of the
study, the lengths (nose-anus) of the rats were measured. The body mass index (BMI, body
weight/length2, g/cm2) and the Lee index ( 3

√
weight/ length × 1000) were calculated.

2.3. Sample Collection and Processing

During the study, fecal samples were collected weekly to study pH and humidity,
and blood samples were collected at G0, G14 and at the end of the study (L21). Milk sam-
ples were collected at L21, initiating after 5 min of administrating oxytocin (Syntocinon
10 U.I./mL, Alfasigma S.L., Bologna, Italy) and by gently stimulating the teats from base
to top as carried out in previous studies [35,36]. The milk samples were collected with
sterile pipette tips and sterile eppendorfs and centrifuged (800× g, 10 min) to obtain
lactic sera that were stored at −80 ◦C.

After milk sample collection, all the animals were intramuscularly anesthetized with
ketamine and xylazine (90 mg/kg and 10 mg/kg, respectively). Blood was drawn via car-
diac puncture, collected in tubes for hematological analysis (Spincell, Monlab Laboratories),
and centrifuged to obtain plasma for Ig quantification.

The adipose tissue, mesenteric lymph nodes (MLNs), spleen, liver, thymus, salivary
gland (SGs) and mammary glands (MGs) were obtained to study the gene expression
via PCR (soaked in RNA later (Ambion, Life technologies, Madrid, Spain)), and were
homogenated for Ig quantification or fixed for histological study. Other organs (the right
kidney, heart, brain, stomach and cecum) were extracted and weighed. The small intestine
(SI) was weighted and measured, and the gut wash (GW), the cecal content (CC) and
samples for histology and gene expression study were obtained.

2.4. Immunoglobulin and Galectin Quantification

Concentrations of IgA and IgM in the homogenates of SGs, MGs, MLNs, CCs, and the
GW were quantified using rat IgA and IgM ELISA kits (Bethyl Laboratories, Montgomery,
TX, USA) [37,38]. The lower limits of detection were 1.95 ng/mL for IgA and 1.95 ng/mL
for IgM. The protein content of samples was quantified using a BCA protein assay (Ther-
mofischer Scientiffic, Walthan, MA, USA). Galectins (GALs) were quantified using GAL-1,
GAL-3 and GAL-9 ELISA Kits (Elabscience Biotechnology Inc., Houston, TX, USA).

Concentrations of IgA, IgM and IgG subtypes in plasma from G0, G14 and L21 and in
SGs, MLN homogenates and BM at L21were quantified by a Procarta Plex Rat Antibody
Isotyping Panel (eBioscience, Frankfurt, Germany), following manufacturer’s protocol as
performed in previous studies [32]. The plate was run on the Luminex MAGPIX analyzer
(Luminex®, Austin, TX, USA) at the Scientific and Technological Centers of the University
of Barcelona (CCiT-UB).

2.5. Immunoglobulin Quantification

The percentage of cecal bacteria and Ig-coated bacteria (Ig-CB) was determined follow-
ing our group’s previously described method [39], with minor adjustments. Specifically,
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only 10 µL of the homogenized cecal sample was utilized. Flow cytometry analysis was
conducted using a Cytek Aurora instrument (Cytek Biosciences, Inc., Fremont, CA, USA) at
the CCTi-UB facility, with acquisition parameters set to yield a maximum of 25,000 counts.
Data analysis was carried out using FlowJo v.10 software.

2.6. Gene Expression Study

SI and MG portions kept in RNA were later homogenized for 30 s in lysing matrix
tubes using a FastPrep-24 instrument (MP Biomedicals, Illkirch, France). RNA was isolated
using a RNeasy® Mini Kit (Qiagen, Madrid, Spain) and its concentration and purity
established by a NanoPhotometer (BioNova Scientific, Fremont, CA, USA). After cDNA
conversion, the specific PCR TaqMan® primers and probes used to assess gene expression
with real-time PCR (ABI Prism 7900 HT, Applied Biosystems, AB, Weiterstadt, Germany)
are shown in Supplementary Table S1. The relative gene expressions were normalized
with the housekeeping gene Gusb (Rn00566655_m1) using the 2−∆∆Ct method. Results are
expressed as percentage of values of each supplemented group normalized to the mean
value obtained for the REF group, which was set at 100%.

2.7. Statistical Analysis

All results are shown as means ± SEM. Statistics were performed by the software
package of the IBM Statistical Package for the Social Sciences (SPSS 22.0, Chicago, IL, USA).
Shapiro–Wilk was applied to evaluate normality. When there was a normal distribution, the
parametric ANOVA test was carried out and the homogeneity of variance was evaluated
by applying Levene’s test. An ANOVA test was followed by a Bonferroni post hoc test
when there was an equality of variance and by Dunnet when there was not. When there
was a different distribution, results were analyzed via Kruskal–Wallis test followed by the
Dunn post hoc test. Differences between groups were considered statistically significant
for p values < 0.05.

3. Results
3.1. Effect of EVOO on Body Growth

The Lewis dams’ body weight gain and daily intake of food were calculated through
monitoring throughout the gestation and lactation periods. Although dams did not exhibit
differences in body weight until the last days of lactation (Figure 1A), the ROO and EVOO
groups showed lower daily chow intakes during lactation (Figure 1B). The daily water
intake showed no difference between groups (Figure 1C), but all dams consumed signifi-
cantly more water during the lactation period (~38 mL) than during the gestation period
(~29 mL). Morphometric variables such as the BMI and Lee Index were also evaluated and
neither of them were modified by any of the supplementations (Supplementary Table S2).

3.2. Effect of EVOO on Intestinal Morphology and Function

Concerning intestinal morphometry, some differences appeared after oil supple-
mentation. In particular, an increase in the relative weight and length of the small intes-
tine was found (Figure 2A,B). However, changes in adipose tissue were not evidenced
(Supplementary Figure S1).

In addition, the expression levels of genes involved in epithelial barrier function such
as tight junction (TJ) proteins were evaluated, but no differences were observed (Figure 2C).
Similarly, the amount of the mRNA of genes related to the immune system such as Toll-like
receptors (TLR) did not exhibit any difference (Figure 2D). Some lack of effect could be due
to the high variability found, specially in ZO-1 and Claudin-2 or TLR2 and TLR7.

IgA and IgM levels were analyzed in cecal content and GW. There were no differences
in either of them between the study groups (Figure 2E,F). However, the proportion of
bacteria bound to Ig (Ig-CB) in cecal samples was significantly higher in both the ROO and
the EVOO group (Figure 2G).
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Figure 1. The impact of the maternal diet on growth and food and water intake along the study.
The time course changes in animal weight (A), daily chow intake (B) and daily water intake (C).
The first 3 weeks correspond to the gestation period and the following 3 weeks to the lactation
period. The vertical dashed line represents the birth day. Results are expressed as mean ± SEM
(n = 4–6). θ p < 0.05 ROO vs. EVOO. Ψ p < 0.05 EVOO vs. REF.
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Figure 2. EVOO supplementation effects on intestinal morphometry and function at the end of the
study (L21). Small intestine weight (A) and length (B). Organ weights expressed in g of tissue/100 g
of the body. Organ length expressed in cm of tissue/100 g of the body. (C,D) The relative mRNA
expression of barrier function intestinal genes (ZO-1, Cldn2, Cldn4 and Ocln) and mucin genes (Muc-2,
Muc-3) (C) and of genes related to immunity (Tlr-2, Tlr-3, Tlr-4, Tlr-5, Tlr-7 and Tlr-9) (D) via real-time
PCR, calculated with respect to REF, which corresponded to 100% of transcription (dashed line). IgA
and IgM levels in gut wash (GW) (E). IgA and IgM levels (F) and Ig-coated bacteria (G) in cecal
contents (CC). Results are expressed as mean ± S.E.M (n = 4–6). * p < 0.05 vs. REF.

The study of the water content and pH in feces revealed no changes due to ROO or
EVOO supplementation (Supplementary Figure S2).

3.3. Effect of EVOO on Mucosal and Systemic Immunity

To further understand the modulation of the mucosal immune response, the profile
of Igs (IgA, IgM, IgG and its subtypes) were evaluated in different mucosal-associated
lymphoid tissues at the end of the study (L21). The IgA, IgM and IgG levels did not show
any differences in the SGs or MLNs (Table 1).
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Table 1. The immunoglobulin profiles after EVOO supplementation at the end of the study (L21).

SG [Ig] (µg/mL) REF ROO EVOO

IgA 308.55 ± 105.79 402.61 ± 49.71 419.18 ± 55.17
IgM 13.88 ± 1.47 22.22 ± 1.94 13.72 ± 1.48
IgG 1448.74 ± 262.39 1664.06 ± 107.70 1733.56 ± 343.34

IgG1 119.83 ± 29.71 149.28 ± 23.14 122.70 ± 13.14
IgG2a 298.89 ± 52.41 324.31 ± 39.77 317.19 ± 42.47
IgG2b 257.58 ± 47.37 275.73 ± 11.02 288.08 ± 49.85
IgG2c 772.44 ± 155.16 914.74 ± 33.77 1005.58 ± 237.88

Th1/Th2 2.59 ± 0.40 2.61 ± 0.38 2.97 ± 0.47

MLN Ig (µg/mL) REF ROO EVOO

IgA 62.26 ± 6.45 105.94 ± 20.19 41.88 ± 4.03
IgM 303.65 ± 46.34 522.78 ± 165.21 301.53 ± 66.49
IgG 3000.95 ± 567.51 6660.71 ± 1774.07 4697.71 ± 724.16

IgG1 83.92 ± 32.25 123.04 ± 22.64 157.36 ± 32.38
IgG2a 154.39 ± 34.20 224.49 ± 18.80 189.24 ± 48.44
IgG2b 596.48 ± 110.75 1260.58 ± 329.14 912.03 ± 132.17
IgG2c 2166.15 ± 390.31 5052.61± 1403.49 3439.07 ± 511.59

Th1/Th2 13.12 ± 2.52 17.82 ± 4.39 14.34 ± 2.20

Plasma Ig REF ROO EVOO

IgA 14.20 ± 2.97 14.82 ± 0.39 10.11 ± 0.94 #

IgM 77.10 ± 20.47 80.88 ± 5.52 48.27 ± 5.75 #

IgG 1847.76 ± 806.02 1438.04 ± 90.52 1453.49 ± 282.67
IgG1 149.56 ± 82.09 115.25 ± 11.87 98.48 ± 15.19
IgG2a 264.04 ± 91.08 214.46 ± 33.91 210.06 ± 31.94
IgG2b 344.67 ± 148.76 254.12 ± 11.05 246.43 ± 41.12
IgG2c 1089.48 ± 484.09 854.21 ± 33.69 898.52 ± 194.42

Th1/Th2 3.58 ± 0.58 4.64 ± 1.58 5.93 ± 2.29
Results are expressed as mean ± S.E.M (n = 4–6). # p < 0.05 ROO vs. EVOO. Th1/Th2 = (IgG2b + IgG2c)/
(IgG1 + IgG2a).

Regarding systemic immunity, plasma IgA and IgM concentrations at the end of the
study (L21) were lower in the EVOO group than in the ROO group, with no differences in
the concentration of total IgG and its isotypes (Table 1).

Considering that IgG2b and IgG2c are associated with the Th1 immune response and
IgG1 and IgG2a are related to the Th2 immune response in rats, the ratio between Th1
and Th2 immune responses was calculated in the plasma, SGs and MLNs. No significant
differences were observed in any tissue, although, without statistical differences, a trend
pattern of a higher Th1/Th2 ratio in the EVOO group was observed in all three compart-
ments (especially in plasma). In fact, a study of the plasma Igs levels during pregnancy
and lactation at different time points (G0, G14 and L21) was performed but there were no
differences between groups at the other time points (Supplementary Figure S3).

3.4. Effect of EVOO on Breast Milk Immune Composition

After EVOO and ROO supplementation during gestation and lactation, the Ig profile
in BM was established. Although there were no differences in the milk concentration of
IgM, IgG and its isotypes, and the Th1/Th2 ratio (Figure 3B,C), a two-fold increase in the
IgA concentration in BM was detected (Figure 3A).

To deepen the study of breast milk, the content of galectins 1, 3 and 9 (GAL-1, GAL-3
and GAL-9) were quantified. However, no differences were found between the studied
groups (Figure 3D,E). They were also quantified in plasma but only GAL-9 was detected
and it showed no differences either. In addition, leptin and adiponectin levels in breast
milk were not changed due to any of the interventions (Supplementary Figure S4).
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Figure 3. EVOO effects on breast milk. IgA (A), IgM (B) and IgG (C) levels in breast milk.
Galectins 1 (D), 3 and 9 (E) levels in breast milk. IgA levels (F) and relative gene expression of
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100% of transcription (dashed line). Results are expressed as mean ± S.E.M (n = 4–6). * p < 0.05 vs. REF,
# p < 0.05 vs. ROO. α p < 0.07 vs. REF.

In line with the results of IgA in BM, IgA levels in the mammary glands of EVOO rats
were higher than those in ROO rats (Figure 3F) and the relative gene expression of IgA in
the mammary glands also showed a tendency to increase (p = 0.073) (Figure 3G).

In previous studies, we described that EVOO metabolites are present in the breast
milk of the mothers of the current study [33]. Thus, some correlations between those EVOO
metabolites and Igs levels in breast milk and mammary glands were studied. Many Igs
showed a positive correlation with different metabolites, especially the IgA from both
breast milk and mammary glands (Supplementary Figure S5).

4. Discussion

EVOO, the main fat source of the Mediterranean diet, is known for its antioxidant and
anti-inflammatory properties due to its high levels of MUFAs and phenolic compounds [3].
However, little is known about the effect of EVOO during pregnancy and lactation periods.
In previous studies, we demonstrated the presence of EVOO metabolites in plasma and
breast milk of rats that were supplemented EVOO daily during both periods [33]. Specif-
ically, many antioxidant phenolic compounds (i.e., hydroxytyrosol and tyrosol) but also
their phase II and microbial-derived metabolites were observed. These results prompted
us to further study the impact of this oil on maternal immunity. In the present study, we
have demonstrated that EVOO supplementation during gestation and lactation is able to
strengthen the immune potential of the BM by means of increasing the IgA content, among
other effects.

In the context of the body weight time course throughout gestation and lactation, dif-
ferences attributable to dietary supplementation only emerged in the last days of lactation.
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During this period, both the ROO and EVOO groups exhibited a reduction in weight com-
pared to the REF group. These results, showing that rats subjected to lipid supplementation
weigh less, are in line with previous research indicating that the oral administration of
macronutrients, such as the oil in this study, can induce a sense of satiety [20], which in
turn can affect the food intake and final body weight [40]. The animals in these groups also
exhibit a reduced food intake, thus confirming this mechanism as a potential consequence
of this satiety. In addition, it has been shown that phenolic antioxidants could also have an
impact on the hormonal control of hunger/satiety, the increase of energy expenditure, but
also on adipokines and insulin levels [41]. Thus, EVOO’s phenolic antioxidants can also
play a role through these mechanisms.

Regarding the relative organ weights and lengths considered, only SI weight and
length were modified, with increases in both the ROO and EVOO groups. It is of interest
that this effect can be observed just with 6 wk of supplementation, as others have
required longer expositions to find an impact [42]. These changes, associated with the
lipid supplementation, which could be related, among others, to the oleic acid activity
on the epithelial growth factor pathway [43], did not have an impact in the expression
levels of genes involved in epithelial barrier function such as tight junction proteins,
mucins or TLR. We could assume olive oil does not negatively affect the small intestine’s
structure and function.

While we did not observe any differences in IgA or IgM levels in cecal content between
the study groups, the proportion of Ig-CB was 2–3-fold higher in both the ROO and EVOO
groups. The examination of Ig-CB has been a subject of debate due to its imbalance
in individuals with different conditions [44]. In healthy individuals, the microbiome
coated with IgA plays a stabilizing role in the gut, promoting a symbiotic relationship
between the host and the microbiome. However, in an inflamed gut, this IgA-CB might
worsen inflammation [45]. In our model, under healthy conditions, there was no impact in
intestinal IgA levels; nevertheless, it led to an increase in the bacteria coating IgA in the
cecum. Although the impact of the EVOO supplementation on the microbiota composition
remains to the ascertained, this finding aligns with prior research suggesting a role in
maintaining gut homeostasis [46,47]. The production of cecal IgA can be triggered by
both endogenous and pathogenic bacteria, with pathogen-induced IgA being considered
high-affinity and specific [47–49]. As a result, although the total IgA might not increase, the
elevated Ig-CB could be linked to an increased affinity towards pathogenic species, which
could help facilitating their elimination. The results are in line with others in which some
polyphenols have also elevated the fecal IgA content [50,51].

To deepen the understanding of these effects on the immune system, we quantified
the concentration of different Ig in plasma and also in different mucosa-associated tissues.
Interestingly, we found an increase in the IgA in BM from rats supplemented with EVOO
but not in that of rats supplemented with ROO. In human milk, the predominant Ig is a
variant of the IgA, known as secretory IgA (sIgA), whose structure makes it optimal for
mucosal defense, such as being able to neutralize pathogens, and also preventing excessive
inflammation or damage to the tissues [52–56]. IgA is the most crucial class of Ig supplied
by BM to the infant as it modulates and promotes the development of the infant’s immune
system while it is still immature [53,57]. Therefore, it plays a key role in the intestine of
the infant because its own sIgA is still in development [53]. The secretion of this Ig by the
mammary glands ensures its transmission to the offspring through breast milk, providing
protection against infections [58]. Therefore, it is interesting to note an increase in this
Ig in milk, as well as the rise in secretory IgA in the mammary glands of rats that have
been consuming EVOO compared to those of ones consuming ROO, indicating that some
particular compounds only found in EVOO play this important role. This novel result
could be in line with the relationship established between maternal diet diversity (including
antioxidant intake) and some BM immune factor concentrations [59].

Additionally, the expression of the IgA gene in the MGs revealed a tendency towards
an upregulation in the EVOO group. The Ig content of BM originates from plasma cells
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localized in the MGs or transferred from plasma. The tendency to upregulate IgA gene
expression in the MGs suggests an enhanced local production there, rather than the filtration
of IgA from plasma, as the levels of IgA in plasma remain unchanged. However, it has
to be considered that some non-significant reduction in plasma IgA could also be due to
its transfer to milk. Although no information is available regarding the impact of other
antioxidants on IgA levels in BM, it has been described that some polyphenols could induce
Tregs in vivo and consequently potentiate IgA production [60]; therefore, and taking into
account the tolerogenic environment required in early life and in BM, this could be a
plausible mechanism involved in this EVOO effect.

Our study has a limited sample size and despite the promising results, more studies
would be needed to better understand the role of EVOO in maternal immunity and BM
composition. One of the main limitations in this type of study is the low volume of milk
obtained, and therefore, the number of targets should be prioritized. In addition, the dose
used, when extrapolated to a human equivalent, would represent 1.5 mL/kg of EVOO
consumption per day, thus, future studies with lower doses are required. Furthermore,
another step will be the study of the impact of maternal EVOO supplementation on the
offspring’s immunity, and also to change the focus to other systems closely related and also
the microbiota development.

5. Conclusions

Nevertheless, we can conclude that EVOO supplementation during gestation and
lactation is safe and does not negatively affect the mother’s immune system. In addition,
it improves BM immune composition by increasing the presence of IgA, which could be
critical for the offspring’s immune health.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu16111785/s1, Table S1. Primers used to carry out the PCR
quantitative assay. Table S2. Growth-associated variables and relative organ weight at L21.
Table S3. Hemogram of blood at the end of the study (L21) in reference group (REF), reference
olive oil group (ROO), and extra virgin olive oil group (EVOO). Figure S1. Effect of oils on
parametric adipose tissue. (A) Histology of parametric adipose tissue. (B) Adipocyte area/number
of adipocytes. Results are expressed as mean ± S.E.M (n = 4–6). Figure S2. Time course of
fecal water content and pH during the study. Results are expressed as mean ± S.E.M (n = 4–6).
Figure S3. Plasma Ig concentrations on plasma before gestation (G0) at day 14 of gestation (G14)
and at the end of lactation (L21). Th1/Th2 = (IgG2b + IgG2c)/(IgG1 + IgG2a). Results are expressed
as mean ± S.E.M (n = 4–6). # p < 0.05 ROO vs. EVOO. Figure S4. Concentration of adiponectin
and leptin in plasma. Results are expressed as mean ± S.E.M (n = 4–6). Levels were quantified
following ELISA kits manufacturer’s instructions (Abcam, Cambridge, UK). Figure S5. Spearman
correlations between breast milk EVOO metabolites and Igs in breast milk and mammary gland.
The spearman correlation coefficient is represented in the heat map following the color in the
legend. Bold frames represent correlations with statistical significance (p < 0.05).
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19. Ruskovska, T.; Budić-Leto, I.; Corral-Jara, K.F.; Ajdžanović, V.; Arola-Arnal, A.; Bravo, F.I.; Deligiannidou, G.-E.; Havlik, J.;
Janeva, M.; Kistanova, E.; et al. Systematic Analysis of Nutrigenomic Effects of Polyphenols Related to Cardiometabolic Health in
Humans—Evidence from Untargeted MRNA and MiRNA Studies. Ageing Res. Rev. 2022, 79, 101649. [CrossRef]

20. Millman, J.F.; Okamoto, S.; Teruya, T.; Uema, T.; Ikematsu, S.; Shimabukuro, M.; Masuzaki, H. Extra-Virgin Olive Oil and the
Gut-Brain Axis: Influence on Gut Microbiota, Mucosal Immunity, and Cardiometabolic and Cognitive Health. Nutr. Rev. 2021, 79,
1362–1374. [CrossRef]

21. Zeb, F.; Naqeeb, H.; Osaili, T.; Faris, M.E.; Ismail, L.C.; Obaid, R.S.; Naja, F.; Radwan, H.; Hasan, H.; Hashim, M.; et al. Molecular
Crosstalk between Polyphenols and Gut Microbiota in Cancer Prevention. Nutr. Res. 2024, 124, 21–42. [CrossRef] [PubMed]

https://doi.org/10.1080/09168451.2018.1433017
https://www.ncbi.nlm.nih.gov/pubmed/29448897
https://doi.org/10.3390/nu11122941
https://www.ncbi.nlm.nih.gov/pubmed/31817038
https://doi.org/10.1038/s41430-018-0304-x
https://www.ncbi.nlm.nih.gov/pubmed/30487558
https://doi.org/10.3390/foods9081014
https://www.ncbi.nlm.nih.gov/pubmed/32731481
https://doi.org/10.1016/j.foodres.2023.113191
https://www.ncbi.nlm.nih.gov/pubmed/37689948
https://doi.org/10.1016/j.phrs.2007.01.010
https://www.ncbi.nlm.nih.gov/pubmed/17321749
https://doi.org/10.1016/j.jnutbio.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16481154
https://doi.org/10.1016/j.jff.2012.01.002
https://doi.org/10.1016/j.jff.2014.07.013
https://doi.org/10.3390/antiox3010001
https://doi.org/10.1016/j.nut.2016.04.006
https://doi.org/10.1093/jn/138.6.1074
https://www.ncbi.nlm.nih.gov/pubmed/18492836
https://doi.org/10.1016/j.archger.2013.04.002
https://www.ncbi.nlm.nih.gov/pubmed/23642776
https://doi.org/10.3390/antiox10071044
https://www.ncbi.nlm.nih.gov/pubmed/34209636
https://doi.org/10.1016/j.copbio.2011.09.006
https://www.ncbi.nlm.nih.gov/pubmed/22000808
https://doi.org/10.1007/s00394-011-0235-y
https://www.ncbi.nlm.nih.gov/pubmed/21874330
https://doi.org/10.2174/1871530317666171114121533
https://doi.org/10.1016/j.arr.2022.101649
https://doi.org/10.1093/nutrit/nuaa148
https://doi.org/10.1016/j.nutres.2024.01.012
https://www.ncbi.nlm.nih.gov/pubmed/38364552


Nutrients 2024, 16, 1785 12 of 13

22. Dama, A.; Shpati, K.; Daliu, P.; Dumur, S.; Gorica, E.; Santini, A. Targeting Metabolic Diseases: The Role of Nutraceuticals in
Modulating Oxidative Stress and Inflammation. Nutrients 2024, 16, 507. [CrossRef] [PubMed]

23. Lyons, K.E.; Ryan, C.A.; Dempsey, E.M.; Ross, R.P.; Stanton, C. Breast Milk, a Source of Beneficial Microbes and Associated
Benefits for Infant Health. Nutrients 2020, 12, 1039. [CrossRef] [PubMed]

24. Martín, R.; Langa, S.; Reviriego, C.; Jiménez, E.; Marín, M.L.; Xaus, J.; Fernández, L.; Rodríguez, J.M. Human Milk Is a Source of
Lactic Acid Bacteria for the Infant Gut. J. Pediatr. 2003, 143, 754–758. [CrossRef] [PubMed]

25. Abidin, S.W.; Citrakesumasari, C.; Bahar, B.; Jafar, N.; Hidayanti, H.; Hadju, V. The Effect of Extra Virgin Olive Oil (EVOO) on
Fat Mass and Fat-Free Mass for Breastfeeding Mothers (0–24 Months) in Makassar City, Indonesia. J. Educ. Health Promot. 2024,
13, 127. [CrossRef] [PubMed]

26. Meek, J.Y.; Noble, L. Technical Report: Breastfeeding and the Use of Human Milk. Pediatrics 2022, 150, e2022057989. [CrossRef] [PubMed]
27. Bravi, F.; Wiens, F.; Decarli, A.; Dal Pont, A.; Agostoni, C.; Ferraroni, M. Impact of Maternal Nutrition on Breast-Milk Composition:

A Systematic Review. Am. J. Clin. Nutr. 2016, 104, 646–662. [CrossRef] [PubMed]
28. Henderson, J.; Redshaw, M. Midwifery Factors Associated with Successful Breastfeeding. Child Care Health Dev. 2011, 37,

744–753. [CrossRef] [PubMed]
29. Lee, S.; Kelleher, S.L. Biological Underpinnings of Breastfeeding Challenges: The Role of Genetics, Diet, and Environment on

Lactation Physiology. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E405–E422. [CrossRef]
30. Hascoët, J.M.; Chauvin, M.; Pierret, C.; Skweres, S.; Van Egroo, L.D.; Rougé, C.; Franck, P. Impact of Maternal Nutrition and

Perinatal Factors on Breast Milk Composition after Premature Delivery. Nutrients 2019, 11, 366. [CrossRef]
31. Martínez García, R.M.; Jiménez Ortega, A.I.; Peral Suárez, Á.; Bermejo López, L.M.; Rodríguez-Rodríguez, E. Importance of

nutrition during pregnancy. Impact on the composition of breast milk. Nutr. Hosp. 2021, 37, 38–42. [CrossRef] [PubMed]
32. Azagra-Boronat, I.; Massot-Cladera, M.; Knipping, K.; Van’t Land, B.; Stahl, B.; Garssen, J.; Rodríguez-Lagunas, M.J.; Franch,

À.; Castell, M.; Pérez-Cano, F.J. Supplementation With 2’-FL and ScGOS/LcFOS Ameliorates Rotavirus-Induced Diarrhea in
Suckling Rats. Front. Cell Infect. Microbiol. 2018, 8, 372. [CrossRef] [PubMed]

33. López-Yerena, A.; Grases-Pintó, B.; Zhan-Dai, S.; Pérez-Cano, F.J.; Lamuela-Raventos, R.M.; Rodríguez-Lagunas, M.J.; Vallverdú-
Queralt, A. Nutrition during Pregnancy and Lactation: New Evidence for the Vertical Transmission of Extra Virgin Olive Oil
Phenolic Compounds in Rats. Food Chem. 2022, 391, 133211. [CrossRef] [PubMed]

34. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C.J. AIN-93 Purified Diets for Laboratory Rodents: Final Report of the American In-
stitute of Nutrition Ad Hoc Writing Committee on the Reformulation of the AIN-76A Rodent Diet. J. Nutr. 1993, 123,
1939–1951. [CrossRef] [PubMed]

35. Azagra-Boronat, I.; Tres, A.; Massot-Cladera, M.; Franch, À.; Castell, M.; Guardiola, F.; Pérez-Cano, F.J.; Rodríguez-Lagunas,
M.J. Associations of Breast Milk Microbiota, Immune Factors, and Fatty Acids in the Rat Mother-Offspring Pair. Nutrients 2020,
12, 319. [CrossRef] [PubMed]

36. Grases-Pintó, B.; Abril-Gil, M.; Torres-Castro, P.; Castell, M.; Rodríguez-Lagunas, M.J.; Pérez-Cano, F.J.; Franch, À. Rat Milk and
Plasma Immunological Profile throughout Lactation. Nutrients 2021, 13, 1257. [CrossRef] [PubMed]

37. Grases-Pintó, B.; Abril-Gil, M.; Rodríguez-Lagunas, M.J.; Castell, M.; Pérez-Cano, F.J.; Franch, À. Leptin and Adiponectin
Supplementation Modifies Mesenteric Lymph Node Lymphocyte Composition and Functionality in Suckling Rats. Br. J. Nutr.
2018, 119, 486–495. [CrossRef]

38. Azagra-Boronat, I.; Tres, A.; Massot-Cladera, M.; Franch, À.; Castell, M.; Guardiola, F.; Pérez-Cano, F.J.; Rodríguez-Lagunas, M.J.
Lactobacillus fermentum CECT5716 Supplementation in Rats during Pregnancy and Lactation Impacts Maternal and Offspring
Lipid Profile, Immune System and Microbiota. Cells 2020, 9, 575. [CrossRef]

39. Pérez-Berezo, T.; Franch, A.; Ramos-Romero, S.; Castellote, C.; Pérez-Cano, F.J.; Castell, M. Cocoa-Enriched Diets Modu-
late Intestinal and Systemic Humoral Immune Response in Young Adult Rats. Mol. Nutr. Food Res. 2011, 55 (Suppl. S1),
S56–S66. [CrossRef]

40. Cassie, N.; Anderson, R.; Wilson, D.; Mercer, J.G.; Barrett, P. Fat, Carbohydrate and Protein by Oral Gavage in the Rat Can Be
Equally Effective for Satiation. Physiol. Behav. 2019, 207, 41–47. [CrossRef]

41. Mamun, M.A.; Al Rakib, A.; Mandal, M.; Kumar, S.; Singla, B.; Singh, U.P. Polyphenols: Role in Modulating Immune Function
and Obesity. Biomolecules 2024, 14, 221. [CrossRef] [PubMed]

42. Daniels, J.L.; Bloomer, R.J.; van der Merwe, M.; Davis, S.L.; Buddington, K.K.; Buddington, R.K. Intestinal Adaptations to a
Combination of Different Diets with and without Endurance Exercise. J. Int. Soc. Sports Nutr. 2016, 13, 35. [CrossRef] [PubMed]

43. Vacaresse, N.; Lajoie-Mazenc, I.; Augé, N.; Suc, I.; Frisach, M.-F.; Salvayre, R.; Nègre-Salvayre, A. Activation of Epithelial Growth
Factor Receptor Pathway by Unsaturated Fatty Acids. Circ. Res. 1999, 85, 892–899. [CrossRef] [PubMed]

44. Weis, A.M.; Round, J.L. Microbiota-Antibody Interactions That Regulate Gut Homeostasis. Cell Host Microbe 2021, 29,
334–346. [CrossRef]

45. DuPont, H.L.; Jiang, Z.-D.; Alexander, A.S.; DuPont, A.W.; Brown, E.L. Intestinal IgA-Coated Bacteria in Healthy- and
Altered-Microbiomes (Dysbiosis) and Predictive Value in Successful Fecal Microbiota Transplantation. Microorganisms 2022,
11, 93. [CrossRef] [PubMed]

46. Van de Perre, P. Transfer of Antibody via Mother’s Milk. Vaccine 2003, 21, 3374–3376. [CrossRef] [PubMed]
47. Mazanec, M.B.; Nedrud, J.G.; Kaetzel, C.S.; Lamm, M.E. A Three-Tiered View of the Role of IgA in Mucosal Defense. Immunol.

Today 1993, 14, 430–435. [CrossRef] [PubMed]

https://doi.org/10.3390/nu16040507
https://www.ncbi.nlm.nih.gov/pubmed/38398830
https://doi.org/10.3390/nu12041039
https://www.ncbi.nlm.nih.gov/pubmed/32283875
https://doi.org/10.1016/j.jpeds.2003.09.028
https://www.ncbi.nlm.nih.gov/pubmed/14657823
https://doi.org/10.4103/jehp.jehp_907_23
https://www.ncbi.nlm.nih.gov/pubmed/38784279
https://doi.org/10.1542/peds.2022-057989
https://www.ncbi.nlm.nih.gov/pubmed/35921641
https://doi.org/10.3945/ajcn.115.120881
https://www.ncbi.nlm.nih.gov/pubmed/27534637
https://doi.org/10.1111/j.1365-2214.2010.01177.x
https://www.ncbi.nlm.nih.gov/pubmed/21143266
https://doi.org/10.1152/ajpendo.00495.2015
https://doi.org/10.3390/nu11020366
https://doi.org/10.20960/nh.03355
https://www.ncbi.nlm.nih.gov/pubmed/32993313
https://doi.org/10.3389/fcimb.2018.00372
https://www.ncbi.nlm.nih.gov/pubmed/30406046
https://doi.org/10.1016/j.foodchem.2022.133211
https://www.ncbi.nlm.nih.gov/pubmed/35598388
https://doi.org/10.1093/jn/123.11.1939
https://www.ncbi.nlm.nih.gov/pubmed/8229312
https://doi.org/10.3390/nu12020319
https://www.ncbi.nlm.nih.gov/pubmed/31991792
https://doi.org/10.3390/nu13041257
https://www.ncbi.nlm.nih.gov/pubmed/33920419
https://doi.org/10.1017/S0007114517003786
https://doi.org/10.3390/cells9030575
https://doi.org/10.1002/mnfr.201000588
https://doi.org/10.1016/j.physbeh.2019.04.022
https://doi.org/10.3390/biom14020221
https://www.ncbi.nlm.nih.gov/pubmed/38397458
https://doi.org/10.1186/s12970-016-0147-6
https://www.ncbi.nlm.nih.gov/pubmed/27651751
https://doi.org/10.1161/01.RES.85.10.892
https://www.ncbi.nlm.nih.gov/pubmed/10559135
https://doi.org/10.1016/j.chom.2021.02.009
https://doi.org/10.3390/microorganisms11010093
https://www.ncbi.nlm.nih.gov/pubmed/36677385
https://doi.org/10.1016/S0264-410X(03)00336-0
https://www.ncbi.nlm.nih.gov/pubmed/12850343
https://doi.org/10.1016/0167-5699(93)90245-G
https://www.ncbi.nlm.nih.gov/pubmed/8216720


Nutrients 2024, 16, 1785 13 of 13

48. Slack, E.; Balmer, M.L.; Fritz, J.H.; Hapfelmeier, S. Functional Flexibility of Intestinal IgA—Broadening the Fine Line. Front.
Immunol. 2012, 3, 100. [CrossRef] [PubMed]

49. Palm, N.W.; de Zoete, M.R.; Cullen, T.W.; Barry, N.A.; Stefanowski, J.; Hao, L.; Degnan, P.H.; Hu, J.; Peter, I.; Zhang, W.; et al.
Immunoglobulin A Coating Identifies Colitogenic Bacteria in Inflammatory Bowel Disease. Cell 2014, 158, 1000–1010. [CrossRef]

50. Taira, T.; Yamaguchi, S.; Takahashi, A.; Okazaki, Y.; Yamaguchi, A.; Sakaguchi, H.; Chiji, H. Dietary Polyphenols Increase Fecal
Mucin and Immunoglobulin A and Ameliorate the Disturbance in Gut Microbiota Caused by a High Fat Diet. J. Clin. Biochem.
Nutr. 2015, 57, 212–216. [CrossRef]

51. Okazaki, Y.; Han, Y.; Kayahara, M.; Watanabe, T.; Arishige, H.; Kato, N. Consumption of Curcumin Elevates Fecal Immunoglobulin
A, an Index of Intestinal Immune Function, in Rats Fed a High-Fat Diet. J. Nutr. Sci. Vitaminol. 2010, 56, 68–71. [CrossRef] [PubMed]

52. Fainboim, L.; Geffner, J. Introducción a la Inmunología Humana; Médica Panamericana: Argentina, Spain, 2011.
53. Rio-Aige, K.; Azagra-Boronat, I.; Castell, M.; Selma-Royo, M.; Collado, M.C.; Rodríguez-Lagunas, M.J.; Pérez-Cano, F.J. The

Breast Milk Immunoglobulinome. Nutrients 2021, 13, 1810. [CrossRef] [PubMed]
54. Gloudemans, A.K.; Lambrecht, B.N.; Smits, H.H. Potential of Immunoglobulin A to Prevent Allergic Asthma. Clin. Dev. Immunol.

2013, 2013, 542091. [CrossRef] [PubMed]
55. Sletten, G.B.G.; Halvorsen, R.; Egaas, E.; Halstensen, T.S. Casein-Specific Immunoglobulins in Cow’s Milk Allergic Patient

Subgroups Reveal a Shift to IgA Dominance in Tolerant Patients. Pediatr. Allergy Immunol. 2007, 18, 71–80. [CrossRef] [PubMed]
56. Verhasselt, V. Neonatal Tolerance under Breastfeeding Influence. Curr. Opin. Immunol. 2010, 22, 623–630. [CrossRef]
57. Iyengar, S.R.; Walker, W.A. Immune Factors in Breast Milk and the Development of Atopic Disease. J. Pediatr. Gastroenterol. Nutr.

2012, 55, 641–647. [CrossRef] [PubMed]
58. Jozsa, F.; Thistle, J. Anatomy, Colostrum. In StatPearls; StatPearls: Treasure Island, FL, USA, 2024.
59. Caffé, B.; Blackwell, A.; Fehrenkamp, B.D.; Williams, J.E.; Pace, R.M.; Lackey, K.A.; Ruiz, L.; Rodríguez, J.M.; McGuire, M.A.;

Foster, J.A.; et al. Human Milk Immune Factors, Maternal Nutritional Status, and Infant Sex: The INSPIRE Study. Am. J. Hum.
Biol. 2023, 35, e23943. [CrossRef]

60. Fujiki, T.; Shinozaki, R.; Udono, M.; Katakura, Y. Identification and Functional Evaluation of Polyphenols That Induce Regulatory
T Cells. Nutrients 2022, 14, 2862. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2012.00100
https://www.ncbi.nlm.nih.gov/pubmed/22563329
https://doi.org/10.1016/j.cell.2014.08.006
https://doi.org/10.3164/jcbn.15-15
https://doi.org/10.3177/jnsv.56.68
https://www.ncbi.nlm.nih.gov/pubmed/20354349
https://doi.org/10.3390/nu13061810
https://www.ncbi.nlm.nih.gov/pubmed/34073540
https://doi.org/10.1155/2013/542091
https://www.ncbi.nlm.nih.gov/pubmed/23690823
https://doi.org/10.1111/j.1399-3038.2006.00489.x
https://www.ncbi.nlm.nih.gov/pubmed/17295802
https://doi.org/10.1016/j.coi.2010.08.008
https://doi.org/10.1097/MPG.0b013e3182617a9d
https://www.ncbi.nlm.nih.gov/pubmed/22684347
https://doi.org/10.1002/ajhb.23943
https://doi.org/10.3390/nu14142862

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Design 
	Sample Collection and Processing 
	Immunoglobulin and Galectin Quantification 
	Immunoglobulin Quantification 
	Gene Expression Study 
	Statistical Analysis 

	Results 
	Effect of EVOO on Body Growth 
	Effect of EVOO on Intestinal Morphology and Function 
	Effect of EVOO on Mucosal and Systemic Immunity 
	Effect of EVOO on Breast Milk Immune Composition 

	Discussion 
	Conclusions 
	References

