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Whey and Buttermilk-Based Formulas Modulate Gut
Microbiota in Mice with Antibiotic-Induced Dysbiosis

Andrea Bellés, Inés Abad, Lourdes Sánchez,* and Laura Grasa*

Scope: Diet is one of the main factors that modifies intestinal microbiota
composition. The search for foods that can reverse situations of intestinal
dysbiosis such as that induced by antibiotics is of great interest. Buttermilk
and whey are the main by-products produced by the dairy industry containing
bioactive compounds. The aim of this study is to investigate the ability of
whey and buttermilk-based formulas supplemented with lactoferrin and milk
fat globule membrane (MFGM) to modulate the effects of clindamycin on
mouse intestinal microbiota.
Methods and results: Male C57BL/6 mice are treated with saline (control),
clindamycin (Clin), a formula containing whey (F1) or buttermilk (F2), Clin+F1
or Clin+F2, and their fecal microbiota profiles are analyzed by sequencing of
16S rRNA gene using the MinION device. Clin induces alterations in both the
composition and metabolic functions of the mice intestinal microbiota. The
treatment with F1 or F2 reverses the effects of clindamycin, restoring the
levels of Rikenellaceae and Lactobacillaceae families and certain pathways
related to short-chain fatty acids production and tetrahydrofolate biosynthesis.
Conclusion: Whey and buttermilk supplemented with lactoferrin and MFGM
may be a bioactive formula for functional foods to prevent or restore
microbiota alterations induced by antibiotic administration.

1. Introduction

Whey and buttermilk are the main by-products of the dairy in-
dustry. Whey is obtained after the coagulation of casein during
cheese manufacture. Buttermilk is the liquid phase released dur-
ing the churning of cream in the butter-making process.[1] About
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55 million tons of whey and 2.3 mil-
lion tons of buttermilk were produced in
2020 in the European Union.[2] In ad-
dition to the huge volume produced of
these by-products, they exhibit a high bi-
ological and chemical oxygen demand
due to their levels of organic matter.[3]

Despite their polluting potential, both
are a valuable source of numerous nu-
tritional, functional, and bioactive com-
pounds, and their use in the agri-food
and pharmaceutical industry could con-
tribute to the circular economy strategies.
Whey is composed of about 70% of

lactose, 14% whey proteins, 12% min-
erals, and some vitamins and residual
fat.[1,4] Lactose has been proposed to have
prebiotic properties in certain situations
since it is used as a substrate by benefi-
cial bacteria, such as Lactobacillus spp.[5]

The enzymatic hydrolysis of lactose, cat-
alyzed by 𝛽 -galactosidase, released by cer-
tain species of the gut microbiota, mainly
yields glucose and galactose. In the
same reaction, galacto-oligosaccharides
are also formed by a trans-galactosylation

reaction.[6] These oligosaccharides stimulate the growth and
metabolism of the bifidobacteria population. Consequently, lac-
tic acid is produced, and it prevents the growth of some
pathogenic bacteria, such as Salmonella, Escherichia coli (E. coli),
Bacteroides, or Clostridium.[5,7,8] Furthermore, whey is a rich
source of proteins and bioactive peptides with well-known health
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benefits, such as antimicrobial, antioxidant, antihypertensive,
and immunomodulatory properties.[1,9] Themajor whey proteins
are 𝛽-lactoglobulin, 𝛼-lactalbumin, bovine serum albumin, im-
munoglobulins, lactoferrin, and lactoperoxidase, which can be
hydrolyzed into bioactive peptides by digestive enzymes or by
the action of proteolytic enzymes of microorganisms.[4,7] Previ-
ous studies have demonstrated the capacity of whey proteins to
modulate the composition of colonic microbiota. These studies
showed that whey and whey peptide extract promoted the growth
of Bifidobacterium spp. and Lactobacillus spp. in vivo[10,11] and in
vitro models.[7,11]

Formany years, buttermilk has been considered an unvaluable
by-product of the milk industry. However, over the last decades,
buttermilk has attracted a great deal of interest due to its tech-
nological functions as emulsifier and its high content of milk
fat globule membrane (MFGM). This biological membrane is
derived from the mammary gland epithelium and is composed
of a complex mixture of proteins, polar and apolar lipids. Po-
lar lipids of MFGM are phospholipids and sphingolipids, and
their concentration in buttermilk is five times higher than in
whole milk.[12] These bioactive compounds have antitumor, anti-
inflammatory and cholesterol-lowering effects, and also may pre-
vent gastrointestinal infections.[1] Indeed, emerging evidence has
suggested a protective effect of MFGM against infectious dis-
eases, in part through the modulation of the gut microbiota.[13]

The addition of bovine MFGM to formula milk increased the gut
microbial richness in rat pups,[14] and decreased the proportions
of gastrointestinal pathogens in neonatal piglets.[15]

Given their potential beneficial effects on human well-being,
buttermilk, and whey could be used for developing novel func-
tional foods capable of modulating gut microbiota. The intestinal
microbiome is the most complex bacterial community in the hu-
man body, and it is essential for homeostasis and host health.[16]

Gut microbiota composition is continuously exposed to factors
that influence it dynamically, such as diet, exercise, lifestyle, and
some drugs.[17] Antibiotic treatment has the adverse effect of al-
tering the composition and function of intestinal microbiota and
it has been associated with an increasing risk of Clostridium diffi-
cile colitis, inflammatory bowel disease, and obesity.[18] Moreover,
intestinal dysbiosis is linked not onlywith intestinal disorders but
also with extraintestinal diseases, such as metabolic and neuro-
logical disorders.[17]

Consequently, it is of great interest to develop new strategies
based on dairy by-products to restore the resident microbiota and
improve intestinal health. For this reason, the aim of this study
was to investigate the effects of whey- and buttermilk-based for-
mulas (F1 and F2, respectively), supplemented with lactoferrin
and MFGM, on the composition and function of the intestinal
microbiota of mice with antibiotic-induced dysbiosis.

2. Results

2.1. Gut Microbiota Composition

At the phylum level, Firmicutes and Bacteroidota were the pre-
dominant phyla representing more than 90% of the gut micro-
biota (Figure 1A). Most of the Bacteroidota sequences belonged
to the Bacteroidales order, where Muribaculaceae and Rikenel-
laceae were the most abundant families. Most of the Firmicutes

sequences belonged to the Lachnospirales, Lactobacillales, Oscil-
lospirales, and Erysipelotrichales orders, with Lachnospiraceae,
Lactobacillaceae, Erysipelotrichaceae, Oscillospiraceae, and Ru-
minococcaceae being the most abundant families. All Ver-
rucomicrobiota sequences belonged to the Akkermansiaceae
family. Most of the Proteobacteria sequences belonged to
the Burkholderiales order. All Desulfobacterota sequences be-
longed to the Desulfovibrionales order (Figure 1B,C). Lach-
nospiraceae_NK4A136_group, Lactobacillus,Muribaculaceae, Lach-
noclostridium, andRikenellaceae_RC9_gut_groupwere included in
the top 5 most abundant genera (Figure 1D).

2.2. Alpha and Beta Diversity

To compare bacterial diversity within groups, we evaluated
four 𝛼-diversity indexes (Figure 2A). Surprisingly, Clinamycin
(Clin)+F2 treatment induced an increase in microbiota richness
(observed species and Chao1) and diversity (Shannon´s index)
compared to Control group. Clin+F1 group induced an increase
only in the Chao1 index. No significant differences were ob-
served in the microbiota evenness (Simpson´s index) between
the different treatment groups. When we calculated Shannon
and Simpson indexes using predicted functions for the micro-
biota of the different groups, we observed that treatment with
Clin decreased significantly both indexes and the treatment with
Clin+F2 could reverse these effects, restoring the functional al-
pha diversity nearly to Control levels (Figure 2B).
In terms of beta diversity, themicrobial community of the Con-

trol group was statistically different from the communities of the
Clin, Clin+F1, and Clin+F2 groups (Figure 3A,D,E). In addition,
there were also differences between the bacterial communities
of the Clin respect to Clin+F1 or Clin+F2 groups (Figure 3F).
However, PERMANOVA analysis did not show differences be-
tween Control group and F1 or F2 treated mice (Figure 3B,C).
When dissimilarities between groups in terms of functional beta
diversity were analyzed, similar results were observed (Figure S1,
Supporting Information).
Venn diagrams showed that the core bacterial community

among the Control, Clin, and Clin+F1 or Clin+F2 groups was
composed of 17 or 18 OTUs, respectively (Figure 3G,H). Never-
theless, Control, F1 and F2 groups shared 41 OTUs (Figure 3I),
indicating a similar bacterial community structure between these
groups.

2.3. Differences in Bacterial Abundance

We analyzed the differences in the abundance of bacteria at the
phylum, family, and genera levels in the different groups. Dif-
ferences in the relative abundance of the different phyla are
shown in Figure S2, Supporting Information. A family abun-
dance heatmap was obtained with the 20 families more affected
by treatments (Figure S3, Supporting Information). Figure 4
shows some of themost important families affected by Clin treat-
ment. Compared to the Control group, the relative abundances
of Desulfovibrionaceae, Rikenellaceae, Prevotellaceae, Marinifi-
laceae, and Lactobacillaceae were significantly decreased in the
mice treated with Clin (Figure 4C–F,I). The treatment with F1
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Figure 1. Bacterial relative abundances at phylum (A), order (B), family (C), and genus (D) levels for each treatment (Control, Clin, F1, F2, Clin+F1, and
Clin+F2).

and/or F2 along with Clin increased the bacterial levels of Desul-
fovibrionaceae, Rikenellaceae, and Lactobacillaceae families to
similar levels of Control group (Figure 4C,D,I). Nevertheless, the
relative abundances of Akkermansiaceae, Tannerellaceae, Lach-
nospiraceae, and Oscillospiraceae were increased in Clin group,
and this effect was maintained in mice treated with Clin+F1 and
Clin+F2, except for Oscillospiraceae family (Figure 4A,B,G,H).
At the genus level, Clin group harbored higher pro-

portions of Parabacteroides (family Tannerellaceae) and
Lachnospiraceae_NK4A136_group (family Lachnospiraceae)
(Figure 5A,B). In animals treated with F1 or F2 together with
the antibiotic, the increase in these bacterial genera was also
maintained (Figure 5A,B). However, there were significant
declines in the abundance of Rikenellaceae_RC9_gut_group
(family Rikenellaceae), Lactobacillus (family Lactobacillaceae),
Prevotellaceae_UCG-001 (family Prevotellaceae), and Odoribacter
(family Marinifilaceae) after Clin administration (Figure 5C–F).
In this case, the treatment with F1 or F2 along with Clin was able
to restore partially the levels of Rikenellaceae_RC9_gut_group and
Lactobacillus genera (Figure 5C,D).

2.4. Differences in Functional Pathways

The functional metabolic profiling resulting from PICRUSt2
genome prediction produced 336 metabolic pathways. We as-

sessed whether there were differences in the functional ca-
pacity of the microbiota among the different treatments. We
identified 109 pathways that were differentially abundant (p <

0.05) between Control and Clin group, whereas in Clin+F1 and
Clin+F2, only 21 and 67 pathways, respectively, were differen-
tially abundant compared to Control. No differences were ob-
served with F1 and F2 treatments. Then, we selected the nine
metabolic pathwaysmost affected by antibiotic treatment and an-
alyzed their expression among the different groups (Figure 6).
Clin+F1 reverted the decline induced by Clin treatment in
FOLSYN−PWY (superpathway of tetrahydrofolate biosynthe-
sis and salvage), P163−PWY (l-lysine fermentation to acetate
and butyrate), PWY−6612 (superpathway of tetrahydrofolate
biosynthesis), and PWY−7090 pathways (UDP-2,3-diacetamido-
2,3-dideoxy-𝛼-D-mannuronate biosynthesis) (Figure 6A,D,H,I).
In Clin+F2 group, HEXITOLDEGSUPER−PWY (superpath-
way of hexitol degradation), P441−PWY (superpathway of
N-acetylneuraminate degradation), and PWY−7090 (UDP-2,3-
diacetamido-2,3-dideoxy-𝛼-d-mannuronate biosynthesis) path-
ways had similar expression to Control animals (Figure 6C,F,I).

3. Discussion

In previous research, we demonstrated the protective effect of na-
tive lactoferrin on intestinal dysbiosis induced by Clin.[19] Other
authors have tested the effects of MFGM supplementation on
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intestinal development and the microbiome as well as its poten-
tial to protect against C. difficile-induced colitis.[14] Moreover, the
potential of whey proteins in the modulation of gut microbiota
has also been studied.[11,25] These findings provide evidence of
the individual effects of these milk bioactive components on mi-
crobiota, however, there are still gaps regarding the possible ap-
plication of functional foods made from a combination of these
components. Therefore, in this study we evaluated the potential
of two formulas, containing a mixture of lactoferrin, MFGM, and
whey or buttermilk, to reverse Clin-induced effects on intestinal
microbiota.
Regarding the bacterial composition of the samples, most of

the sequences were assigned to the Firmicutes and Bacteroidota
phyla. The mammalian gut is colonized by hundreds of differ-
ent bacterial species, most of which belong to the phyla Firmi-
cutes and Bacteroidetes.[26] In terms of microbial alpha diversity,
Clin treatment did not modify any of the alpha diversity estima-
tors, indicating that a single dose of Clin does not decrease mi-
crobial diversity, which is consistent with our previous study.[19]

The two species richness estimators (Observed OTUs and Chao
1) were higher in the Clin+F2 treatment. Richness estimators
such as Chao1 mainly depend on the number of rare OTUs.[27]

Nevertheless, diversity depends not only on richness but also on
evenness. This would indicate that in the group treated with F2
along with the antibiotic there is an increase in richness due to
rare species. Shannon diversity index is an estimator of species
richness and evenness but has more weight on species richness.
Simpson´s index has more weight on species evenness.[28] This
could explain why Shannon index was also significantly higher in
the Clin+F2 group, but there was no difference with Simpson´s
index. This result would indicate that in the group treated with F2
along with the antibiotic diversity was increased only in terms of
species richness. The alpha diversity of the intestinal microbiota
from mice treated with Clin and lactoferrin was not modified,[19]

indicating that buttermilk and/or MFGM could be responsible
for this effect.
The diversity of functions performed by organisms within

ecosystems is even of greater interest than their identity.[29] In
our study, although taxonomic diversity was similar in the Con-
trol and Clin groups, when we analyzed functional traits between
groups, we observed lower functional diversity in the microbiota
of mice treated with Clin compared to Control animals. Nev-
ertheless, Shannon index was not significantly modified in the
Clin+F1 and Clin+F2 groups respect to Control, indicating that
F1 and F2 would preserve some microbial pathways.
The beta diversity analysis showed that animals treated with

Clin clustered together and were clearly separated from the Con-
trol group, which was clustered with the F1 and F2 treated ani-
mals. Thus, this suggests that Clin treatment modifies the struc-
ture of the intestinal microbiota community and its functionality.

Figure 2. A) Alpha-diversity indexes (Observed species, Chao1, Shannon
and Simpson) across the different treatment groups using taxonomic
data. B) Microbial functional diversity (Shannon and Simpson) across the
different treatment groups. Values are presented as median (n = 10). Sig-
nificance was assessed using Wilcoxon test and denoted as follows: *p <
0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Beta-diversity represented by NMDS showing the Bray–Curtis distances between the microbial populations of the Control group versus the
different treatments (A–E) and Clin versus Clin+F1 versus Clin+F2 (F). Significance between each pair of groups was assessed using a PERMANOVA
test and denoted as follows: **p < 0.01, ***p < 0.001. Venn diagrams indicating the number of shared and unique OTUs among the groups: Control,
Clin and Clin+F1 (G); Control, Clin and Clin+F2 (H); and Control, F1 and F2 (I).

This result agrees with our previous study with this antibiotic.[19]

Regarding the treatment with F1 or F2 along with antibiotic, we
observed significant differences between these groups with re-
spect to the Control group. Nevertheless, coremicrobiota analysis
showed that Clin+F1 and Clin+F2 groups shared more species
with Control than with the Clin group, indicating that dairy for-
mula treatments could mitigate clindamycin-induced changes in
certain taxa of the intestinal microbiota. Moreover, analysis of
predicted functional pathways revealed that the number of al-
tered pathways in Clin+F1 and Clin+F2 groups was much lower
than in animals receiving only Clin.
A deeper exploration into more specific taxonomic groups

(families and genera) showed that Clin treatment strongly de-
creased the abundance of bacteria belonging to Bacteroidota phy-

lum (Marinifilaceae, Prevotellaceae, and Rikenellaceae families).
This is consistent with the depletion of Bacteroidota community
observed by other authors after Clin administration.[19,30,31]

The treatment with F1 along with Clin increased the lev-
els of Rikenellaceae family and Rikenellaceae_RC9_gut_group
genus similarly to those of the Control group. Members of
the family Rikenellaceae are hydrogen-producing bacteria. In
the inflammation process, H2 mediates the suppression of pro-
inflammatory cytokines, especially IL-1𝛽, TNF-𝛼, and IL-6, in in-
flamed tissues.[32] It has been reported that endogenous hydro-
gen reduces oxidative stress and ameliorates the symptoms of
inflammatory bowel disease, which would improve the quality
of life of patients.[33] Therefore, F1 administration could mit-
igate the decline in Rikenellaceae family observed after Clin
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Figure 4. Relative abundances of selected families for each treatment (Control, Clin, F1, F2, Clin+F1, and Clin+F2). Values are presented as median (n
= 10). Significance was assessed using Wilcoxon test and denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

treatment and modulate positively the levels of this beneficial
bacteria. According to previous results, the effects of F1 and
lactoferrin alone on this bacteria family were similar,[19] in-
dicating that whey or MFGM do not potentiate the effect of
lactoferrin.
In contrast, Clin treatment evoked an increase in the fam-

ily Tannerellaceae, belonging to Bacteroidota phylum. This re-
sult is in agreement with our previous study on Clin-induced
dysbiosis.[19] The family Tannerellaceae includes Parabacteroides
and Tannerella genera. The Parabacteroides genus is associated
with T-cell differentiation by enhancing and maintaining the IL-
10 producing Treg cells. Some Parabacteroides species have the
ability to reduce intestinal inflammation by inducing the antiin-
flammatory cytokine IL-10 and suppressing the secretion of in-
flammatory cytokine IL-17, IL-6, and IFN-𝛾 .[34,35] Both F1 and F2
administration maintained the high levels of the bacteria of the
Tannerellaceae family and genus Parabacteroides induced by Clin
treatment, suggesting that these formulas maintain the positive
effects of Clin on the levels of these anti-inflammatory bacteria.
According to previous results, the effects of F1 and F2 and lacto-
ferrin alone on this bacteria family were similar,[19] indicating

that whey, buttermilk, or MFGM do not potentiate the effect of
lactoferrin.
The impact on families within the phylum Firmicutes was

heterogeneous. Clin appeared to inhibit some families (Lacto-
bacillaceae) while others proliferated (Lachnospiraceae, and Os-
cillospiraceae). In this case, both F1 and F2 treatments suc-
ceeded in modulating the changes induced by Clin on Lacto-
bacillaceae family. In line with our findings, in other studies,
levels of species belonging to Lactobacillus genera significantly
decreased in antibiotic-treated animals compared with control
animals.[36,37]

Lactobacillaceae is a diverse family of lactic acid bacteria found
in the gut microbiota of humans and many animals. These bac-
teria have beneficial effects on intestinal health, such as modu-
lation of the immune system and protection against pathogens,
which is why many species are frequently used as probiotics.[8]

The Lactobacillus genus enhances intestinal barrier function by
increasing mucus production, stimulating the release of antimi-
crobial peptides and the production of secretory immunoglob-
ulin A, increasing tight junction integrity of intestinal epithe-
lium, and providing competitive resistance against pathogens.[38]

Mol. Nutr. Food Res. 2023, 2300248 2300248 (6 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 5. Relative abundances of selected genera for each treatment (Control, Clin, F1, F2, Clin+F1, and Clin+F2). Values are presented as median (n
= 10). Significance was assessed using Wilcoxon test and denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

Lactobacillus strains play an immunological role within the GI
tract of the host, as they can interact with both the innate and
adaptive immune response. For example, in an in vitro study of
chicken splenic and cecal tonsil cells, L. acidophilus and L. sali-
varius induced Th1 and cytokine anti-inflammatory responses,
respectively.[39] Inflammatory bowel disease (IBD) is an exam-
ple of an intestinal inflammatory disease that may be modulated
by different Lactobacillus species. Mice administered L. reuteri
strains and exposed to DSS showed reduced severity of colitis.[40]

Therefore, the restoration of the levels of this important genus
by the administration of F1 or F2 could have beneficial effects
on intestinal pathologies involving dysbiosis. It has been demon-
strated that the inclusion of whey protein in the diet signifi-
cantly increases fecal counts of Bifidobacterium spp. and Lacto-
bacillus spp.[11,41] Nevertheless, the effect we observed was greater
with the F2 treatment than with F1. This could be attributed
to the high MFGM content of F2, as it is based on buttermilk
that is very rich in this fraction. Furthermore, it has been re-
ported that someMFGM glycoproteins are able to survive gastric
digestion.[13] Therefore, thismembranemay confer a prebiotic ef-
fect, providing an energy source to support the growth of colonic
bacteria.[42]

Regarding Lachnospiraceae family, one of the major taxo-
nomic groups of the human gut microbiota, it has been associ-
ated with the maintenance of gut health. In our study, the lev-
els of Lachnospiraceae were increased by Clin treatment and this
positive effect was maintained in Clin+F1 and Clin+F2 groups.
Members of this family have been linked, on the one hand, to
obesity and, on the other hand, to protection against colon can-
cer in humans. This positive effect is due to the relationship of

many species with the production of butyric acid, a SCFA that is
associated with the control of gut inflammatory processes and is
important for the intestinal epithelial barrier maintenance.[43]

Clin treatment induced an increase in the family Akker-
mansiaceae, some mucin-degrading bacteria that reside in
the intestinal mucosal layer and have been associated with a
healthy gut mucosa.[44] Akkermansia, as a potential probiotic
agent, has been reported to reduce mucosal inflammation via
the improvement of the microbial community and gut bar-
rier function in DSS-induced colitis mice.[45] In Clin+F1 and
Clin+F2 groups the abundance of the Akkermansiaceae family
also increased compared to the Control, indicating that these
milk formulas maintained this positive effect induced by Clin
administration.
Similarly to previous results of other authors,[46] Clin treated

mice in our study showed a decrease in Desulfovibrionaceae
family. Several species of the Desulfovibrionaceae family can
generate hydrogen sulfide (H2S). In an innovative study on a
synthetic microbiota community, H2S was found to inhibit bu-
tyrate production, including themembers Faecalibacterium praus-
nitzii and Roseburia intestinalis.[47] Moreover, H2S produced by
the Desulfovibrionaceae family could reduce the disulfide bonds
of the intestinal mucosal layer and cause epithelium exposure
to bacteria and toxins, which could lead to inflammation.[48]

In our study, F1 and F2 formulas partially increased the lev-
els of this family, which had been strongly reduced by Clin
treatment.
Taken together, our results indicate that F1 and/or F2 inges-

tion normalizes Clin-induced decline in Rikenellaceae and Lac-
tobacillaceae, two important families with well-known effects on

Mol. Nutr. Food Res. 2023, 2300248 2300248 (7 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 6. MetaCyc functional pathways identified for each treatment (Control, Clin, F1, F2, Clin+F1, and Clin+F2). Values of each functional gene were
log2 transformed. Tests of significance of the gene distribution between groups were performed using Wilcoxon test and denoted as follows: *p < 0.05,
**p < 0.01, ***p < 0.001.

intestinal health. Furthermore, we have also observed that Clin
increases the levels of the Tannerellaceae, Lachnospiraceae, and
Akkermansiaceae families, which have anti-inflammatory prop-
erties and are important for gut health, and this positive effect
is not modified by either F1 or F2. However, both milk formulas
reverse the decline produced by Clin in the Desulfovibrionaceae
family, which has harmful effects on host health.
Regarding the microbiota functional profile, Clin treatment

decreased the P163-PWY pathway, which is related to l-lysine
fermentation to acetate and butyrate. Several genera of bacteria
have been shown to ferment l-lysine as a sole source of carbon
and nitrogen, producing butyrate and acetate.[49] In addition, two
pathways related to cofactor and vitamin biosynthesis, specifi-
cally, related to tetrahydrofolate (vitamin B9) biosynthesis, were
reduced in antibiotic-treated mice. Folates are essential cofac-
tors that facilitate the transfer of one-carbon units from donor
molecules into important biosynthetic pathways leading to me-
thionine, purine, and pyrimidine biosynthesis. This pathway for
the de novo biosynthesis of folates is found in bacteria, fungi,
and plants, whereas vertebrates are absolutely dependent on nu-
tritional sources, making folate a vitamin.[50] The treatment with
Clin+F1 was able to restore the levels of these functional path-
ways and in this context, F1 could be a good ingredient to improve
the intestinal health.

4. Conclusions

The present study shows that a single dose of Clin induces al-
terations in both the composition and metabolic functions of the
mice intestinal microbiota. The treatment with whey or butter-
milk supplemented with native bovine lactoferrin and MFGM
modulates the microbiota composition and the functional path-
ways adversely affected by antibiotic administration. Although
this study does not allow us to attribute specific outcomes to
the individual bioactive compounds, these results demonstrate
that whey-based formula restored the normal levels of Rikenel-
laceae family and buttermilk-based formula increased Lactobacil-
lus genus. From these results, we suggest that this combination
of bioactive ingredients can be used in functional foods to prevent
microbiota alterations caused by antibiotic-induced dysbiosis.

5. Experimental Section
Buttermilk and Whey-Based Formulas Preparation: Two formulas were

prepared on the basis of whey and buttermilk and enriched with native
bovine lactoferrin (nLF) used in the previous research.[19] This nLF (iron
saturation below 10%) was kindly provided by Tatua Nutritionals Com-
pany (Morrinsville, New Zealand). To obtain whey and buttermilk, raw
bovine milk was provided by Villacorona (El Burgo de Ebro, Spain), and

Mol. Nutr. Food Res. 2023, 2300248 2300248 (8 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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processed at the Food Science and Technology Pilot Plant of the Uni-
versity of Zaragoza, as detailed previously.[20] Formula 1 (F1) was pre-
pared with a whey base, supplemented with nLF and MFGM. For its
preparation, freeze-dried whey was rehydrated, taking into account its dry
matter (0.068 g mL−1). Once dissolved in 50 mL of miliQ water, nLF
(175 mg mL−1) was added. This process was carried out under constant
agitation at 4 °C to ensure its correct dissolution. Finally, the MFGM pre-
cipitate obtained by centrifugation at 40 000 × g for 30 min of 50 mL of
buttermilk was added. To dissolve and homogenize the MFGM in the for-
mula, an ultra-turrax was used. Formula 2 (F2) was prepared with a base of
50 mL of buttermilk, obtained from cream. nLF (175 mgmL−1) was added
to buttermilk and slowly dissolved under stirring at 4 °C. Similarly to F1,
MFGM obtained from 50 mL of buttermilk by centrifugation was added
and homogenized.

Animal Treatments: All procedures were conducted under Project Li-
cence PI40/17 and approved by the Ethics Committee for Animal Experi-
ments of the University of Zaragoza. Sixtymale C57BL/6mice (8–12 weeks
old, Janvier Labs, Le Genest-Saint-Isle, France) were randomly divided into
six groups (n= 10 per group): Control, clindamycin (Clin), F1, F2, Clin+F1,
and Clin+F2. Control group received saline by gastric gavage for 10 days.
Mice treated with Clin were gavaged for 10 days with saline, and on day
4 received a single IP injection of 200 µg of Clin (Normon Laboratories,
Madrid, Spain) diluted in 200 µL of saline. Mice from the groups F1 and
F2 were treated for 10 days by gastric gavage with 0.2 mL F1, or F2, respec-
tively. Mice from Clin+F1 and Clin+F2 groups were gavaged for 10 days
with 0.2 mL F1 or F2, and on day 4 received an IP injection of 200 µg of
Clin.

Sample Collection and Bacterial DNA Extraction: At the end of the treat-
ments, stool samples were collected in a sterile recipient and stored at
−80 °C until processed. Bacterial DNA was extracted from fecal samples
using the NZY Soil gDNA Isolation kit (NZYTech, Lisboa, Portugal). Two
mouse fecal pellets weremixed inNZYSpin Soil Bead Tubes and processed
by using the Precellys 24 homogenizer (Bertin Instruments, France). Fi-
nally, DNA was eluted in 50 µL elution NSE buffer. DNA concentrations
were measured using a Qubit 4.0 fluorometer (Invitrogen, Life Technolo-
gies, Madrid, Spain).

Sequencing of 16S rRNA Gene Amplicons: Extracted DNA from each
sample was used as a template for PCR amplification of 16S rRNA
gene. Full-length 16S rRNA gene (V1–V9) was amplified using 27F and
1492R primers contained in the 16S Barcoding kit SQK-RAB204 (Oxford
Nanopore Technologies, Oxford, UK). The reaction volume was 50 µL con-
taining 10 ng of template DNA, 25 µL of LongAmp Taq 2Xmastermix (New
England Biolabs, Ipswich, MA, USA), and 1 µL of 16S barcode primer, at
10 µM. Amplification was performed with the following PCR conditions:
initial denaturation at 95 °C for 1 min, 27 cycles at 95 °C for 20 s, 55 °C for
30 s, and 65 °C for 2 min, followed by a final extension at 65 °C for 5 min.
Amplified DNA was purified using the Agencourt AMPure XP beads (Beck-
man Coulter, Indianapolis, IN, USA), and the amount of DNA eluted with
10 µL of buffer solution (10 mM Tris–HCl pH 8.0, with 50 mM NaCl) was
quantified by Qubit 4.0 fluorometer.

The sequencing libraries were prepared using the rapid sequencing am-
plicons protocol with SQK-RAB204 kit (Oxford Nanopore Technologies).
Twelve barcoded libraries were pooled and incubated with 1 µL of Rapid
Adapter at RT for 5 min. The libraries were loaded onto the flow cells and
sequenced on the MinION (Oxford Nanopore Technologies). MinKNOW
software (version 4.1.22) was used for data acquisition. Raw reads with
enough quality were subjected to further analysis.

Bioinformatic Analysis: Processing and analysis of reads were carried
out using theMetONTIIME pipeline[21] andQIIME2 v.2022.2. Base-calling
of the FAST5 files was performed by Guppy_basecaller v.6.1.2 (Oxford
Nanopore Technologies). Reads were demultiplexed and adapters and
primers were trimmed by Guppy_barcoder v.6.1.2 (OxfordNanopore Tech-
nologies). Sequences were filtered based on read quality and length us-
ing NanoFilt v2.7.1.[22] Before clustering, samples were normalized to the
minimum number of reads. The reads were dereplicated and clustered
into operational taxonomic units (OTUs) at 70% identity. Consensus se-
quences were assigned to taxonomy using SILVA138_99 as a reference
database and the classifier VSEARCH of QIIME 2 plugin.

Output data were imported to R software v.4.2.1, using qiime2R[23] to
obtain a phyloseq object. This object was then filtered to remove the least
representative OTUs. The differential abundance of bacteria between each
pair of groups was compared using the Wilcoxon rank test (p < 0.05).
Heatmap was obtained using DESeq2 and pheatmap R packages. Venn
diagrams were performed to illustrate the treatment effects on the core
microbial community, which was defined as the number of OTUs shared
among 75% of individuals in each group, using the microbiota and the
eulerr R packages.

Alpha and beta diversity were determined using the phyloseq and vegan
R packages. Alpha diversity was estimated by richness (observed OTUs
and Chao1 index), together with the Shannon and Simpson diversity in-
dexes. Changes in these diversity indexes among the different groups were
analyzed using the Wilcoxon test (p < 0.05). Bacterial community dissim-
ilarities between treatments were calculated using the Bray–Curtis dis-
tance matrix and displayed using the non-metric multidimensional scal-
ing (NMDS) ordination method. To test significant differences between
each pair of groups, permutational multivariate analysis of variance (PER-
MANOVA) tests were calculated (999 permutations, p < 0.05).

The QIIME2 plugin for PICRUSt2 was used to predict the functional
profile of microbial communities from their 16S amplicon sequences. For
this purpose, the OTUs were placed into a reference tree (NSTI cut-off
value of 2) using SEPP[24] as a placement tool and the maximum Parsi-
mony (mp) prediction method. As a result, EC, KO, and MetaCyc pathway
predictions were obtained to describe the functionality of the microbiota.
To compare the functional profiles of the different groups, alpha and beta
diversity metrics were calculated and the DESeq2 R package allowed us to
identify significantly different functions between sample groups.
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[1] I. Barukčíc, K. Lisak Jakopovíc, R. Božaníc, Food Technol. Biotechnol.
2019, 57, 448.

[2] Eurostat, Milk and Milk Product Statistics 2020. https://ec.europa.
eu/eurostat/statistics-explained/index.php/Milk_and_milk_
product_statistics#Milk_products

[3] E. Zandona, M. Blažíc, A. Režek Jambrak, Food Technol. Biotechnol.
2021, 59, 147.

[4] O. Kareb, M. Aïder, Probiotics Antimicrob. Proteins 2019, 11, 348.
[5] A. Szilagyi, Nutrients 2015, 7, 6751.
[6] T. Palai, S. Mitra, P. K. Bhattacharya, J. Biosci. Bioeng. 2012, 114, 418.
[7] T. Sánchez-Moya, R. López-Nicolás, D. Planes, C. A. González-

Bermúdez, G. Ros-Berruezo, C. Frontela-Saseta, Food Funct. 2017, 8,
3053.

[8] J. E. Wells, J. T. Yen, D. N. Miller, J. Appl. Microbiol. 2005, 99, 400.
[9] A. R. Madureira, C. I. Pereira, A. M. P. Gomes, M. E. Pintado, F. Xavier

Malcata, Food Res. Int. 2007, 40, 1197.
[10] Y. Kobayashi, A. Itoh, K. Miyawaki, S. Koike, O. Iwabuchi, Y. Iimura,

Y. Kobashi, T. Kawashima, J. Wakamatsu, A. Hattori, H. Murakami,
F. Morimatsu, T. Nakaebisu, T. Hishinuma, J. Anim. Sci. 2011, 82,
607.

[11] Y.-J. Yu, M. Amorim, C. Marques, C. Calhau, M. Pintado, J. Funct.
Foods 2016, 21, 507.

[12] C. Vanderghem, P. Bodson, S. Danthine, M. Paquot, C. Deroanne, C.
S. Blecker, Biotechnol., Agron., Soc. Environ. 2010, 14, 485.

[13] H. Lee, E. Padhi, Y. Hasegawa, J. Larke, M. Parenti, A. Wang, O.
Hernell, B. Lonnerdal, C. Slupsky, Front. Pediatr. 2018, 6, 313.

[14] G. Bhinder, J. M. Allaire, C. Garcia, J. T. Lau, J. M. Chan, N. R. Ryz, E.
S. Bosman, F. A. Graef, S. M. Crowley, L. S. Celiberto, J. C. Berkmann,
R. A. Dyer, K. Jacobson, M. G. Surette, S. M. Innis, B. A. Vallance, Sci.
Rep. 2017, 7, 45274.

[15] K. Berding, M. Wang, M. H. Monaco, L. S. Alexander, A. T. Mudd, M.
Chichlowski, R. V. Waworuntu, B. M. Berg, M. J. Miller, R. N. Dilger,
S. M. Donovan, J. Pediatr. Gastroenterol. Nutr. 2016, 63, 688.

[16] M. Ferrer, C. Méndez-García, D. Rojo, C. Barbas, A. Moya, Biochem.
Pharmacol. 2017, 134, 114.

[17] E. Rinninella, P. Raoul, M. Cintoni, F. Franceschi, G. A. D. Miggiano,
A. Gasbarrini, M. C. Mele,Microorganisms 2019, 7, 14.

[18] K. A. Knoop, K. G. McDonald, D. H. Kulkarni, R. D. Newberry, Gut
2016, 65, 1100.

[19] A. Bellés, D. Aguirre-Ramírez, I. Abad, M. Parras-Moltó, L. Sánchez,
L. Grasa, Food Funct. 2022, 13, 5854.

[20] I. Abad, L. Serrano, D. Graikini, M. D. Pérez, L. Grasa, L. Sánchez,
Biometals 2023, 36, 667.

[21] S. Maestri, Development of novel bioinformatic pipelines for
MinION-based DNA barcoding (Doctoral thesis, Università degli
Studi di Verona, Verona, Italy) 2021. Retrieved from https://iris.univr.
it/retrieve/handle/11562/1042782/205364/.

[22] W. De Coster, S. D’Hert, D. T. Schultz, M. Cruts, C. Van Broeckhoven,
Bioinformatics 2018, 34, 2666.

[23] J. E. Bisanz,Qiime2R: Importing QIIME2 Artifacts and Associated Data
into R Sessions 2018.

[24] S. Mirarab, N. Nguyen, T. Warnow, Pacific Symposium on Biocom-
puting 2012, WORLD SCIENTIFIC, Kohala Coast, Hawaii, USA 2011,
p. 247.

[25] Z. Ma, F. Zhang, H. Ma, X. Chen, J. Yang, Y. Yang, X. Yang, X. Tian, Q.
Yu, Z. Ma, X. Zhou, PLoS One 2021, 16, e0248329.

[26] I. Lagkouvardos, T. R. Lesker, T. C. A. Hitch, E. J. C. Gálvez, N. Smit,
K. Neuhaus, J. Wang, J. F. Baines, B. Abt, B. Stecher, J. Overmann, T.
Strowig, T. Clavel,Microbiome 2019, 7, 28.

[27] Y. He, B. J. Zhou, G. H. Deng, X. T. Jiang, H. Zhang, H. W. Zhou, BMC
Microbiol. 2013, 13, 1.

[28] B. R. Kim, J. Shin, R. Guevarra, J. H. Lee, D. W. Kim, K. H. Seol, J. H.
Lee, H. B. Kim, R. Isaacson, J. Microbiol. Biotechnol. 2017, 27, 2089.

[29] A. Escalas, L. Hale, J. W. Voordeckers, Y. Yang, M. K. Firestone, L.
Alvarez-Cohen, J. Zhou, Ecol. Evol. 2019, 9, 12000.

[30] R. M. Card, M. Mafura, T. Hunt, M. Kirchner, J. Weile, M. U. Rashid,
A. Weintraub, C. E. Nord, M. F. Anjum, Antimicrob. Agents Chemother.
2015, 59, 4410.

[31] C. F. A. Ribeiro, G. Silveira, E. S. Cândido, M. H. Cardoso, C. M.
Espínola Carvalho, O. L. Franco, ACS Infect. Dis. 2020, 6, 2544.

[32] X. Chen, Q. Zuo, Y. Hai, X. J. Sun,Med. Hypotheses 2011, 76, 325.
[33] Y. Y. Xie, W. J. Li, L. M. Zhu, S. X. Zhai, S. Qin, Z. N. Du, Microbiolo-

gyopen 2019, 8, e825.
[34] M. T. Alam, G. C. A. Amos, A. R. J. Murphy, S. Murch, E. M. H.

Wellington, R. P. Arasaradnam, Gut Pathog. 2020, 12, 1.
[35] K. Hiippala, V. Kainulainen, M. Suutarinen, T. Heini, J. R. Bowers, D.

Jasso-Selles, D. Lemmer, M. Valentine, R. Barnes, D. M. Engelthaler,
R. Satokari, Nutrients 2020, 12, 935.

[36] D. A. Hill, C. Hoffmann, M. C. Abt, Y. Du, D. Kobuley, T. J. Kirn, F. D.
Bushman, D. Artis,Mucosal Immunol. 2010, 3, 148.

[37] S. Zhang, R. Zhong, H. Han, B. Yi, J. Yin, L. Chen, H. Zhang, Antibi-
otics 2020, 9, 907.

[38] E. Dempsey, S. C. Corr, Front Immunol 2022, 13, 840245.
[39] J. T. Brisbin, J. Gong, P. Parvizi, S. Sharif, Clin. Vaccine Immunol. 2010,

17, 1337.
[40] D. Ahl, H. Liu, O. Schreiber, S. Roos, M. Phillipson, L. Holm, Acta

Physiol. (Oxf.) 2016, 217, 300.
[41] R. C. Sprong, A. J. Schonewille, R. van der Meer, J. Dairy Sci. 2010, 93,

1364.
[42] K. M. Moe, D. Porcellato, S. Skeie, J. Dairy Sci. 2013, 96, 727.
[43] C. J. Meehan, R. G. Beiko, Genome Biol. Evol. 2014, 6, 703.
[44] C. Y. Ooi, S. A. Syed, L. Rossi, M. Garg, B. Needham, J. Avolio, K.

Young, M. G. Surette, T. Gonska, Sci. Rep. 2018, 8, 17834.
[45] X. Bian, W. Wu, L. Yang, L. Lv, Q. Wang, Y. Li, J. Ye, D. Fang, J. Wu, X.

Jiang, D. Shi, L. Li, Front. Microbiol. 2019, 10, 2259.
[46] R. L. P. Jump, A. Polinkovsky, K. Hurless, B. Sitzlar, K. Eckart, M.

Tomas, A. Deshpande, M. M. Nerandzic, C. J. Donskey, PLoS One
2014, 9, e101267.

[47] R. L. Clark, B. M. Connors, D. M. Stevenson, S. E. Hromada, J. J.
Hamilton, D. Amador-Noguez, O. S. Venturelli,Nat. Commun. 2021,
12, 3254.

[48] Y. Zhang, H. Pan, X. Ye, S. Chen, Food Funct. 2022, 13, 2295.
[49] H. A. Barker, J. M. Kahn, L. Hedrick, J. Bacteriol. 1982, 152, 201.
[50] M. Lucock,Mol. Genet. Metab. 2000, 71, 121.

Mol. Nutr. Food Res. 2023, 2300248 2300248 (10 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

 16134133, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

nfr.202300248 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.mnf-journal.com
https://ec.europa.eu/eurostat/statistics-explained/index.php/Milk_and_milk_product_statistics#Milk_products
https://ec.europa.eu/eurostat/statistics-explained/index.php/Milk_and_milk_product_statistics#Milk_products
https://ec.europa.eu/eurostat/statistics-explained/index.php/Milk_and_milk_product_statistics#Milk_products
https://iris.univr.it/retrieve/handle/11562/1042782/205364/
https://iris.univr.it/retrieve/handle/11562/1042782/205364/

