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Abstract

Antibiotics, specifically clindamycin, cause intestinal dysbiosis, reducing the microbiota with
anti-inflammatory properties. Furthermore, clindamycin can induce alterations in the immune
responses and oxidative stress. Lactoferrin, among other activities, participates in the
maintenance of intestinal homeostasis and reduces dysbiosis induced by antibiotic treatment.
The aim of this study was to analyze the effect of native and iron-saturated bovine LF in a murine
model of dysbiosis induced by clindamycin. Six groups of male C57BL/6 mice were treated with
saline (control), clindamycin (Clin), native lactoferrin (nLF), iron-saturated lactoferrin (sLF),
nLF/Clin or sLF/Clin. Oxidation caused in the intestinal cells of the ileum of animals subjected to
different treatments was analyzed, focusing on lipid peroxidation and protein carbonyl content.
The expression of inflammatory mediators was determined by gRT-PCR. Treatment with
clindamycin did not modify lipid peroxidation, but significantly increased protein carbonyl levels
up to almost 5-fold respect to the control, an effect that was reversed by orally administering
sLF to mice. Furthermore, clindamycin increased the expression of interleukin-6 and TNF-a by
1- and 2-fold change, respectively. This effect was reversed by treatment with nLF and sLF,
decreasing the expression to basal levels. In conclusion, this study indicates that lactoferrin can
prevent some of the effects of clindamycin on intestinal cells and their associated immune

system.

Keywords: antibiotics, interleukin-6, immune system, ROS, TNF-a.
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Introduction

Antibiotics can lead to undesirable collateral effects, such as changes in intestinal microbiota,
promoting dysbiosis and having an impact on the development of innate and adaptive immune
responses against pathogens. Antibiotic-induced dysbiosis also increases the susceptibility to
infections in later life (Shekhar & Petersen, 2020). Clindamycin is a lincosamide antibiotic whose
action is based on slowing or stopping the growth of Gram-positive and anaerobic bacteria. This
antibiotic is highly concentrated in the faeces, having a negative impact on the intestinal
microbiota (Buffie et al., 2012). Clindamycin has been shown to induce dysbiosis, reducing the

presence of certain microorganisms with anti-inflammatory properties (Bellés et al., 2022).

In addition, some bactericidal antibiotics can induce a common oxidative damage, generating
variable levels of deleterious reactive oxygen species (ROS) and causing damage to DNA,
proteins and lipids, resulting in cell death (Guillouzo & Guguen-Guillouzo, 2020). Clindamycin, in
particular, causes oxidative damage to DNA and lipids (Xiao et al., 2019). At low concentrations,
ROS act as important mediators in almost all stages of the inflammatory process. However,
overproduction of ROS can cause cellular damage and promote chronic inflammation

(Chelombitko, 2018).

Bovine lactoferrin (LF) is a cationic iron-binding glycoprotein present in exocrine secretions of
mammals, such as milk, saliva, tears, etc. LF is secreted in its open form without iron (apo-LF),
but it is able to bind two ferric ions giving rise to its closed form (holo-LF) (Adlerova, Bartoskova,
& Faldyna, 2008). It has been shown that depending on LF iron saturation it can develop
divergent effects on the growth of probiotic bacteria (Li et al., 2013; Fan et al., 2022). The
increase of iron saturation in LF decreases its bacteriostatic capacity, with apo-LF being more
functional (Orsi, 2004). However, holo-LF is not easily degraded and it is highly stable, especially
when heated and stored for long time. For this reason, holo-LF is often used as an additional
ingredient in some products (Fan et al., 2022). LF has numerous benefits at the intestinal level,
such as to favour iron absorption, increase the intestinal maturation or its barrier function, exert
antibacterial and antiviral activity, or modulate the gut microbiota (Conesa et al.,, 2023).
Furthermore, LF has been reported to contribute to the maintenance of intestinal homeostasis
and to counter dysbiosis induced by antibiotic treatment; in addition to inhibiting the
inflammatory response (Bellés et al., 2022). In this regard, LF, as an anti-inflammatory agent, is
capable of maintaining a physiological balance of ROS by chelating free iron, essential for the
production of ROS, or regulating antioxidant enzymes, thus reducing the inflammatory response

(Cutone et al., 2020; Conesa et al., 2023).
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The most widely adopted way for LF administration is orally. However, LF does not pass intact
through the stomach and is hydrolyzed during gastric digestion, releasing some bioactive
peptides, such as lactoferricin and lactoferrampin. Therefore, although hydrolysis could affect
the functional properties of LF, its degradation also could be beneficial for developing some
activities (Wang et al., 2019). Furthermore, the susceptibility of LF to digestion depends on the
matrix where it is found, being digested more easily when is in a liquid product than in a solid
one. In addition, the degree of glycosylation of LF also affects its stability in the gastrointestinal

tract (Wang et al., 2019).

The inflammatory response is highly regulated in the gastrointestinal tract, ensuring a balance
of pro-inflammatory and anti-inflammatory cytokines (Schenk & Mueller, 2008). Intestinal
epithelial cells respond to external stimuli by expressing inflammatory factors and chemokines
through the corresponding signalling pathways. Furthermore, these cells can recruit white blood
cells to kill damaged cells or foreign pathogens. Therefore, intestinal development in the first
period of life is crucial for the health of infants and children (Fan et al., 2022). LF plays an
important role in modulating the immune system. It is considered an anti-inflammatory protein
that helps prevent and treat inflammatory bowel diseases (IBD). Its immunomodulatory effect
is based on inhibiting the synthesis of pro-inflammatory cytokines, such as TNF-a and
interleukin-6 (IL-6), and promoting the production of anti-inflammatory cytokines, such as IL-4

and IL-10 (Conesa et al., 2023).

Therefore, the main objective of this study was to evaluate the effect of native and iron-
saturated LF on the oxidative stress and expression of inflammatory mediators in the ileum of

mice with dysbiosis induced by the antibiotic clindamycin.
Material and methods

Sample preparation

Native bovine LF (iron saturation below 10%) used for this study was kindly donated by Tatua
Nutritionals (Morrinsville, New Zealand). Its purity of 90% was checked by SDS-PAGE, showing a
single band at 80 kDa corresponding to the protein. For stock solution preparation, native LF
(nLF) was dissolved in saline at a concentration of 200 mg/mL and processed as detailed
previously (Bellés et al., 2022). The LPS level of this LF was determined in a previous study (Abad
et al.,, 2022) and it was considered minimal (8 x 103 endotoxin units per mg of protein),

consequently, we assumed it did not influence the results obtained.

To prepare iron-saturated LF (sLF), the procedure described by Graikini et al. (2023) was

followed. Briefly, an iron complex of 20 mM FeCl; and 80 mM sodium nitrile acetate (NTA)
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(FeENTA) and 10 mM NaHCO; (1:1, v:v) was added to LF (3 pL per mg of protein) and the mixture
maintained during 24 h at 4 °C. Afterwards, the protein was subjected to Sephadex G-25
chromatography to remove unbound iron. The resulting sLF was considered 100% iron

saturated.

Both nLF and sLF were adjusted to a concentration of 175 mg/mL for their use in the animal

experiments.

Animal model and treatments

The study was carried out with 30 male C57BL/6 mice of 8-12 weeks old (Janvier Labs, Le Genest-
Saint-Isle, France). They were kept in a conventional laboratory animal facility at the University
of Zaragoza at a range of temperature between 20-22 °C, under a cycle of 12 h light/dark, with
free access to water and animal chow. For the experiment, mice were randomly divided into 6
groups (n = 5 per group): control (receiving saline orally by gastric gavage for 10 days and
representing the negative control group), clindamycin (Clin), native bovine lactoferrin (nLF),
iron-saturated bovine lactoferrin (sLF), native bovine lactoferrin + clindamycin (nLF/Clin) and
iron-saturated bovine lactoferrin + clindamycin (sLF/Clin) (Figure 1). All groups tested were
treated equally, housed in the same room, kept in the same cages and maintained by the same

personnel.

During the experiment, mice treated with clindamycin were fed for 10 days with saline and on
day 4 received a single intraperitoneal (IP) injection of 200 pg of clindamycin (Normon
Laboratories, Madrid, Spain) diluted in 0.2 mL of saline. This in vivo experiment performed in
the present study encompassed numerous analyses, such as the determination of intestinal
microbiota composition and of the expression of TLR receptors (Bellés et al., 2022). Therefore,
the dose of clindamycin used was chosen based on previous dysbiosis experiments carried out

in mice (Buffie et al., 2012).

Mice of the groups nLF and sLF were treated for 10 days orally by gastric gavage with 35 mg of
nLF or sLF, diluted in 0.2 mL of saline. Similar doses of LF have been shown to exert an effect on
the cytokine responses and intestinal immune system of mice in previous studies (Wakabayashi
et al., 2004a; Wakabayashi et al., 2006). Mice from nLF/Clin and sLF/Clin groups were fed for 10
days with 35 mg of nLF or sLF and on day 4 received an IP injection of 200 pug of clindamycin
(Figure 1). The dose of 35 mg administered to the mice per day would be equivalent to about
140 mg/kg in humans (Nair & Jacob, 2016). Following each treatment, mice were humanely

euthanized by cervical dislocation.
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All procedures were conducted under Project Licence P140/17 and approved by the in-house
Ethics Committee for Animal Experiments of the University of Zaragoza. The care and use of
animals were performed according to the Spanish Policy for Animal Protection RD53/2013,
which meets the European Union Directive 2010/63 on the protection of animals used for

experimental and other scientific purposes.

Histopathology

At postmortem, sections of the ileum, cecum and colon of each animal were collected for
guantitative histopathological assessment of intestinal inflammation. Tissue sections were fixed
in 10% neutral-buffered formalin for 48-72 h and routinely processed for paraffin embedding
and hematoxylin-eosin staining. Several histopathological parameters were evaluated in the
three sections of the intestine: number of polymorphonuclear (PMN) cells, number of globet
cells, integrity of intestinal epithelial barrier and number of bacteria in intestinal crypts. The
selected parameter for evaluation was the number of PMN cells as it was the only one with
significant differences between the group treated with clindamycin and the control group. The
total number of PMN cell in the intestinal lamina propria was quantified in 10 high-power fields

(x400 magnification) by two pathologists blinded to the treatment groups.

Assessment of oxidative stress

Ileums were collected, washed with 0.9% NaCl and stored at -80 °C until processed. Tissue
samples were homogenized in cold 50 mM Tris buffer, pH 7.4, using Yellowline DI25 Basic Ultra-
Turrax (IKA-Werke, Staufen Germany). The homogenate was centrifuged at 3000 g for 10 min at

4 °C. The supernatant was collected for lipid peroxidation and protein carbonyl analysis.

The level of lipid peroxidation was determined by measuring the concentration of
malondialdehyde (MDA) and 4-hydroxyalkenals (4-HDA) as previously described (Gonzalo et al.,
2011). In short, MDA + 4-HDA reacts with 1-methyl-2-phenylindole, giving rise a stable
chromophore, whose absorbance can be measured spectrophotometrically at 586 nm. The
samples were analyzed in duplicate. Lipid peroxidation was calculated in nmol MDA + 4-HDA per
mg of protein. Protein concentration was determined by the Bradford method (Bio-Rad, Madrid,
Spain). Results of lipid peroxidation were expressed as the percentage respect to the control

value (100%).

The level of protein oxidation was analyzed by determining protein carbonyl content as
previously described (Gonzalo et al., 2011). Tissue homogenates were incubated with 2,4-
dinitrophenylhydrazine (DNPH), a carbonyl reagent, at 37 °C for 1 h and protein carbonylation

was measured at 375 nm. The samples were analyzed in triplicate. Results were calculated in
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nmol carbonyl groups per mg of protein and expressed as the percentage respect to the control

value (100%).

RNA extraction and RT-PCR

lleum samples were collected and preserved for 24 h in RNAlater solution (Ambion, Thermo
Fisher Scientific, Madrid, Spain) and then, they were stored at -80 °C until analysis. Total RNA
was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). A fragment of each sample
was taken and placed in a Precellys® tube (Precellys® Ceramic kit, Bertin Instruments, Montigny-
le-Bretonneux, France) for homogenization. 600 pL of RLT lysis buffer supplemented with B-
mercaptoethanol were added in a 100:1 (v/v) ratio. The samples were introduced into a
Precellys®-24 homogenizer (Bertin Instruments) and processed with a program of 2 cycles of 20
s at 5000 rpm with a waiting time of 5 s. Subsequently, the samples were centrifuged at a
maximum speed for 3 min and the supernatants with the cell lysate were carefully extracted. To
each lysate, 600 pL of 70% ethanol were added, mixed by pipetting, and transferred to the
extraction columns of the RNeasy Mini Kit. The extraction of the RNA was performed according

to the manufacturer instructions. The obtained RNA was stored at -80 °C.

The complementary DNA (cDNA) was obtained using the gScript cDNA SuperMix kit (Quantabio,
Beverly, MA, USA) and RT-PCR was performed as detailed in our previous study (Abad et al.,
2022). This procedure was carried out to determine expression levels of IL-6, IL-10, IL-12 p35, IL-
12 p40, TNF-a, and nucleotide-binding and oligomerization domain (NOD)-like receptors. The

specific primers are detailed in Table 1.

The results obtained for the threshold cycles (Ct) were statistically analyzed by subtracting the
mean of the Ct values corresponding to the housekeeping genes (GAPDH and HPRT1) from the
Ct for amplification of studied genes (ACtieatment = Ctgene = Cthousekeeping): The mean values of the
negative controls were subtracted from the previously obtained value (AACt = ACtycatment -
ACtoniol)- Finally, the relative gene expression was calculated and expressed as fold change

(Z-AACt)_

Statistical analysis

The analysis was performed using the statistical software GraphPad Prism v8.0.2 (GraphPad
Software, San Diego, CA, USA). The normality of the data was checked with the Saphiro-Wilk
test. To compare the means of three or more unpaired groups, an analysis of variance (ANOVA)
was performed. Dunnet’s post-hoc test was used as a multiple comparison test. Data that did

not follow a normal distribution were submitted to the non-parametric Kruskal-Wallis test
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followed by Dunn’s test as a multiple comparison test. Differences with a p-value < 0.05 were

considered statistically significant.

Results and discussion

Histopathology

The results of the evaluation of PMN infiltration in ileum, cecum and colon are shown in Figure
2. The PMN counts in ileum and cecum (Figures 2A, 2B) were higher for the Clin group, showing
significant differences respect to the control group (p< 0.01 and p< 0.05, respectively). However,
the PMN counts in the colon of mice (Figure 2C) did not show significant differences between
the control and the Clin group. The treatment with LF significantly decreased the elevated PMN
counts caused by the antibiotic (p< 0.01 for nLF/Clin and p< 0.05 for sLF/Clin) only in the ileum
(Figure 2A), reaching basal levels. For this reason, the ileum was the tissue chosen for the

following experiments.

Therefore, inflammatory changes were limited to the presence of PMN cells in the ileum (Figure
3). In the control group (Figure 3A), the number of PMN cells was low; however, in the group of
mice treated with clindamycin (Figure 3B), the presence of these cells was much more abundant,
indicating an inflammatory process. In the groups of mice treated with both native and iron-
saturated LF, the presence of PMN cells in the ileum was practically non-existent (Figures 3C,
3D). Finally, in the groups of mice treated with LF and Clin (Figures 3E, 3F), the presence of PMN
cells in the ileum was very similar to that of the control group, and notably lower compared to

the group treated only with the antibiotic.

Lipid and protein oxidation levels

Clindamycin did not modify MDA + 4-HDA levels (Figure 4A), but increased significantly the
protein carbonyl levels in ileum up to almost 5-fold with respect to the control (p< 0.0001)
(Figure 4B). The oral administration of nLF increased slightly the carbonyl levels in ileum respect
to the control (Figure 4B) and sLF also modified the oxidative stress produced in lipids and
proteins (Figure 4). However, sLF significantly reversed protein oxidative stress caused by

clindamycin to basal levels when administered to antibiotic-treated mice (p< 0.0001).

In the study by Xiao et al. (2019), the authors analyzed the oxidative stress caused by different
antibiotics in vitro, and concluded that clindamycin at 200 pg/mL caused oxidative lipid damage
observed by the increase of MDA levels. These results do not coincide with ours, since

clindamycin did not cause oxidative stress to lipids (Figure 4A). This difference in the results
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could be mainly because their study was carried out in vitro in different cell lines, while our

results derived from an in vivo experiment.

Milk proteins, such as LF, have antioxidant effects, by chelating metals and modulating enzymes
involved in ROS production (Bielecka, Cichosz, & Czeczot, 2022). LF binds iron, which increases
its bioavailability and decreases its pro-oxidant effects. LF is able to control ROS levels by
uptaking free iron, which is involved in ROS production (Cutone et al., 2020). Therefore, it would
be expected that nLF would have exerted greater antioxidant effect than sLF, since it is more
available to capture iron from the medium. However, in our study, sLF has shown a greater effect
than nLF, and this could be due to the fact that the iron-saturated protein is more stable and
resistant to digestion (Elzoghby et al., 2020; Fan et al., 2022), which would allow it to reach the
ileum and modulate the effect of clindamycin. Although sLF alone had a negative effect by
generating lipid and protein oxidation, when it was administered with the antibiotic it had a

positive effect, decreasing oxidation.

On the other hand, it could be possible that sLF loses part of its iron content as it passes through
the gastrointestinal tract. It has been shown that the ferric ions are bound to LF by a strong bond
that can resist pHs as low as 4 (Elzoghby et al., 2020), though acidic pHs, such as that of the
stomach, can cause the release of iron from LF (Britton & Koldovsky, 1989). However, the degree
of iron release from sLF when passing through the gastrointestinal tract can be very different

according to species, although there are no available data about this.

Furthermore, previous studies have shown that both selenium-saturated LF (Burrow et al., 2011)
and sLF (Burrow, Kanwar, & Kanwar, 2011) have antioxidant activity in human intestinal
epithelial cells, interacting with redox systems and modifying the activity of antioxidant

enzymes, being beneficial in helping to maintain the balance of oxidant/antioxidant systems.

Therefore, considering the findings of previous studies, it could be possible the existence of
complementary antioxidant activity between LF molecules that have lost part of the iron and
can take it up from the medium, and LF molecules still saturated that modulate the antioxidant

enzymes.

In any case, further studies would be necessary to know the mechanism of action of LF and the
effect that the level of iron saturation causes in its antioxidant activity. Although this mechanism
of action is not known, it would be interesting to investigate whether the administration of sLF
can be preventive when an antibiotic is going to be administered to reverse the negative effects

of it.
Inflammatory cytokine expression levels
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The results obtained in the present study show that clindamycin significantly increased the
expression of some pro-inflammatory cytokines, such as IL-6 and TNF-a, by 1- and 2-fold change,

respectively, compared with the control group (Figure 5).

IL-6 is a single-chain protein, originally identified as a B-cell differentiation factor. This cytokine
is produced in T cells, B cells, monocytes and fibroblasts, and is involved in the maturation of
antibody-producing cells. IL-6 can bind to its receptor IL-6R whether it is soluble or located on
the cell surface. The expression of IL-6 is increased in inflammatory diseases, and a blockage of
this cytokine allows the control of symptoms and a slowdown in the progression of the disease
(Cronstein, 2007). Excessive secretion of IL-6 and its dysregulation may play an important role
in the pathogenesis of many diseases, including IBD (Suzuki, Yoshinaga, & Tanabe, 2011). Thus,
it has been reported in mice that inactivation and blockage of IL-6 and its receptor decrease the
incidence of colitis, indicating a key contribution of IL-6 in this process (Sander et al., 2008). In
our results, the pro-inflammatory effect of clindamycin was reversed by oral treatment of nLF
and sLF, significantly decreasing the expression of IL-6 to control levels (p< 0.01 and p< 0.05,
respectively, compared to the Clin group). However, nLF and sLF did not modify the expression

levels of this cytokine by themselves (Figure 5A).

TNF-a is a key protein in the immune response, with multiple effects, from inflammation to
apoptosis. TNF-a increases the production of other pro-inflammatory cytokines, such as IL-6,
and promotes apoptosis by binding to its receptor (Victor & Gottlieb, 2002). It has been reported
that some pro-inflammatory cytokines, such as TNF-a, decrease the expression of the tight
junction structure and induce epithelial apoptosis (Suzuki, Yoshinaga, & Tanabe, 2011). In our
study, there was a strong and statistically significant increase of TNF-a expression in the Clin
group (p< 0.001 with respect to control); while the administration of nLF and sLF improved the
situation of the ileum cells, significantly decreasing the effect of the antibiotic to basal levels (p<
0.01 and p< 0.0001 compared with Clin). Furthermore, the single treatment with LF did not

modify TNF-a expression (Figure 5B).

In the study by Fan et al. (2022), the authors analyzed the protective effect of LF with different
iron saturation in a murine model of a lipopolysaccharide (LPS)-induced intestinal inflammation.
They concluded that LPS increased significantly the expression levels of IL-6 and TNF-a in the
colon of mice. However, both apo- and holo-LF decreased significantly the levels of these
inflammatory factors when administered orally to mice treated with LPS. These results are very
similar to those obtained in the present study. Furthermore, it has been shown that doses of LF
similar to those used in our study have effects on the intestinal immune system of mice

(Wakabayashi et al., 2006; Bellés et al., 2022).
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The main target of orally administrated LF is the intestinal immune system, since intact LF or its
functional fragments, such as lactoferricin, are not transferred to the blood unless there is a
lesion in the intestine (Wakabayashi et al., 2004b). It has been observed that, in inflammatory
bowel diseases, IL-6 levels are elevated (Suzuki, Yoshinaga, & Tanabe, 2011). In our case, the
increase in IL-6 experimented by the Clin group could indicate an activation of the intestinal
immune system, which is reversed by treating the mice with LF (Figure 4A). This process of
activation caused in the ileum by clindamycin could be seen by the increase in the expression of
inflammatory cytokines and the production of ROS, although it was not an inflammation clearly
observed macroscopically or under the microscope when the histological analysis of the tissue

was performed (Figure 3).

Similar results have been obtained in previous studies with in vitro and in vivo models of LPS-
induced inflammation, where LF modulated the immune response, downregulating pro-
inflammatory cytokines, such as IL-6 and TNF-a, and enhancing the secretion of anti-
inflammatory cytokines, like IL-10 and IL-4 (Legrand et al.,, 2005). Furthermore, oral
administration of LF-derived lactoferricin decreased the inflammatory response in a murine
model of intestinal dysfunction caused by Escherichia coli, suppressing the expression and

release of IL-6 and TNF-a to basal levels (Zhang et al., 2019).

On the other hand, clindamycin treatment did not alter the expression levels of other
inflammatory cytokines analyzed, like IL-10, IL-12 p35, IL-12 p40, and NOD-like receptors (Figure
6).

IL-10 is one of the most important anti-inflammatory cytokines, besides IL-35 and TGF- (Sabat
et al., 2010). Neither clindamycin nor LF, in any of its iron saturation states, showed any effect
on the expression of IL-10 (Figure 6A). IL-10 is a homodimer synthesized by several type of cells.
Monocytes and macrophages secrete IL-10 after endogenous or exogenous activation, and this
interleukin decreases the production of inflammatory mediators (Sabat et al., 2010). In the study
by Madsen et al. (2000), IL-10 knockout mice developed chronic enterocolitis and showed
significantly increased levels of bacteria in the colonic mucosa, indicating that this cytokine plays
an important role in controlling the intestinal microbiota and regulating the intestinal

inflammation process.

The expression levels of the two subunits of interleukin-12, IL-12 p35 and IL-12 p40, were
significantly increased by sLF treatment (Figures 6B, 6C). However, the expression of these
subunits in the clindamycin group did not show significant differences compared to that of the

control. This cytokine is a heterodimeric protein that has an important role as a mediator in the
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host’s defense against infections and cancer (Del Vecchio et al., 2007). Wakabayashi et al. (2006)
analyzed the effect of orally administered bovine LF (8.2% of iron saturation) in the gene
expression of the two subunits of interleukin-12 in the small intestine of mice. That study
showed that IL-12 p35 and IL-12 p40 were upregulated by nLF administration, while in our study,

sLF showed more effect than nLF.

In addition, Toll-like innate immune receptors (TLRs) and NOD-like receptors are also involved,
with their signalling cascades, in the modulation of epithelial barrier repair and integrity (Parlato
& Yeretssian, 2014). NOD-like receptors are strategically expressed in the intestine (Rubino et
al.,, 2012). NOD1 and NOD2 play an important role in the activation of innate immune signalling
after bacterial detection. These receptors distinguish between Gram-negative and Gram-
positive bacteria by detecting specific peptidoglycan motifs. While NOD1 recognizes D-glutamyl-
meso-diaminopimelic acid found in Gram-negative and certain Gram-positive bacteria, NOD2
detects the muramyl-dipeptide common in Gram-positive bacteria (Parlato & Yeretssian, 2014).
NOD1 is highly expressed in intestinal epithelial cells. This receptor has not been directly
associated with intestinal inflammation, but instead it has been given a role in regulating host
responses to normal intestinal microbiota and enteric pathogens in intestinal cells (Rubino et
al., 2012). On the other hand, elevated levels of NOD2 have been observed in patients with IBD.
Indeed, there is evidence that inflammation during IBD drives increased expression of NOD2
(Parlato & Yeretssian, 2014). However, the results obtained in our study did not show any

significant modification in the expression of NOD1 and NOD?2 (Figures 6D, 6E).

This study was part of a more extensive in vivo experiment, in which parameters such as
composition of gut microbiota and TLR receptor expression were analyzed. Those analyses
showed that clindamycin induces certain alterations in the expression of TLR receptors and in
the composition of the intestinal microbiota, reducing the presence of bacteria with anti-
inflammatory properties. However, the administration of LF, both native and iron-saturated, to
mice treated with clindamycin managed to re-establish the levels of the anti-inflammatory
bacteria. In addition, sLF also restored the levels of TLR expression altered by clindamycin (Bellés

et al., 2022).

Therefore, all the results obtained in this in vivo experiment could reinforce the fact that LF can
be considered as an interesting ingredient to be used in functional foods, since it has been shown
to contribute to the maintenance of intestinal health. In general, sLF has shown better effects
against clindamycin than nLF, although further studies should be carried out to find out which is

the role of iron in the protective activity of LF against the effect of this antibiotic.
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Conclusions

Although clindamycin did not cause clear inflammation of the small intestine in mice, it did
activate an inflammatory process, recruiting polymorphonuclear cells in the ileum. This
inflammation process seemed to improve with the ingestion of lactoferrin, both native and iron-
saturated, restoring the presence of these defensive cells in the ileum to basal levels. The results
of this study, supported by previous studies, confirmed that oral administration of lactoferrin
protects against the negative effects of clindamycin in oxidation extent and expression of
inflammatory mediators in the ileum of mice. Lactoferrin reversed the increase in the protein
carbonyl content and reduced the expression of pro-inflammatory cytokines, such as IL-6 and
TNF-a, altered by the action of clindamycin. Although these studies should be expanded and
continued to better understand the mechanism of action of lactoferrin in the intestine, given
the large number of beneficial properties for health that this protein presents, it could be an
interesting ingredient for functional foods, being very useful as “protective” when taking

antibiotics such as clindamycin.
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Table 1. Primer sequences used for RT-PCR analysis of housekeeping genes, interleukins, and
NOD-like receptors. Fw: Forward primer, Rv: Reverse primer.

Gene Primer (5'-3') Reference

FW  CATGACCACAGTCCATGCCATCACT
GAPDH Buey et al., 2021
RV TGAGGTCCACCACCCTGTTGCTGTA — oY &tals

Fw CTGACCTGCTGGATTACA
HPRT1 Buey et al., 2021
Rv GCGACCTTGACCATCTTT

Fw
IL-6 TCCTACCCCAATTTCCAATGC Welter-Stahl et al., 2006
Rv TGAATTGGATGGTCTTGGTCCT

Fw
IL-10 GGACAACATACTGCTAACCGAC Wakabayashi et al., 2006
Rv. AAAATCACTCTTCACCTGCTCC

Fw
IL-12 p35 CATCGATGAGCTGATGCAGT Wakabayashi et al., 2006
Rv CAGATAGCCCATCACCCTGT

Fw
IL-12 p40 TGGAAGCACGGLAGCAGAATAAAT Wakabayashi et al., 2006
Rv TGCGCTGGATTCGAACAAAGAACT

Fw
TNF-a AAATGGGCTTTCCGAATTCA Korcheva et al., 2005
Rv CAGGGAAGAATCTGGAAAGGT

Fw
NOD1 TCCCTTGCCTGTGAGCAGAAAGTA Robertson et al., 2013
Rv GTGGGTATGTGCCATGCTTTGCTT

Fw AGGAGCTTCCAGGAGTTT
NOD2 GGAGGAGCTTCCAGGAG Wakabayashi et al., 2006

RV ACTCGTCCAAGCCATCAAAG
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Figure 1. Division of the six groups of mice, 5 males per group. Control: oral administration of
saline, Clin: oral administration of saline and intraperitoneal injection of clindamycin, nLF: oral
administration of native lactoferrin, sLF: oral administration of iron-saturated lactoferrin,
nLF/Clin: oral administration of native lactoferrin and intraperitoneal injection of clindamycin,
sLF/Clin: oral administration of iron-saturated lactoferrin and intraperitoneal injection of
clindamycin. During the first 10 days, all animals received an oral administration of saline for
groups 1 and 2, native LF for groups 3 and 5, or saturated LF for groups 4 and 6. Additionally,
groups treated with Clin (2, 5 and 6) received, on day 4, a single intraperitoneal injection of
clindamycin. On day 11 of the experiment, the mice were humanely euthanized and organs were
collected.
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Figure 2. Polymorphonuclear counts in the (A) ileum, (B) cecum and (C) colon of the different
groups of mice. Clin: clindamycin; nLF: native LF; sLF: iron-saturated LF. The horizontal line in
the middle represents the mean (n = 5). Counts of different groups without a common letter
differ statistically, p < 0.05.
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Figure 3. Polymorphonuclear cells in the ileum of mice of different groups. (A) Control group,
(B) Clin group, (C) nLF group, (D) sLF group, (E) nLF/Clin group, (F) sLF/Clin group. Yellow arrows
indicate the PMN cells. Staining with hematoxylin and eosin.
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Figure 4. Effect of bovine LF on oxidative stress caused by clindamycin in mice ileum. (A) Levels
of lipid peroxidation, determined by the concentration of MDA + 4-HDA. (B) Protein oxidation,
determined by the measurement of carbonyls level. Clin: clindamycin; nLF: native LF; sLF: iron-
saturated LF. The values represent the mean + standard deviation of two replicates in five mice
(n = 10). Asterisk indicates significant differences respect to Control (*p< 0.05, ***p< 0.001,
****p< 0.0001). Hash indicates significant differences respect to Clin (####p< 0.0001).
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Figure 5. Effect of bovine LF on the expression levels of (A) IL-6 and (B) TNF-a in mouse ileum.
Clin: clindamycin; nLF: native LF; sLF: iron-saturated LF. The horizontal line in the middle of each
box represents the median, while the top and bottom borders of the boxes represent the 75 and
25 percentiles, respectively, n = 5. Asterisk indicates significant differences respect to Control
(*p< 0.05, ***p< 0.001). Hash indicates significant differences respect to Clin (¥p< 0.05, # #p<
0.01, ####p<0.0001).
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Figure 6. Effect of bovine LF on the expression of (A) IL-10, (B) IL-12 p35, (C) IL-12 p40, (D) NOD1
and (E) NOD2 in mice ileum. Clin: clindamycin; nLF: native LF; sLF: iron-saturated LF. The
horizontal line in the middle of each box represents the median, while the top and bottom
borders of the boxes represent the 75 and 25 percentiles, respectively, n = 5. Asterisk indicates
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significant differences respect to Control (*p< 0.05).
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