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Abstract

Human milk oligosaccharides (HMO) are involved in many biological functions influencing infant health. Although HMO act locally at the
intestine, recent evidence has demonstrated that HMO are partially incorporated into the systemic circulation of breast-fed infants. In the last
few years, a large amount of research has been conducted using preclinical models to uncover new biological functions of HMO. The aim of
this study was to evaluate the absorption and urine excretion of HMO in rats. We administered a single oral dose of the following HMO:
2'-fucosyllactose (2'-FL), 6'-sialyllactose and lacto-N-neotetraose at different concentrations to adult rats. The time course of absorption of
HMO into the bloodstream and their appearance in urine was studied. Our results showed that rats, similar to human infants, are able to
effectively absorb a portion of HMO from the intestine into plasma and to excrete them in urine. On the basis of this, we also conducted a
specific kinetic absorption study with 2'-FL, the most predominant HMO in human milk, in 9-11-d-old rat pups. Our results confirmed that a
significant amount of 2'-FL was absorbed into the systemic circulation and subsequently excreted in urine during lactation in rats in a dose-
depended manner. We also found basal levels of these HMO in plasma and urine of adult rats as well as rat pups as a natural result of nursing.
Our data suggest that the rat may be a useful preclinical model that provides new insights into the metabolism and functions of HMO.
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In mammals, the mother’s milk is the unique source of energy
and nutrients for the developing newborn during early life.
The relative proportions of milk macronutrients differ among
species in order to provide for the specific needs of their off-
spring™. One of the major differences between human milk
and milk from most mammals is the quantity and great diversity
of unconjugated and complex glycans present in human milk v.
the milk of other mammals. In human milk, the large quantities
as well as the profile of human milk oligosaccharides (HMO)
are unique, particularly in comparison with bovine milk, which
is the basis for most infant formulae®®. Over 200 HMO have
been identified in human milk(4_7), with 2'-fucosyllactose (2'-FL)
being the most abundant HMO, with a concentration of up
to 4-65 g/l(S). Lacto-N-neotetraose (LNnT) and 6'-sialyllactose
(6'-SL) are also major constituents of HMO®,

Accumulating evidence indicates that HMO consumption
benefits the infant in multiple ways. The most well-known and
referenced HMO benefit is its role as a prebiotic?®'". However,
HMO have been associated with many diverse biological
functions including protection against pathogens™'*'?, anti-
inflammatory propemes(la’m, immune system regulation“s'l@ ,

gut development and maturation™”'®, prevention of necrotizing

and enhancement of brain development
Recent studies have identified sialylated HMO as modulators of
anxious behaviour'®”, whereas fucosylated HMO enhance
learning and memory in rodents®®.

Although many HMO functions are dependent on the local
presence of these glycans in the intestine, an increasing number
of systemic health benefits have reportedly been induced by
intake of HMO. Initially, the scientific community considered
HMO as non-digestible, soluble fibres*® that passed through
the gastrointestinal tract, acting as selective prebiotics for
beneficial bacteria®?”. However, most of the ingested HMO
are found to be intact and non-metabolised in infant faeces,
although the amount of these HMO in faeces changes over time
and also depends on the presence of saccharolytic bacteria in
the host microbiota®. This suggests potential biological func-
tions for HMO beyond serving as preferential bacterial sub-
strates devoted to maintaining a healthy microbiota®. Studies
have shown that HMO are resistant to intestinal digestion®>%,
and Gnoth, et al. have demonstrated that HMO can be passively
or actively transported across intestinal cell monolayers®”. The
presence of HMO in the urine of exclusively breast-fed

infants®*>> as well as in preterm infants®® suggests that

Abbreviations: 2'-FL, 2'-fucosyllactose; 3'-SL, 3'-sialyllactose; 6'-SL, 6'-sialyllactose; HMO, human milk oligosaccharides; LNnT, lacto-N-neotetraose.
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portions of HMO are absorbed into plasma. Moreover, recent
experiments have detected the presence of some milk oligo-
saccharides, specially sialylated oligosaccharides, in plasma
from formula-fed and partially breast-fed infants”®”
evidence of HMO in the circulation of breast-fed infants has
been established lately®®. This confirms that, although most
HMO are excreted in faeces, a portion of HMO is absorbed into
plasma and may modulate or contribute to systemic functions.

In light of the potential importance of HMO for infant health,
a significant amount of research has focused beyond the char-
acterisation of HMO in breast milk, to discover and investigate
different biological functions. Studies focused on potential
HMO functions have mostly been conducted using in vitro or

, and direct

preclinical tools, with rodents being the most prevalent model
among them™*22>%  However, little is known about HMO
kinetics of absorption and their metabolic fate in animal models.
In light of differences in the biology of HMO among different
mammalian species“”, some doubts may arise about whether
rodent models are adequate for such research®?. This study
aimed to confirm whether those results about HMO absorption
in humans are also found in rodents, confirming therefore that
these preclinical models are suitable for research in the field of
biological effects of HMO. Our study confirms that abundant
HMO in human milk, 2'-FL, 6'-SL and LNnT”, are effectively
absorbed into the bloodstream in adult rats. As 2'-FL is the most
predominant HMO in human milk, a specific kinetic study of its
absorption was also carried out in rat pups.

Methods
Chemicals and reagents

All reagents were of analytical grade unless specified otherwise.
Water (18-2MQ cm) was purified and filtered by a specific liquid
chromatography (LO)-MS filter using a Milli-Q system from
Millipore. Sialic acid, fucose and lactose were supplied by
Sigma-Aldrich, 2-FL and 6'-SL by Inalco (>95% purity), and
3'-sialyllactose (3'-SL) (>95 % purity) and LNnT (>90% purity) by
Kyowa Hakko Bio Co., Ltd. Acetonitrile (MeCN) LC-MS grade,
ethanol (EtOH) HPLC grade and ammonia solution 25 % (NH3) as
an eluent additive for LC-MS were obtained from Scharlab.

Animals and experimental design

Experiment in adult rats: Sprague-Dawley female rats
(Charles River Laboratories) of about 300g (8-10 weeks old)
were used for the present study. The animals were maintained
in pairs in standard cages at constant room temperature
(22 +2°C) and 45-55 % humidity under a regular 12 h light-12h
dark schedule. Animals were fed a semi-purified nutritional
regimen that followed AIN-93M guidelines (manufactured
and pelletised by Abbott Laboratories). Food and water were
freely available.

The experimental design was as follows: animals were
randomly assigned to the experimental groups (z 8) by the
HMO and dose received. HMO were dissolved in water and
administered by intragastric gavage after 12h of fasting.
Immediately before the intragastric gavage, a blood sample was

collected from the caudal vein of each animal (time 0). After the
gavage, blood samples were collected at 30, 60, 90, 120, 180,
240 and 300 min. Blood samples were allowed to clot and then
centrifuged at 5000 rpm. Serum was stored at —30°C for further
analysis.

Urine samples were collected when voluntary urination took
place while the animal was handled.

Doses of 2'-FL administered were 0-2, 1 and 5g/kg body
weight (BW). Because of lower solubility, the other two oligo-
saccharides, 6'-SL and LNnT, were not tested at 5g/kg body
weight. 6'-SL was tested at equimolecular doses equivalent to
0-2, 1 and 3-75 g 2'-FL/kg BW, and LNnT was administered only
at equimolecular doses equivalent to 0-2 and 1g 2'-FL/kg BW.
A total of eight rats were used for each oligosaccharide and
each dose.

Experiment in rat pups: pregnant Sprague-Dawley rats
(Charles River Laboratories) were used for this experiment.
After 2d of delivery, all the litters were mixed and readjusted in
order to retain the same number of pups for each dam (7 10
pups/dam, five males and five females). On the day of the
experiment, the pups were 9-11d old. The pups were sepa-
rated from dams, fasted for 4h and kept warm in 28-30°C
temperature-controlled cages. The oral bolus of 2'-FL (0-3 ml)
was administered intragastrically with a twenty-four-gauge
probe at four different doses: 1, 2:5, 5 and 10g/l. A soya
formula was the vehicle as it was free of HMO and provided
some energy to the pups during the experiment in order to
avoid the metabolic alteration caused by prolonged fasting.
At different times after the gavage (30, 60, 90, 120, 180 and
240 min), the pups were killed (7 8 each sampling time, four
males and four females). Blood was collected, and urine was
aspirated from the bladder. Plasma and urine samples were
flash-frozen and stored at —80°C for HMO determination by
ultra-performance liquid chromatography-MS (UPLC-MS)/MS.
An additional group of twelve pups (six males and six females)
was also killed without any gavage to obtain basal levels.

The experiments were carried out in accordance with
guidelines of the European Union (2010/63/UE) and the
Spanish regulations (RD 53/2013, BOE-A-2013 1337) for the
use of laboratory animals. All experimental protocols were also
approved by the local Ethics Committee.

Analysis of human milk oligosaccharides by
ultra-performance liquid chromatography-MS

Analysis of HMO in serum was carried out by UPLC-MS after
sample extraction as previously described®?. In brief, serum
samples were extracted with 2-ml (2:1) (v/v) chloroform—
methanol solution and 0-4ml of de-ionised water. After
centrifugation, the upper layer was collected, and the proteins
were precipitated overnight with cold ethanol. The solution was
centrifuged, and the supernatant was collected, dried and then
re-dissolved in 0-1% NHj3 in water. The final extract was again
centrifuged, and the supernatant was injected into the UPLC.
Urine samples (50pl) were diluted in water (150ul final
volume), filtered and centrifuged in Amicon filter units (pore
size: 10000 K, 14 000 rpm, 30 min; Merck Millipore) before injection.
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Chromatographic analysis was performed using a UPLC BEH
Amide column (2-1X100-mm, 1-7-um particle size) from
Waters. The flow rate was 300 ml/min, the column was main-
tained at 25°C, the sample at 20°C and the injection volume was
1l in partial loop mode. A gradient mobile phase consisting of
0-1% (v/v) ammoniacal aqueous solution (solvent A) and 0-1%
(v/v) ammonia in acetonitrile (solvent B) was used. Gradient
conditions were as follows: 0-0-3-0 min, 10-25 % A; 3-0-8-0 min,
25-40% A; 8-0-8-1min, 40-10% A; and 8-:1-10-0 min 10% A to
stabilise the initial conditions. The total run time was 8-1 min,
and the post-delay time for reconditioning the column with
10% A was 1-9 min. Weak solvent was a mixture of 25-ml water
and 75-ml acetonitrile, and strong solvent was a mixture of
80-ml water and 20-ml acetonitrile. These solutions were stable
for at least 1 week at room temperature.

Regarding spectrometric conditions, electrospray ionisation
(ESD was performed in negative-ion mode. The tandem mass
spectrometer was operated in multiple reaction monitoring mode,
and Q1 and Q3 quadrupoles were set at unit mass resolution. The
mass spectrometric conditions were optimised for each compound
by continuously infusing standard solutions (0-1-1-0 mg/D.
ESI spray voltage was 3500 V. N was used as the desolvation gas
at 8001/min and as auxiliary gas in the cone at 501/min. The
temperature of the source was 120°C, and the desolvation
temperature was 400°C. Argon (99:999 % purity) was used as
the collision gas at an approximate rate of 0-13 ml/min. Selection
of two specific fragmentation reactions for each compound
allowed simultaneous quantification and identification in one run,
ensuring a high specificity of the method. The following pairs
(precursor > ion) were selected to determine each compound:
(163-0>589) and (163-0>889) for fucose; (308:1>87-0) and
(308:1>170-1) for sialic acid; (341-1>100-9) and (341-1>161-1)
for lactose; (487-2>161-0) and (487-2>205-0) for 2-FL;
(632-2>87-1) and (632:2>290-1) for 6-SL; (632-2>87-1) and
(632-2>264-0) for 3'-SL; (706-2>179-0) and (706-2>263-0) for
LNnT. Quantification was performed by external calibration. The
limits of detection ranged from 5 to 70ng/ml and the limits of
quantification from 20 to 200ng/ml. The inter- and intra-day
variabilities were lower than 15 %, and the recoveries ranged from
85 to 115%. For further details, see Santos-Fandila et al.“?.

Statistical analysis

The concentrations of HMO and related sugars are given as
mean values and standard deviations or standard errors.

The time courses of the 2'-FL, 6'-SL and LNnT in plasma were
analysed by repeated measures two-way ANOVA. The time
courses for one dose were analysed by repeated measures
one-way ANOVA. When the data did not meet the assumption
of homogeneity of variances, corresponding non-parametric
statistics were used. Comparisons with baseline values were
performed by Dunnett’s or Dunn’s test. Paired comparisons
between baseline values and those after the gavages were
performed by the Mann-Whitney test. Graph-Pad Prism 5
software was used to perform the analyses.

Results

Circulating basal level of human milk oligosaccharides in
adult rats

Adult rats had low but measurable levels of several milk glycans
in serum before receiving any oral bolus of HMO. However, not
all the oligosaccharides tested in this study were found in all
the animals. Table 1 shows the average values with standard
deviations as well as the percentage of animals that presented
each HMO in their serum (% positive). For these calculations, we
have used the baseline data from all the rats used in this study at
0 time, before any HMO was given to the animals (1 62). The
most abundant oligosaccharide detected was 3'-SL, which was
present in the majority of animals (83-9 %), followed by 6'-SL with
a serum concentration five times lower than 3'-SL and present in
more than half of the subjects (61-5%). 2'-FL was only found in
the serum of 13-1% of the rats at concentrations slightly lower
than 6'-SL. LNnT was not detected in any sample. For further
reference, the serum HMO profile is shown in Fig. 1.

Time course of 2'-fucosyllactose, 6'-sialyllactose and lacto-
N-neotetraose in plasma of adult rats after administration
of a single oral dose

Although only 13 % of animals showed circulating levels of 2'-FL
at baseline, when 2'-FL was administered orally by gavage, it
appeared in serum as early as 30min in all the 2'-FL-dosed
animals. The maximum peak of 2'-FL in serum was reached
60 min after the gavage for the lowest dose and between 90 and
120 min for higher doses of 2'-FL. After reaching the maximum
peak, 2'-FL was maintained in the plasma compartment for at
least the 5h of this experiment, particularly when higher doses
were administered (Fig. 2(a)).

Table 1. Baseline levels of human milk oligosaccharides (sialic acid, 3'-sialyllactose (3'-SL), 6'-sialyllactose (6'-SL), 2'-fucosyllactose
(2'-FL), lacto-N-neotetraose (LNnT)) and fucose (ug/ml) in serum from adult rats before receiving any oral administration*
(Averages, standard deviations, percentage of relative standard deviation (%RSD) and the percentage of animals that contained the

analyte in their serum (% positive))

Basal level in serum (ug/ml)

Sialic acid 3'-SL 6'-SL 2'-FL LNnT Fucose
Average 1-140 0-318 0-0647 0-0454 ND 10-406
sD 1.0 0-3 0-2 30
%RSD 909 107-0 154.7 3409 28-8
% Positive 100 839 615 13-1 0 100

* Samples were analysed by ultra-performance liquid chromatography-MS/MS.
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Fig. 1. Basal circulating human milk oligosaccharides and related sugars
(sialic acid, 3'-sialyllactose (3'-SL), 6'-sialyllactose (6'-SL), 2'-fucosyllactose
(2'-FL), fucose and lactose) in serum from pups (C]) and adult rats (H).
Lacto-N-neotetraose was not detected in any sample at baseline.

The parent sugars of 2'-FL, lactose and fucose, increased in
plasma after the administration of 2'-FL. This was particularly
noteworthy for lactose and in animals administered the higher
dose of 2'-FL, as shown in Fig. 3(e). Another interesting aspect is
that not only lactose concentration was increased during the
time course of the experiment but also the number of subjects
presenting lactose in serum. Thus, only 12% of animals had
detectable levels of lactose in serum at baseline, and this
percentage increased over time reaching 100 % at 300 min after
the gavage. Likewise, circulating levels of sialic acid and 3'-SL
were affected by the process of absorption of 2'-FL after the
gavage (Fig. 3(a) and (b)). The overall ANOVA analysis did not
show a significant effect (P=0-1848 and P=0-1650 for sialic
acid and 3'SL, respectively); however, individual comparisons
by paired t test showed that there were differences between
basal levels and levels at 30, 60 and 90 min for sialic acid and
60 min for 3'-SL. Those trends could not be explained by the
presence of these compounds in the source of 2'-FL used in
the gavages, because it had purity higher than 95% and it was
free of sialic acid or any other HMO (Table 2).

With regard to animals receiving 6'-SL, about 60% of rats
exhibited naturally circulating 6'-SL at baseline. After the
gavages, 6'-SL was quickly absorbed into the circulation,
showing significant amounts of 6'-SL at 60 min after the oral
bolus was administered. Serum 6'-SL levels did not decrease
within the 300min of the experiment (Fig. 2(b)). Sialic
acid steadily increased over time after the gavage of 6'-SL
(Fig. 4(2)). No differences were found in levels of other HMO
and sugars.

As commented above, LNnT was not detectable in serum in
any subject at baseline. However, LNnT appeared in serum
30 min after gavage with LNnT. At the lowest dose, the peak
was reached at 60 min, and the serum LNnT level began to
decrease slowly in plasma at 90 min. The absorption profile of
LNnT after the gavage with the higher dose was slightly
different: a first peak appeared as early as 30 min followed by a
plateau phase of 90 min, after which the level of serum LNnT
reached the maximum level (180 min) and began to decline
(Fig. 2(0)). The absorption of LNnT did not significantly affect
the concentration of the other analysed compounds in the
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Fig. 2. (a) Time course of 2'-fucosyllactose (2'-FL) in serum after an oral
gavage of 2'-FL. (b) Time course of 6'-sialyllactose (6'-SL) in serum after an oral
gavage of 6'-SL. (c) Time course of lacto-N-neotetraose (LNNnT) in serum after
an oral gavage of LNnT .The doses for 2'-FL gavages were 0-2 (dose A, —lil—),
1 (dose B, —@—) and 5 (dose C, ——) g/kg body weight. The other two
oligosaccharides, 6'-SL and LNNnT, were given in equimolecular doses to those
of 2'-FL, except in the highest doses, because of technical issues based on the
solubility properties of 6'-SL and LNnT. Thus, 6'-SL was tested at equimolecular
doses equivalent to 0-2 (dose A), 1 (dose B) and 3-75 (dose C) g 2'-FL/kg BW;
LNNnT was given only at equimolecular doses equivalent to 0-2 (dose A) and
1 (dose B)g 2'-FL/kg BW. *P<0-05 v. time 0 by Dunnett’s or Dunn’s multiple
comparison test.

bloodstream, with the exception of lactose. When the higher
dose of LNnT was administered, lactose increased 30 min after
the LNnT bolus (data not shown).
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administration*

analyte in their serum (% positive))

Fig. 3. Time course of sialic acid (a), 3'-sialyllactose (3'-SL) (b), 6'-sialyllactose (6'-SL) (c), fucose (d) and lactose (e) in serum after an oral gavage of 2'-fucosyllactose
(2'-FL) (59 2'-FL/kg body weight). *P<0-05 v. time 0 by Dunnett’s multiple comparison test. + P<0-05 v. time 0 by paired t test.

Table 2. Serum lactose levels (ug/ml) from adult rats administered 2'-fucosyllactose (5 g/kg body weight) before receiving any oral

(Averages, standard deviations, percentage of relative standard deviation (%RSD) and the percentage of animals that contained the

Serum lactose level (ug/ml)

TO T30 T60 T90 T120 T180 T240 T300
Average 0-043 0-073 0134 0-196 0-192 0-256 0478 0-633
sb 0-1 0-1 02 0-2 0-2 0-3 0-3 04
%RSD 2828 201-4 1702 114.9 122.0 1162 67-0 67-8
% Positive 12 25 38 50 57 86 100

Urinary excretion of human milk oligosaccharides in adult
rats after administration of a single oral dose

A urinalysis provides information about accumulated con-
centrations of circulating compounds over time. Despite being
unable to collect samples from all the subjects at all the sam-
pling times and that the resulting data were highly variable, we
found that excretion of all three HMO began between 90 and
120 min after the gavage, especially at the highest dose (Fig. 5).

* Samples were analysed by ultra-performance liquid chromatography-MS/MS.

Interestingly, the other HMO and related sugars, which were
not administered to the animals, were also found in urine
at various concentrations across the experimental time period.
Fig. 6-8 show comparisons of these compounds between the
baseline (T=0) and the time when the maximum peak was
reached for 2'-FL, 6'-SL and LNnT, respectively, and for any
given dose after the gavage. In fact, the concentrations of any
HMO and sugars in urine were increased with respect to
baseline values. The increase was more remarkable for the
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Fig. 4. Time course of sialic acid (a), 3'-sialyllactose (3'-SL) (b), 2'-fucosyllactose (2'-FL) (c), fucose (d) and lactose (e) in serum after an oral gavage of 6'-sialyllactose
(equimolar amount to 3-75 g 2'-FL/kg body weight). *P < 0-05 v. time 0 by Dunn’s multiple comparison test.

parent sugars, lactose and fucose, after 2'-FL gavage and for
sialic acid after the 6'-SL gavage, but it also happened for other
non-structure-related compounds.

Time course of 2'-fucosyllactose in plasma of rat pups after
administration of a single oral dose

Fig. 1 displays the basal amounts of sialic acid, 3'-SL, 6'-SL, 2'-FL
as well as the carbohydrates fucose and lactose in pup sera after
4h of fasting. Fig. 9(a) shows the absorption of 2'-FL from
the intestine to the plasma compartment during 4h after the
gavages. There was no sex effect, and thus the data were
pooled. Absorption curves were clearly dose dependent,
although the absorption rate was much slower in the lower
doses compared with the higher doses, where the slopes of the
curves (doses 5 and 10 g/1) were more remarkable. The amount
of circulating 2'-FL progressively increased with time, and did
not reach a peak or saturation within the 4-h sampling period.

Unlike adult animals, there were no significant changes
during the time course of the experiment in any other HMO and
associated compounds with respect to baseline (data not shown)

with the exception of fucose. Interestingly, when a gavage of
2'-FL was administered to the pups, fucose increased pro-
portionally to the concentration of 2'-FL with a profile similar to
2'-FL, also reaching maximum absorption at 180 min (Fig. 9(c)).
In addition, basal lactose serum concentrations were ten times
higher in pups than in adult rats (Fig. 1). No significant changes
were noted in plasma lactose concentration in pups after
the gavages with 2'-FL. This is in contrast to adult rats, whose
serum lactose level progressively increased after the gavage
with 2'-FL.

Excretion of human milk oligosaccharides in urine
of rat pups after administration of a single oral dose
of 2'-fucosyllactose

The time course of 2'-FL and related compounds in urine was
quite similar to serum samples. The excretion of 2'-FL was dose
dependent and exhibited a progressive and constant increase
over time (Fig. 9(c)). Sialic acid, 3'-SL and 6'-SL were also
detected in pup urine, both at baseline and after the gavages
with 2'-FL. As in serum samples, these HMO and sugars, with
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Fig. 5. (a) Time course of 2'-fucosyllactose (2'-FL) in urine after an oral gavage
of 2'-FL. (b) Time course of 6'-sialyllactose (6'-SL) in urine after an oral gavage
of 6'-SL. (c) Time course of lacto-N-neotetraose (LNNT) in urine after an oral
gavage of LNnT.The doses for 2'-FL gavages were 0-2 (X), 1 (O) and 5 ((J) g’/kg
body weight (BW). The other two oligosaccharides, 6'-SL and LNnT, were
given in equimolecular doses to those of 2'-FL, except in the highest doses,
because of lower solubility of 6'-SL and LNnT. Thus, 6'-SL was tested at
equimolecular doses equivalent to 0-2 (X), 1 (O) and 3-75 (J) g 2'-FL/kg BW;
LNNnT was given only at equimolecular doses equivalent to 0-2 ()X) and 1 (O) g
2'-FL/kg BW.

the exception of fucose, did not change over the 4h after the
administration of 2'-FL, regardless of dose or sex (data not
shown). Fucose increased in urine over time in a dose-
dependent manner in accordance with the pattern in serum
(Fig. 9(d). Interestingly, LNnT, which was not detected in the

plasma compartment, was measured in pup urine at low levels
(0-5-2-5pug/mb). LNnT was detected in urine samples at baseline
as well as in all the other sampling times, with little variation
in LNnT urine concentration over time (data not shown). The
presence of LNnT in urine supports the presence of LNnT in the
circulation, although it was not detected in serum.

Discussion

HMO were previously thought to influence infant health
exclusively by local intestine,
modulating host cells or supporting commensal bacteria. Now
there is both indirect®*~® and direct evidence®”*® that a por-
tion of HMO is absorbed from the intestine into the systemic

interaction at the either

circulation of breast-fed infants. However, clinical interventions
pose ethical and practical limitations for the study of dosing or
mechanisms of action, and preclinical models are frequently
used for this purpose. In this study, we administered HMO
orally at different doses to adults and rat pups, with their
absorption into plasma and excretion in urine measured. Rats
were given both HMO that are natural to this species, such as
6'-SL, as well as HMO that are absent or present at low
concentrations in rat milk, such as LNnT and 2-FL®%, 1t is
worth noting that all three were absorbed from the intestine into
the bloodstream. The passage of HMO into plasma was clearly
dose dependent for all the HMO administered. In adults, HMO
appeared in plasma a short time after the oral bolus and
reached peak absorption about 1-2h after the gavage. Plasma
data were in agreement with data from urine samples.
Clearance of circulating HMO to urine began about 1 h after the
gavage, reaching maximum peaks from the 2nd hour onwards.
Although HMO were effectively cleared from circulation in a
relatively short time, they remained in the bloodstream for
several hours. In all the groups, plasma HMO levels were
still elevated at the end of the study (5h after the gavage) as
compared with baseline.

There is limited information about HMO absorption in the
published literature, let alone the kinetics of HMO absorption.
For example, an interesting study performed in neonatal rats
measured the presence of HMO in plasma and urine of rat pups
after feeding them a mix of HMO to mimic the human milk
profile®V. In this study, the only HMO detected in serum was
3'-SL, despite the fact that it was a minor component of the
HMO-containing formula that was fed to the animals. Only a
small amount of 2'-FL was detected in urine, even though 2'-FL
was the most abundant HMO in the study formula. The authors
concluded that this was an indication of the existence of a
specific absorption mechanism for 3'-SL“Y. Our study does not
support their hypothesis as we measured 2'-FL in serum in a
dose-dependent manner using doses of 2'-FL within the range
administered in Jantscher-Krenn’s study. However, there are
important differences in the experimental designs between the
studies, with the age of rats being an especially relevant key
factor. As 3'-SL is the most abundant HMO in rat milk“®, it is
possible that the biology of such young animals may have
modified the response. In our study, we used 9-11-d-old rat
pups and only administered 2'-FL.
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Fig. 6. Comparison of the concentrations of sialic acid (a), 3'-sialyllactose (3'-SL) (b), 6'-sialyllactose (6'-SL) (c), fucose (d) and lactose (e) in urine at baseline (T0) and

at the maximum peak after an oral gavage with 2'-fucosyllactose (all doses).
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Fig. 7. Comparison of the concentrations of sialic acid (a), 3'-sialyllactose (3'-SL) (b), 2'-fucosyllactose (2'-FL) (c), fucose (d) and lactose (e) in urine at baseline

(TO) and at the maximum peak after an oral gavage with 6'-sialyllactose (all doses).

Nevertheless, Jantscher-Krenn et al.““? found that when they
analysed the oligosaccharides in different intestinal segments
in neonatal pups, the initial relative abundance of 2'-FL in the
HMO mix was markedly decreased across time, suggesting
either local consumption by the resident bacteria or metabolism
of this oligosaccharide into different derivatives that are absor-
bed into circulation thereafter. It is likely that oral 2'-FL has
more than one fate in the organism, and that several alternatives
may coexist simultaneously. These include the following:
(D the well-known and generally accepted prebiotic properties
of 2'-FL and other HMO®®; (2) the absorption and passage of
HMO into the systemic circulation as we have demonstrated
in this study; and finally (3) HMO, especially 2'-FL, may be
partially metabolised in the intestine of rat pups as suggested by
several authors such as Jantscher—Krenn et al.“1".

Dotz et al.®” recently published an extensive study with new

insights about the metabolism of neutral HMO in exclusively
breast-fed infants as well as indications for multiple factors
influencing the metabolic fate of HMO. In that study, they
described the presence of novel HMO metabolites in urine and
faeces of breast-fed infants. Those novel HMO derivatives were
identified as acetylated HMO and other HMO-like structures,
produced by the infants or by their gut microbiota. Furthermore,
they found secretor- or Lewis-specific HMO in the faeces/urine
of infants fed non-secretor or Lewis-negative milk, which
suggested a corresponding modification of HMO in the infant.
The concept that HMO may be partially processed in the
intestine is also supported by our data. Although the purity of
the 2'-FL administered to the rats was higher than 95 %, the
amount of fucose found in the bloodstream as well as in the
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Fig. 9. The time course of 2'-fucosyllactose (2'-FL) in serum (a) and urine (b), and the time course of fucose in serum (c) and urine (d) of 9—11-d-old rats receiving an
oral gavage of 2'-FL at doses of 1 (H), 2:5 (A), 5 (@) and 10 (¥)g/l. * P<0-05 v. time 0 by Dunnet's multiple comparison test.

urine of lactating rats was in parallel with the concentration of
2'-FL in these two body compartments. This suggests that a
portion of 2'-FL was metabolised to a certain extent in the
intestine, generating free fucose that was rapidly absorbed into
the bloodstream. However, the amount of lactose in pup serum
did not significantly change with time, as fucose and 2'-FL did,
and the opposite happened in adult animals. This result may be
explained by the fact that intestinal lactases are highly expres-
sed in lactating animals, and thus all the lactose potentially
generated by HMO degradation was rapidly digested into single
monosaccharides. In contrast, the decrease in intestinal lactase

in the gut of adult animals may explain the increase in serum
lactose after 2'-FL administration. However, we do not have a
feasible explanation for the flat profile of serum fucose found in
adult rats. It is possible that as fucose has been postulated as a
key molecule for the maintenance of a balanced microbiome*®’
all the fucose released from ingested HMO might be rapidly
used to satisfy the needs of the microbiome. In addition, it is
worthy to mention that, once we detected these changes in
fucose and lactose contents in rat plasma after the HMO gava-
ges, we analysed all the HMO used in our study to confirm the
relative presence or absence of other contaminant sugars such
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as fucose, lactose or sialic acid in order to rule out that our
HMO sources were also providing significant amounts of these
carbohydrates. Our results confirmed that the HMO sources
used in this study contained very little or almost none of these
sugars (data not shown). In fact, regarding 2'-FL, we were not
able to detect traces of fucose, sialic acid or sialylated HMO,
detecting only lactose at 1-5%. Likewise, the purity of our
source of 6'-SL was very high, although we detected the
presence of a contaminant — 5% sialic acid. However, we were
not able to detect any other HMO, fucose or even lactose, in our
6'-SL stock. LNnT was the least pure HMO we used (>90%),
which was also absent of fucose, 2'-FL or sialylated HMO, and
had lactose and sialic acid in very small amounts (1-6 and 0-3 %,
respectively). On the basis of this, we consider that the origin of
fucose and lactose found in the plasma compartment of rats was
from HMO fermentation by intestinal microbiota, as previously
mentioned?%2%3%,

Data regarding distribution of HMO throughout the body are
scarce. Very little is known regarding the fate of HMO beyond
the digestive system, with many questions remaining to be
answered. We do not know exactly how HMO reach the
bloodstream, where they go (target organs, and cells) and how
they are excreted into urine. Further studies are needed to
elucidate the fate of systemic HMO as well as the mechanism of
HMO transport across biological barriers.

Our present study confirms a preliminary observation made
by our group when we set up the methodology to measure
HMO“? We confirmed that rats showed measurable levels of
some HMO (3'-SL, 6'-SL and 2'-FL) in serum before being
administered HMO gavages. This may be logical for lactating
rats, especially considering that 3'-SL is the major HMO in rat
milk“?. In our experiment, rat pups were fasted for 4h, and
Jantscher-Krenn et al.“*" described the presence of HMO in the
distal part of the intestine even after 8 h. However, this does not
explain the presence of fucosylated HMO, which are rare in rat
milk, nor does it explain the presence of HMO in serum of adult
female rats. Adult rats expressed low but measurable levels of
some HMO in plasma. Not all the animals expressed all the
analysed HMO. LNnT was not detected in any sample, whereas
sialylated HMO, especially 3'-SL, were found in most animals,
and 2'-FL was detected only in about 15% of the subjects. The
presence of HMO in the circulation of adult animals generates
new questions: are HMO also present in the circulation of male
adult rats? What is the biological purpose of this phenomenon?
What biological functions are they involved in? Where are they
synthesised? They may be released from the glycocalyx of
circulating cells or the glycocalyx of interior blood vessels.
It is also possible that they come from digestion of gut mucus
by bacteria in the gut and are transported into the circulation.
Studies to specifically address these questions are needed.

A second unexpected finding was that oral administration of
an individual HMO, which was partially absorbed into the
plasma and subsequently cleared to urine impacted the con-
centration of other HMO in serum and in urine. This previously
unknown phenomenon was observed only in adult animals and
not in pups, and was particularly noticeable in urine. It hap-
pened with each of the three HMO administered to the animals
(2'-FL, 6'-SL and LNnT), and was more evident when the higher

doses were administered. These changes in circulating HMO
were more detectable in urine than in serum and may be a
result of the urinary system’s role as a biological concentrator
of plasma solutes. The biological relevance of this finding is
currently unknown. To our knowledge, this is the first time that
this phenomenon has been reported. Further studies into the
mechanisms of HMO absorption and metabolism at different
ages are needed to understand the differences observed.
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