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tative profiling of sialyllactoses
and sialic acids after oral administration of
sialyllactose to mini-pigs with osteoarthritis†

Dan Bi Park, ab Lila Kim,a Jeong Ho Hwang,e Kyung-Tai Kim,e Ji Eun Park,bc

Jong-Soon Choibd and Hyun Joo An*bc

Sialyllactose (SL) is the most abundant acidic oligosaccharide in human breast milk and plays a primary role

in various biological processes. Recently, SL has attracted attention as an excellent dietary supplement for

arthritis because it is effective in cartilage protection and treatment. Despite the superior function of SL,

there are few pharmacological studies of SL according to blood concentrations in arthritis models. In this

study, we investigated quantitative changes in SL and sialic acids in the plasma obtained from mini-pigs

with osteoarthritis throughout exogenous administration of SL using liquid chromatography-multiple

reaction monitoring mass spectrometry. Plasma concentrations of SL and sialic acids in the SL-fed group

showed a significant difference compared to the control group. Mini pigs were fed only Neu5Ac bound

to SL, but the concentration patterns of the two types of sialic acid, Neu5Ac and Neu5Gc, were similar.

In addition, the relative mRNA expression level of matrix metalloproteinases (MMPs), which is known as

a critical factor in cartilage matrix degradation, was remarkably decreased in the synovial membrane of

the SL-fed group. Consequently, the temporal quantitative profiling suggests that dietary SL can be

metabolized and utilized in the body and may protect against cartilage degradation by suppressing MMP

expression during osteoarthritis progression.
Introduction

Osteoarthritis (OA) is the most common type of degenerative
arthritis caused by the gradual loss and secondary changes in
articular cartilage.1 OA is found in more than 3% of the world's
population and continues to increase.2 In particular, since
cartilage tissue does not regenerate normally once damaged,
chronic damage causes fatal osteoarthritis and limits daily life
and occupational activities.3 To date, drugs for the treatment of
OA have been relatively rare, ineffective, and have problems in
efficacy and safety. Non-steroidal anti-inammatory drugs
(NSAIDs), which are representative arthritis drugs, are well
known as effective drugs for the treatment of joint pain and
inammation,4 but long-term use can cause various side effects
such as cardiovascular risk and gastrointestinal risk.5–7 There-
fore, in recent years, there has been an increasing demand for
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alternative approaches such as safe dietary sources for the
treatment of arthritis.

Sialyllactose (SL) is an emerging natural therapeutic agent
for OA with the anti-inammatory property and guaranteed
safety.8–12 SL is the most abundant acidic oligosaccharide in
humanmilk oligosaccharides (HMOs),13,14 and is a trisaccharide
molecule containing a sialic acid unit bound to a lactose at the 3
and 6 positions.15,16 Interestingly, a recent study demonstrated
that 3′-SL leads to suppression of interleukin-1b (IL-1b) induced
oxidative stress and inammation in chondrocyte cells.17

Oxidative stress has been previously reported to be involved in
synovial inammation, chondrocyte death, and signaling
pathways in the pathogenesis of OA.18 Several studies have
found that free and bound sialic acid (SA) possess anti-oxidative
properties19 SA is an important building block with immuno-
modulatory properties. In particular, sialylation on IgG has
been shown to have anti-inammatory effects as it down-
regulates the immune response by binding to the inhibitory
IgG receptors on dendritic cells (DCs).20,21 Interestingly, dietary
sialylated glycoconjugates may be directly involved in the
metabolic and biosynthetic pathway of SA. Previous studies
have demonstrated that orally administrated SA or sialylated
glycoconjugates are transported to cellular lysosomes via
micropinocytosis and then incorporated into cell surface sialo-
glycoconjugates.22,23 In addition, it has been reported that the
RSC Adv., 2023, 13, 1115–1124 | 1115
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sialylated glycoconjugates form such as SL has higher
bioavailability than the free SA form.24

Another study explored the therapeutic impact of SL on OA
development in mouse.25 Briey, the Yang group determined
that SL promotes the synthesis of collagen type II alpha 1 chain
(Col2a1) involved in cartilage formation and inhibits the
expression of cyclooxygenase2 (Cox2) and matrix metal-
loproteinases (MMPs) that induce cartilage matrix degradation.
These results suggest that SL demonstrates potential as a ther-
apeutic agent for OA by modulating key factors involved in the
onset and progression of OA. Despite molecular evidence and
potential benecial effects of SL in OA, there are no studies
examining the direct effect of SL supplementation on pharma-
cological changes in biological body uids.

Mass spectrometry (MS) has been recognized as a powerful
tool for composition proling and structural elucidation of
oligosaccharides by providing high sensitivity and high reso-
lution.26 Recently, MS-based absolute quantitation for native
HMOs had been developed and well established.27–30 In partic-
ular, multiple reaction monitoring (MRM) technique for the
triple quadrupole (QqQ) has excellent advantages in removing
disturbances that degrade accuracy and low detection limit.31,32

In other words, by eliminating background noise and detecting
unique product ions in a sample, target substances can be
quantied with very low detection limits, even in complex
media. In addition, liquid chromatography (LC) column packed
with porous graphitized carbon (PGC) provides excellent isomer
separation with high reproducibility for polar compounds.33–36

In the current study, we employed LC-MRM MS and MS/
MS combined with PGC-based stationary phase to quantify
and evaluate the SLs (3′-SL and 6′-SL) and SAs (Neu5Ac and
Neu5Gc) in OA model mini-pig plasma samples. The study
included two group: a placebo group (placebo tablet, n = 4)
and an SL-intake group (SL tablet, n = 12). SL supplementa-
tion group further subdivided by their dose volume and type
into those with G2 (3′-SL 200 mg per head, n = 4), G3 (3′-SL
400 mg per head, n = 4), and G4 (3′-SL and 6′-SL 200 mg each
per head, n = 4). Structural isomer of SL with same molecular
weight was completely separated and successfully quantied
the concentration ranged from 153.2 ng mL−1 to 226.5 ng
mL−1 for 3′-SL and from 34.4 ng mL−1 to 61.2 ng mL−1 for 6′-
SL in mini-pig plasma level. We successfully elucidated the
temporal quantitative prole of SLs and SAs according to oral
administration of SL in OA model mini-pig plasma for 12
weeks between the placebo and SL-intake groups. It showed
dose-dependent proles according to the ingested dose type
and amount, and a signicant change in plasma concentra-
tion was revealed in the SL-intake group compared to the
control group. This study demonstrates the bioavailability of
dietary SL in the body through the quantitative proling of
SLs and its metabolite SAs in the plasma, and also suggests
the therapeutic potential of SL on OA progression through
the changes in inammatory factors in the joint. Pharmaco-
logical changes in blood concentrations are scientic
evidence supporting bioavailability predictive of the effec-
tiveness of an active substance (SL in this study), and may
serve as molecular evidence for the potential therapeutic
1116 | RSC Adv., 2023, 13, 1115–1124
effect of SLs in OA. These pharmacological changes in the
blood of OA model mini-pigs could be essential reference
data in the exploratory clinical trial stage conducted on
humans in the future.
Experimental
Materials and reagents

Placebo, 3′-SL, 6′-SL tablets, and standard for 3′-SL and 6′-SL
were provided by GeneChem Inc. (Daejeon, Korea). Other
standard materials of N-acetylneuraminic acid (Neu5Ac), N-
glycolylneuraminic acid (Neu5Gc), and maltotriose were
purchased from United States Pharmacopeia (USP). Acetonitrile
(HPLC grade) and ethanol (HPLC grade) were purchased from
Fisher Scientic (Rockingham, USA). Deionized water (HPLC
grade) was purchased from J.T Baker (Center Valley, USA).
Sodium borohydride (NaBH4) and formic acid were purchased
from Sigma-Aldrich (Saint Louis, USA). Neuraminidase
(P0720L) obtained by New England Biolabs (Ipswich, USA).
Mini-pig plasma samples

All experimental protocols were approved by the Animal Care
and Use Committee of the Korea Institute of Toxicology (KIT)
and complied with the Association for Assessment and
Accreditation of Laboratory Animal Care International Animal
Care Policies (Approval No. 1908-0276, 1912-0403).

The efficacy evaluation test was conducted via repeated oral
administration of SL to Sus scrofa/Yucatan OA model mini-pigs
for 12 weeks. Mini-pigs were kept in a cage at constant
temperature (23 ± 3 °C) and 30–70% humidity and were
maintained on a regular 12 h light/12 h dark cycle and were fed
25 g kg−1 per day of food. Two groups of plasma donors were
selected: placebo group (G1, placebo tablet, n= 4) and SL-intake
group (n = 12). The mini-pigs of SL-intake group could be
further subdivided by their dose volume into those with G2 (3′-
SL 200 mg per head, n = 4), G3 (3′-SL 400 mg per head, n = 4),
and G4 (3′-SL and 6′-SL 200 mg each per head, n = 4). For the
dose setting of SLs administered to mini-pigs, we rstly calcu-
lated the equivalent dose per head for human of 60 kg body
weight based on the conversion factor according to the guide-
lines of the US FDA from the dose that showed efficacy in
a rodent model.37 The conversion factor of mini-pig and human
is almost equal to 1 in accordance with the guidance, so
calculated the human equivalent dose was applied to mini-pigs.
The average weight of 16 mini-pigs in the present study was 60
kg, which was similar to that of human. OA was induced by
anterior cruciate ligament transection (ACLT) surgery that has
the same phenotype as degenerative arthritis.38 ACLT surgery
was performed 4 weeks aer the rst dose of the 12 weeks
dosing period. The placebo and SL substances were adminis-
tered orally once a day for 12 weeks. Blood samples were
collected at pre-dose (0) as well as 2, 4, 8, 10, and 12 weeks in all
groups. All animals were fasted for 16 hours before blood
collection. Aer blood collection, plasma was obtained by
centrifugation at 3000 rpm for 10 min at room temperature and
thereaer stored at −80 °C.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Preparation of stock and working solution, calibration, and
quality control (QC) samples

Stock solutions of 3′-SL and 6′-SL were prepared separately by
dissolving each compound in water at a concentration of 0.1 mg
mL−1. Before the dilution for working solutions, all oligosac-
charides were incubated at 42 °C water baths for 16 h in 1.0 M
sodium borohydride to reduce the free oligosaccharides from
aldehyde to alditol form.39 The working solutions of 3′-SL and 6′-
SL were obtained by serial dilution of the stock solution with
water. The stock solution of maltotriose (internal standard: IS)
was prepared by dissolving in HPLC grade water at a concen-
tration of 0.1 mg mL−1. Pooled mini-pig plasma at pre-dose was
used to prepare the linearity and quality control samples.
Linearity samples in the pooled plasma were prepared by serial
dilution of stock solution at nal concentrations of 40, 100, 200,
400, 1000, and 2000 ng mL−1 for 3′-SL and 6′-SL. This same
method was also used to prepare QC samples at nal concen-
trations of 160 (low QC; QL), 800 (medium QC; QM), and 1600
(high QC; QH) ng mL−1.
Sample preparation for 3′-SL and 6′-SL

The reduction from aldehyde to alditol form of 3′-SL and 6′-SL
was performed with slight modications according to opti-
mized procedures.39 IS and 1.0 M sodium borohydride solution
were added to 50 mL mini-pig plasma. Double blank, blank,
calibration, and QC samples were added deionized water
instead of the sodium borohydride solution. All samples were
incubated in a water bath at 42 °C for 16 h. The reaction was
stopped by adding 1.0 M hydrochloric acid solution until up to
pH 5.0–7.0 of the solution was attained. During this step,
samples were kept in an ice bath. Then, 80% (v/v) of chilled
ethanol was added and stored at −80 °C for about 1 h to
precipitate the proteins. Aer 20 min of centrifugation, the
oligosaccharide-rich supernatant was ltered through a 0.22 mm
PVDF membrane (Millipore, USA) and transferred into a new
tube. Then the residue dried in vacuo and dissolved in mobile
phase solution prior to LC-MS analysis.
Sample preparation for Neu5Ac and Neu5Gc

IS added to 50 mL mini-pig plasma were thermally denatured in
aqueous buffer containing dithiothreitol and ammonium
bicarbonate before digestion. Enzyme digestion reaction of SA
residues (both Neu5Ac and Neu5Gc) was performed according
to the neuraminidase protocol provided by New England Biol-
abs (Ipswich, USA). Desialylated proteins were precipitated out
with ethanol, and the supernatant was clean up by PVDF
membrane. The nal collection completely dried under vacuum
and reconstituted with mobile phase solution before MS
analysis.
UHPLC/QqQ-MS conditions

Quantitation of SLs and SAs was performed using a QqQ MS
(triple-quadrupole mass spectrometer 3500, AB Sciex, Fra-
mingham, MS, USA) equipped with a Sciex ExionLC AC system
and a Hypercarb PGC column (2.1 × 100 mm i.d., 3 mm particle
© 2023 The Author(s). Published by the Royal Society of Chemistry
size) (Thermo Scientic). Chromatographic separation and MS
analysis for SLs and SAs were performed with slight modica-
tion from developed methods.27,30 The aqueous mobile phase
(A) was 10 mM ammonium bicarbonate in water and the
organic mobile phase (B) was amixture of acetonitrile and water
(80 : 20, v/v) in 10 mM ammonium bicarbonate for the analysis
of 3′-SL and 6′-SL. The ow rate was set at 200 mL min−1. The
binary gradient was as follows: 1 min of 98% solvent A,
increased solvent B from 2% to 45% in 8.2 min and then to 95%
solvent B in 0.8 min, stayed at 95% solvent B for 1 min, then re-
equilibrate at 98% solvent A for 7 min. For Neu5Ac and Neu5Gc
analysis, themobile phase (A) was 3% acetonitrile + 0.1% formic
acid in water, whereas the organic mobile phase (B) was 90%
acetonitrile + 0.1% formic acid in water. The ow rate was set at
200 mL min−1. The binary gradient was as follows: 0.5 min of
100% solvent A, increased solvent B from 0% to 10% in 6.0 min
and then to 100% solvent B in 2.0 min, then re-equilibrate at
98% solvent A for 4 min. Electrospray ionization was in negative
ion mode. The ion source temperature was set at 600 °C with an
ion-spray voltage of −4500 V, and the other parameters were
optimized as follows: curtain gas = 20 psi; collision gas = 9 psi;
nebulizing gas (GS1) = 50 psi; drying gas (GS2) = 50 psi.
Extracted ion chromatograms (XICs) of SLs, Neu5Ac, Neu5Gc,
and IS were obtained at m/z 634 / 290, m/z 308 / 87, m/z 324
/ 116, andm/z 505/ 221, respectively. MRM peak integration
was used by Analyst (ver. 1.7.1) and SCIEX OS-MQ (MultiQuant)
soware (ver. 1.7.0.36606).

Method validation for 3′-SL and 6′-SL in mini-pig plasma

The analytical method was validated following US Food and
Drug Administration (FDA) guidelines for the matrix effect,
recovery, calibration curve (linearity), selectivity, accuracy,
precision, and stability.40

Matrix effect. The matrix effect was evaluated on low- and
high-quality control samples using the IS-normalized matrix
effect. The equation of the matrix factor (MF) and IS-normalized
MF are as follows:

MF ¼ Peak area of the analyte in matrix

Peak area of the analyte in standard solution

IS-normalized MF ¼ MF of the analyte

MF of the internal standard

Recovery. The recovery rate is also related to the extraction
efficiency of an assay. The recovery rate does not need to be
100%, but the recovery rate of an analyte must be constant,
precise, and reproducible. The recovery rate test was evaluated
by repeating the analysis of the three concentration quality
control samples six times at each concentration. The recovery
percentages of the spiked known concentration into blank
sample were compared between before and aer extraction
step.

Linearity. The calibration curve consisted of a blank sample
(a biological sample tested without an IS), a zero sample (a
biological sample tested with only an IS), and samples at
RSC Adv., 2023, 13, 1115–1124 | 1117
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concentrations of 40, 100, 200, 400, 1000, and 2000 ng mL−1.
The concentration of at least 75% of the calibration curve
concentration, including the minimum and maximum quanti-
cation limits, must meet the acceptance criteria within ± 15%
of the deviation from the theoretical value (lower limit of
quantication, LLOQ is ± 20%).

Selectivity. Selectivity refers to the analytical ability to
separate and quantify the analyte in the presence of other
substances in a biological sample. When evaluating selec-
tivity, the analysis of the blank sample of a biological sample
should be performed using at least six biological samples of
different origins. Originally, because SL is an endogenous
material, it must be veried by other methods such as ion
transition ratio for this purpose, but this does not apply to the
analysis method modied with the alditol form developed in
this study. It was evaluated at the lowest quantication limit
in the blank sample and mini-pig plasma of each of the six
animals.

Accuracy and precision. The accuracy of an analysis method
refers to the proximity of the average test result obtained by the
analysis method to the theoretical value of an analyte. When
evaluating the accuracy, four concentrations (LLOQ, QL, QM,
and QH) were evaluated by conducting six repeated tests within
a day at each concentration for 3 days. The concentration ob-
tained by the back calculation method must be within 15% of
the theoretical value (the minimum quantication limit is
20%), and the CV (%) must satisfy 15% or less.

Stability. Stability was evaluated in standard stock solutions
as well as low and high concentration quality control samples.
The cold-thaw stability test was analyzed aer repeating the
conditions of freezing for 12–24 h and thawing without an
auxiliary device at room temperature three times. Benchtop and
standard stock solution stabilities were evaluated aer leaving
at room temperature for at least 4 h.
Isolation of mRNA and RT-PCR

Total RNA was isolated using Trizol (15596018, Life Technolo-
gies, Carlsbad, CA, USA). Total cellular RNA was used to
synthesize cDNA using a Quantitect Reverse Transcription Kit
(205313, Qiagen, Hilden, Germany) according to the manufac-
turer's instructions.
Fig. 1 (A) Experimental schedule of sialyllactoses (SLs) supplementa-
tion. (B) Information for group and dosage.
Real-time quantitative PCR

Quantitative polymerase chain reaction (qPCR, Power SYBR™
Green PCR Master Mix, 4368702, Applied Biosystems, Foster
City, CA, USA) was conducted using porcine primers for
GAPDH, MMP1 and MMP12. All the qPCR primers were
designed by Primer 3 V0.4.0 (Table S1†). qPCR was as performed
as follows: 95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C
for 1 min on a PCR machine (A28134, Applied Biosystems).
mRNA levels were calculated using GAPDH (DCt = Ct gene of
interest− Ct GAPDH) and reported as relative mRNA expression
(DDCt = 2DCt sample−DCt control) or the fold-change.
1118 | RSC Adv., 2023, 13, 1115–1124
Statistical analysis

Statistical analysis was performed using Microso Office Excel
and GraphPad Prism version 5 soware. One-way ANOVA fol-
lowed by Dunnett's multiple comparisons test was carried out to
determine the signicant differences (*P < 0.05, **P < 0.01, ***P
< 0.001).
Results and discussion

The ultimate objective of this study was to evaluate the efficacy
of SL in the plasma level of OA model mini-pigs between
placebo and SL-intake group. Fig. 1A describes the experimental
schedules of dietary supplement and blood collection. Infor-
mation on groups and dosage of SLs is shown in Fig. 1B. All
mini-pigs were orally administrated placebo and SL tablets daily
during the week for 12 weeks and blood samples were collected
six times every 2 weeks except at 6 weeks. In a preliminary study
on rodents, efficacy was showed in the 3′-SL administration
group (50 mg kg−1 and 100 mg kg−1, data not shown). The dose
for rodents was converted into the mini-pig dose, and the low
(200 mg per head per day) and high (400 mg per head per day)
concentration groups were set in consideration of the human
clinical trials. A mixed agent administration group (3′-SL and 6′-
SL 200 mg per head per day) was added since the pig has both a-
2,3 or a-2,6 linked SA. Quantifying the SLs altered by dietary
supplements in biological samples is challenging because they
are already present in the body. Moreover, they are linkage
isomers containing Neu5Ac residues at the a-2,3 or a-2,6
binding position of lactose. The b-elimination reaction allowed
us to obtain temporal and quantitative proles of 3′-SL and 6′-SL
except for intrinsic concentration in plasma of mini-pigs. The
aldehyde form of SL is changed to the alditol form through this
reaction, resulting in a difference of 2 Da in the m/z value of the
precursor (m/z 632 / m/z 634). As shown in Fig. 2, it was
conrmed that there was no interference of other substances in
the retention time of SLs in the double blank and zero blank in
the plasma samples. Chromatographic separation of linkage
isomers in which Neu5Ac binds to lactose at the a-2,3 or a-2,6
linkage positions was also successfully achieved based on PGC
stationary phase (Fig. 2A). To assess the efficacy of SL supple-
mentation in OA progression, target compounds (3′-SL, 6′-SL,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Extracted ion chromatograms (XICs) monitored at (A–C) m/z
634.2 / m/z 290.0 of 3′-SL and 6′-SL and (D–F) m/z 505.2 / m/z
221.0 of internal standard: double blank, zero blank, and lower limit of
quantification (LLOQ) in mini-pig plasma.
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Neu5Ac, and Neu5Gc) were quantitatively proled in the plasma
of OA model mini-pigs.

Calibration curves of 3′-SL and 6′-SL were generated from
three replicate LC-MRM MS measurements using 6 concentra-
tion points of a standard solution of alditol form. All correlation
coefficients were 0.99 from 40 to 2000 ng mL−1 with acceptance
criteria in that the accuracy (RE) and precision (CV) were within
± 15% (±20% for LLOQ) as listed in Table S3.† Another target
substances, Neu5Ac and Neu5Gc, were measured by neur-
aminidase to the total (bound and free, respectively) SAs present
in plasma. The measured concentrations at each point of cali-
bration curve were calculated from a baseline adjusted by sub-
tracting the pre-dose level as a commonly used method. Linear
regression for Neu5Ac and Neu5Gc showed good linearity (R2 =

0.99) in the range of 10 to 500 mgmL−1 (Neu5Ac) and 100 to 5000
Fig. 3 Relative concentration–time profile of 3′-SL and 6′-SL after oral a
abundances (%) are shown in upper panel for 3′-SL (A–D) and lower p
mentation), n= 4; G2 group (3′-SL 200mg per head), n= 4; G3 group (3′-
head), n = 4. Values are means ± SDs, * means differ, P < 0.05; **P < 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
ng mL−1 (Neu5Gc) at 6 concentration points of standard solu-
tions within acceptance criteria. The concentration of each
sample was calculated using the back-calculation according to
each calibration equation. Prior to this study, we performed
bioanalytical method validation on mini-pig plasma level in
accordance with the USFDA bioanalytical method guidelines.
For each point of guidelines, all values satised the acceptance
criteria (Tables S2–S6†).
Dose-response prole of 3′-SL and 6′-SL in OAmodel mini-pigs

Relative and absolute concentrations of 3′-SL and 6′-SL in mini-
pig plasma samples over 12 weeks between the placebo and SL-
intake groups are shown in Fig. 3 and S1.† Relative quantitation
was performed for clearer comparisons between two groups by
reducing inter-individual variation. Relativity was calculated as
the percentage of each point in the sum of the total area of the
evaluation period. For 3′-SL, the concentration of the placebo
group ranged from 153.2 ± 22.7 to 201.4 ± 23.6 ng mL−1, and
that of the SL-intake group was from 169.7 ± 19.2 to 221.7 ±

29.8 ng mL−1 (Fig. S1A–D†). Interestingly, the concentration
pattern was reversed aer ACLT surgery between the placebo
(G1) and SL-intake groups (G2, G3 and G4). 3′-SL in the placebo
group decreased from 181.8 ± 40.8 ng mL−1 at 4 weeks to 161.8
± 11.7 ng mL−1 at 8 weeks aer ACLT surgery at 5 weeks.
However, all SL-intake groups revealed increasing pattern. In
addition, the concentration represented signicant differences
between the pre-dose and 8 weeks point in relative terms on G2
group (P < 0.05) (Fig. 3B). At the end time point, 3′-SL was
signicantly increased in the SL-intake G4 group (P < 0.05)
(Fig. 3D), whereas there was no signicant difference between
the pre-dose point and endpoint in the placebo group.

Overall, the absolute concentration of 6′-SL in the placebo
group was lower than in the SL-intake groups (Fig. S1E†). 6′-SL
dministration of placebo and SL tablet to OA model mini-pigs. Relative
anel 6′-SL (E–H), respectively. Placebo group (placebo tablet supple-
SL 400mg per head), n= 4; G4 group (both 3′-SL and 6′-SL 200mg per
.01; ***P < 0.001.
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Fig. 4 Relative concentration–time profile of Neu5Ac and Neu5Gc after oral administration of placebo and SL tablet to OA model mini-pigs.
Relative abundances (%) are shown in upper panel for Neu5Ac (A–D) and lower panel Neu5Gc (E–H), respectively. Placebo group (placebo tablet
supplementation), n = 4; G2 group (3′-SL 200 mg per head), n = 4; G3 group (3′-SL 400 mg per head), n = 4; G4 group (both 3′-SL and 6′-SL
200 mg per head), n = 4. Values are means ± SDs, * means differ, P < 0.05; **P < 0.01; ***P < 0.001.
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also showed the greatest difference 8 weeks aer surgery,
which was same as the above 3′-SL result. 6′-SL in the placebo
group decreased from 37.6± 14.1 ng mL−1 at 4 weeks to 34.4±
12.1 ng mL−1 at 8 weeks, while 6′-SL in all SL-intake groups
increased (Fig. S1E–H†). In terms of relative abundance, the
concentration of 6′-SL at 8 weeks was signicantly different
between the groups. 6′-SL in the G2 group increased signi-
cantly at 8 weeks (P < 0.001) and the endpoint (P < 0.01)
compared to the concentration at 4 weeks before surgery
(Fig. 3F). Also, 6′-SL in the G4 group increased at 12 weeks (P <
0.05) compared to the concentration at 2 weeks and 4 weeks
before surgery (Fig. 3H). This clearly suggests that dietary SL
can complement the concentration of SL in blood level.
Moreover, the highest concentration of 3′-SL at the endpoint
was found in the G3 group where 3′-SL was administered the
most (Fig. S1C†). And the 6′-SL was the highest in the G4 group
which is the only SL-intake group including 6′-SL dosage form
(Fig. S1H†).
Fig. 5 Relative mRNA level of MMPs on the synovial membrane after
SL administration for 12 weeks determined by qRT-PCR. Placebo
group (placebo tablet supplementation); 3′-SL and 6′-SL group (SL
tablet supplementation). Values are means ± SDs; ns, not significant; *
means differ, P < 0.05.
Dose-response prole of Neu5Ac and Neu5Gc in OA model
mini-pigs

Fig. 4 illustrate the relative concentration of Neu5Ac and
Neu5Gc in mini-pig plasma level for 12 weeks between the
placebo and SL-intake groups. The concentration of total
Neu5Ac in the placebo group ranged from 156.7 ± 19.2 to 217.3
± 54.8 mg mL−1, and Neu5Gc was found to be in the range of
171.3 ± 19.0–237.2 ± 55.7 mg mL−1 (Fig. S2A and E†). Both
Neu5Ac and Neu5Gc in the placebo group tended to increase
until at 4 weeks just before surgery and then steadily decreased
aer surgery. The concentration of the last point drastically
decreased to 156.7 ± 19.2 and 171.3 ± 19.0 mg mL−1 for Neu5Ac
and Neu5Gc, respectively, compared with their corresponding
at 4 weeks preoperative concentration of 217.3 ± 54.8 and 237.2
± 55.7 mg mL−1. It was revealed that the relative abundance at
1120 | RSC Adv., 2023, 13, 1115–1124
the last week signicantly decreased in both NeuA5c and
Neu5Gc compared with the value at 4 weeks (P < 0.05) (Fig. 4A
and E). On the other hand, in the SL-intake groups, the
concentration of SAs was maintained without signicant
change during the 12 weeks. Interestingly, the concentration
patterns of the two types of SA, Neu5Ac and Neu5Gc, were
similar, although mini-pigs in SL-intake group were fed only
Neu5Ac conjugated in SL. These results strongly suggest that
dietary SL may affect the endogenous metabolic and biosyn-
thetic pathway of SA. In addition, this is consistent with
previous showing that dietary SL or SA affects SA concentration
in the brain of mini-pigs and saliva of newborns.41–43
Oral administration of SL reduced expression of MMPs
induced by pro-inammatory cytokines on the synovial
membrane of OA model mini-pigs

Interleukin (IL)-1b, IL-6, IL-17 and tumor necrosis factor (TNF)-
a are representative pro-inammatory cytokines implicated in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Illustration of the metabolic and biosynthetic pathway accordance with dietary SL in mini-pig blood level.
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the pathogenesis of OA and have been shown to play important
roles in the OA development.44,45 The onset of OA pathogenesis
is associated with their inordinate production, which is
responsible for a critical factor in joint damage primarily caused
by up-regulation of matrix metalloproteinases (MMPs; MMP-1,
2, 3, 12, 13 and 16) and cyclooxygenase2 (Cox2) expression.
Interestingly, previous in vitro and in vivo studies using chon-
drocyte cell and mouse model revealed that SL effectively
inhibits matrix degradation and inammatory activation
through regulation of MMPs and Cox2 expression in chon-
drocytes.25 To investigate the function of SL in cartilage, mRNA
expression levels of MMPs (MMP-1 and 12) in the synovial
membrane were determined by qRT-PCR (Fig. 5). The mRNA
levels of target genes were normalized to those of GAPDH and
expressed as relative quantitation to placebo group. As a result,
the expression of MMP-1 was markedly decreased in SL-fed
group (P < 0.05), and MMP-12 had no signicance, but repre-
sented a lower expression level than that of the placebo group,
showing the same trend as that of MMP-1. Consequently, these
results strongly support that inammatory mediator in the
cartilage can be modulated by SL supplementation in the OA
model mini-pigs.

While these ndings indicate that dietary SLs are might play
a role in OA progression of mini-pigs, an important next step
must be elucidated the actual dose that elicits a therapeutic
effect in human with arthritis.

Conclusions

We investigated the efficacy of SL by quantitative analysis of SL
and SA on plasma level in OA model mini-pig following oral
administration of SL using an efficient and reliable LC-MRMMS
method. During the course of osteoarthritis, the efficacy of SL
supplementation could be conrmed through quantitative
© 2023 The Author(s). Published by the Royal Society of Chemistry
changes in blood concentration signicantly increased in the
SL-intake group. In addition, dose-dependent quantitative
proling showed that the intake type and amount of SL affected
the 3′-SL and 6′-SL concentration in mini-pig plasma.

Interestingly, dietary sources such as sialylated glyco-
conjugates and free SA are known to be directly incorporated
into this metabolic and biosynthetic pathway for SA produc-
tion.19 Therefore, based on our vivid data and results, we
suggest that dietary SL can be utilized as a source of blood SA via
macropinocytosis (Fig. 6). Briey, ingested SL enters intracel-
lular lysosomes through macropinocytosis, Neu5Ac at the
terminal of SL is released by neuraminidase, and the released
Neu5Ac is salvaged to synthesize CMP-Neu5Ac in the cell
nucleus. SAs (Neu5Ac and Neu5Gc) biosynthesized from CMP-
Neu5Ac are delivered to the Golgi apparatus and then utilized
at the terminal sites of secreted free oligosaccharides or cell
surface glycoconjugates expressed by specic sialyltransferases,
respectively. In this study, both Neu5Ac and Neu5Gc were
signicantly decreased in the placebo group, but remained
unchanged in the SL-intake group. These results clearly indicate
that dietary SL can be a source of SA in the body.

We observed a trend to decrease the relative mRNA levels of
MMPs in the synovial membrane of mini-pigs compared to the
placebo group aer 12 weeks of SL administration. These
pharmacological changes in blood are valid evidence that die-
tary SL suppresses inammatory cytokines and matrix degra-
dation during OA progression.
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