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ARTICLE INFO ABSTRACT

Keywords: Garlic saccharides have prebiotic activity, but the association between their function and structure is still poorly
Garlic polysaccharides known. In present study, four different garlic saccharides were obtained from garlic polysaccharides (GPs) after
Acidolysis

acidolysis by ultrafiltration. Obtained GPs were constituted by different monosaccharides, among which fructose
and glucose were the main components, while galactose was a major component of GPs-U6. All four saccharides
were partly degraded by the simulated digestive system, and most could reach the large intestine to be utilized by
the gut microbiota. Except for GPs-U6, the other three garlic saccharide fractions had good prebiotic activity in
vitro and in vivo. Furthermore, GPs-U0.3 with lower molecular weight (Mw) showed better prebiotic activity,
including promoting the production of short-chain fatty acids (SCFAs), increasing the abundance of beneficial
bacteria such as Bifidobacterium, Lachnospiraceae NK4A136 group and Phoscolarctobacterium, and inhibiting the
growth of potentially harmful bacteria. In addition, Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
enrichment analysis showed that GPs-U0.3 could reduce the risk of cancer and cardiovascular diseases. Overall,
this findings of the present study revealed the digestive properties of GPs, as well as the potential association
between their chemical structures and fermentation characteristics by gut microbiota. Thus, it can be stated that
GPs-U0.3 can be used as potential prebiotics in functional foods, which provides a theoretical basis for the
targeted preparation of functionalized garlic saccharides.
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1. Introduction

Garlic (Allium sativum L.) is an edible bulb plant of the family of
Liliaceae, and has been widely used as spice, food, and folk medicine (Bo
et al,, 2021). Over 200 substances have been identified in garlic,
including polysaccharides, proteins, lipids, vitamins, trace elements
(such as selenium), flavonoids and organosulfur compounds (Fei et al.,
2015). Among these, garlic polysaccharides (GPs) are among the main
active components in garlic (approximately 26-30% of fresh weight),
and exhibit a variety of biological activities, such as immunomodulatory
(Li et al., 2017a), antitumor (Li and Huang, 2017), hepatoprotective
(Wang et al., 2018), and anti-inflammatory (Shao et al., 2020). Previous
studies reported that GPs were constituted of fructans whose main chain
consist of a (2 —» 1)-f-D-fructopyranose connected to a terminal (2 —
1)-p-D-glucopyranose at the non-reducing end and of (2 — 6)-p-D-fruc-
topyranose branched chains with a degree of polymerization of 28 (Chen
et al., 2013). It has been suggested that nondigestible polysaccharides
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and oligosaccharides can function as prebiotics, improving host health
by selectively stimulating the growth and activity of a single or a limited
number of bacteria in the colon (mainly Lactobacillus and Bifidobacte-
rium) (Gibson and Roberfroid, 1995).

The gut microbiota living in the intestine establishes a close and
beneficial relationship with its host (Veiga et al., 2014). As the largest
and most complex “organ” of the body, the gut microbiota has been
extensively studied for its powerful functions. The equilibrium between
the host and the gut microbiota not only could prevent obesity and
improve immune function (Ding et al., 2021; Thaiss et al., 2016), but
also influences the emergence of certain diseases, including diabetes Lin
et al. (2021), obesity (Zhang et al., 2021), colitis (Gong et al., 2022),
heart cerebrovascular disease (Yoshida et al., 2018) and cancer (Peng
et al., 2020; Wang et al., 2020a), among others.

It is widely known that the prebiotic activity of saccharides is closely
associated with their molecular weight (Mw). Dou et al. (2019) found
that moderately degraded blackberry polysaccharides showed better
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prebiotic activity, and low Mw blackberry polysaccharides could be
better utilized by the gut microbiota. Moreover, inulin-type fructan with
a lower degree of polymerization could be easily utilized by Bifido-
bacterium strains, and the metabolites produced were also significantly
different due to differences in saccharides Mw. Acetic acid and lactic
acid are the fermentation products of fructooligosaccharides (FOS),
while butyrate is mainly a result of inulin-type fructan (Fu et al., 2019).
Preliminary studies conducted by our research group suggested that
garlic oligosaccharides obtained from acidolysis of GPs could better
promote the growth of Lactobacillus when compared to unhydrolyzed
GPs (Lu et al., 2021). Thus, it can be suggested that the prebiotic activity
of garlic saccharides is closely related to their Mw.

Studies have shown that Mw, chemical composition and spatial
structure of polysaccharides change under the influence of pH, bile salts
and enzymes in the presence of salivary and gastrointestinal digestion
(Yuan et al., 2019). Therefore, the study of the activity of saccharides
should accompany that of their digestive properties.

Therefore, the aim of this study was to explore the effect of Mw of
garlic saccharides on their prebiotic activity. Membrane technology has
been widely used to separate polysaccharides based on Mw owing to its
environmental and efficiency advantages (Cai et al., 2021). For this, four
ultrafiltration membrane with cut-off Mw of 6000 Da, 2000 Da, 1000 Da
and 300 Da selected could divide the acid hydrolyzed garlic saccharides
into four fractions, high-Mw polysaccharides (GPs-U6), low-Mw poly-
saccharides (GPs-U2), high-Mw oligosaccharides (GPs-U1) and low-Mw
oligosaccharides (GPs-U0.3). The physicochemical properties and
digestive characteristics of these saccharides were investigated.
Furthermore, the relationship between the Mw of these four saccharide
fractions and their prebiotic activity was evaluated based on the growth
of Lactobacillus and Bifidobacterium in vitro, as well as on gut microbiota
community composition in healthy male C57BL/6 mice. These results
described herein shed a light on the relationship between structure and
prebiotic activity of garlic saccharides, and provide theoretical guidance
for the production of garlic saccharides with higher prebiotic activity.

2. Materials and methods
2.1. Materials

Fresh garlic was purchased from Laiwu (Shandong, China). Simu-
lated saliva fluid (SSF), simulated gastric fluid (SGF) and simulated
small intestinal fluid (SIF) were provided by Shanghai Yuanye Biological
Technology Co., Ltd. (Shanghai, China). FOS was produced by Meiji
Seika Kaisha, Ltd. (Japan), which was composed of 6.5% of fructosyl-
fructosyl nystose (GF5), 43.4% of 1F-B-fructofuranosyl nystose (GF4),
40.9% of nystose (GF3), 7.1% of 1-kestose (GF2), and 2.1% glucose and
fructose. Glucose-free De Man-Rogosa-Sharpe (MRS) broth and anaer-
obic culture bags were purchased from Haibo Biotechnology Co., Ltd.
(Qingdao, China). Chemical standards (i.e., acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid and isovaleric acid) were
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). All other chemicals used in the experiments were of analytical
grade.

2.2. Preparation of garlic saccharides of different Mw

2.2.1. Preparation of GPs

GPs was extracted from fresh garlic using the method described by
Jiang et al. (2006) with some modifications. Briefly, fresh garlic were
pulped and treated with deionized water (1:6, w/v) at 80 °C for 2.5 h.
Then, 4-fold volume of absolute ethanol was added to the supernatant
and incubated overnight at 4 °C to precipitate. The obtained precipitate
was then collected and redissolved in deionized water. Then, pectin and
protein were removed from crude saccharides extract by the addition of
10% CacCly solution and by the Sevag method, respectively. Finally, GPs
were lyophilized and stored until further use.
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2.2.2. Acidolysis and ultrafiltration of GPs

GPs aqueous solution (5%, w/v) at pH 3 adjusted with 1 mol/L HCl
was submitted to hydrolysis at 70 °C for 3 h. The reaction was imme-
diately terminated by adjusting pH to 7 with 1 mol/L NaOH. Then, the
hydrolysate was fractionated using an ultrafiltration system (Shandong
Bona Biotechnology Group Co., Ltd., Jinan, China) at 0.3 MPa or less of
pressure. Ultrafiltration membranes of four different Mw cut-offs (i.e.,
6000 Da, 2000 Da, 1000 Da and 300 Da) were used, hence yielding four
saccharide fractions, namely GPs-U6 (Mw > 6 kDa); GPs-U2 (Mw 2-6
kDa); GPs-U1 (Mw 1-2 kDa); and GPs-U0.3 (Mw 0.3-1 kDa), which were
lyophilized for subsequent experiments.

2.3. Chemical composition analysis

Total sugar content in GPs fractions was determined using the
phenol-sulfuric acid method with glucose as the standard. The content of
reducing sugar (Cr) was determined based on the 3, 5-dinitrosalicylic
acid (DNS) method (Miller, 1959). Protein content was determined by
the Bradford method with bovine serum albumin as the standard
(Bradford, 1976).

2.4. Structural characterization

2.4.1. Molecular weight determination

Mw of saccharides was determined by HPLC in an LC-20A system
(Shimadzu, Kyoto, Japan) equipped with the tandem chromatography
columns of Shodex Ohpak SB-803HQ, Shodex Ohpak SB-802.5HQ and
Shodex Ohpak SB-802HQ (300 x 8 mm, 6 pm). After filtration of sac-
charides samples (5 mg/mL) with a 0.45 pm filter, elution was per-
formed with 0.3 mol/L NaNOj at a flow rate of 0.3 mL/min and column
temperature at 30 °C. Mw of saccharides was calculated based on the
calibration curves of a set of dextran standards (180, 342, 1000, 2000,
3000, 6000, 9000 and 20000 Da).

2.4.2. Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR spectra of saccharides samples were obtained in a FTIR spec-
trophotometer (Thermo Nicolet IS10, USA) equipped with a universal
ATR. Briefly, the dried sample (3 mg) was pressed onto the diamond
crystal and scanned within the range of 400-4000 cm™'. Scans were
performed in triplicate for each sample. The results were analyzed using
OMNIC 8.2.0.387 software.

2.4.3. Monosaccharide composition determination

Monosaccharide composition of saccharides was determined by high
performance anion exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) (Thermo Fisher ICS-5000", USA) ac-
cording to the method proposed by Li et al. (2021). Briefly, saccharides
sample (10 mg) was submitted to hydrolysis with 2 mL of 2.0 mol/L
trifluoroacetic acid (TFA) at 80 °C for 4 h. After removing the excess of
TFA by rotary evaporation, sample volume was adjusted to 10 mL with
deionized water. Subsequently, the samples was purified using Supel-
Clean™ LC-18 tubes (500 mg/6 mL) (Supelco, USA) and 0.22 pm filters,
and then analyzed in an AminoPac™ PA10 (Dionex, 3 x 250 mm) col-
umn with 17 mmol/L NaOH at 30 °C at a flow rate of 0.25 mL/min.

2.5. In vitro simulated saliva-gastrointestinal digestion

The digestion of saccharides was carried out with a method previ-
ously described (Wu et al., 2021a). Briefly, saccharides (80 mg/mL) and
SSF (with salivary amylase 200 U/mL) were added to a centrifuge tube
at a ratio of 1:1 (v/v) and incubated at 37 °C for 1 h to stimulate the
digestive process in the oral cavity. The process was conducted for a
longer period than the average time required for oral digestion to
evaluate the digestibility of garlic saccharides in the oral cavity. Samples
were collected at different digestion times (0, 0.5 and 1 h) and heated at
100 °C for 5 min to inactivate salivary amylase.
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Subsequently, the saliva digestion solution was mixed with SGF at a
ratio of 1:1 (v/v) and the pH of the mixture was immediately adjusted to
2.0. The digestion process was performed at 37 °C for 6 h. Then, the pH
of the saliva-gastric digestive fluid was adjusted to 7.0 (by the addition
of 1 M NaHCO3 dropwise), and the digested mixture was mixed with SIF
ataratio of 10:3 (v/v) and incubated at 37 °C for 6 h. An aliquot samples
(2 mL) was obtained from the mixture at different times (1, 2, 4 and 6 h)
of gastric and intestinal digestion, and boiled for 5 min to inactivate
enzymes for further analysis. All experiments were carried out in trip-
licate. The hydrolysis degree of garlic saccharides was calculated as
follows:

Hydrolysis degree (%) = (final reducing sugar content - initial reducing sugar
content)/(total sugar content - initial reducing sugar content)

2.6. Prebiotic activity of garlic saccharides in vitro

2.6.1. Effect of garlic saccharides of different Mw on the growth of probiotic
bacteria

Lactobacillus acidophilus 1L.3-003, Lactobacillus plantarum L1-006, and
Lactobacillus rhamnosus L2-005, as well as Bifidobacterium longum B1-
0013, Bifidobacterium animal B3-001 and Bifidobacterium youth B2-001
were provided by Shandong Baolai-leelai Biotechnology Co., Ltd.
(Taian, China). All strains were preserved in MRS broth and activated at
37 °C for 16 h prior to use.

The effect of garlic saccharides on the growth of probiotic bacteria
was determined following a method reported by Nobre et al. (2019) with
a minor modification. In brief, the different GPs fractions were sterilized
with 0.22 pm filters and added to sterile glucose-free MRS broth at a
ratio of 1:9 (v/v) to a final concentration of 2% (w/v). Then, previously
activated probiotic bacteria inoculated twice at 2% (v/v) were inocu-
lated to media with different carbon sources (glucose and FOS as con-
trol) and cultured under anaerobic conditions at 37 °C for 48 h. Samples
were obtained at 0, 2, 4, 8, 12, 16, 24, 36 and 48 h of incubation time,
and turbidity of culture media indicative of growth of probiotic bacteria
was measured in a microplate reader at 600 nm. pH of samples was
determined using a pH meter.

2.6.2. Determination of SCFAs and lactic acid contents

In brief, the fermentation medium was centrifuged (10,000 rpm for
15 min at 4 °C) and extracted with 1 mL of ethyl acetate. Then, SCFAs
were analyzed by GC-MS (Shimadzu, Japan) equipped with an Agilent
HP-INNOWax column (30 m x 0.25 mm x 0.25 pm) using high purity
helium as carrier gas. The initial column temperature was 100 °C, which
was increased to 140 °C at a rate of 3.5 °C/min and 200 °C at the rate of
30 °C/min, and then maintained for 9 min. The temperature of the
injector and electron bombardment ion source was 250 °C and 220 °C,
respectively. In addition, a HPLC system (Shimadzu, Kyoto, Japan)
equipped with Extend C-18 column (250 x 4.6 mm, Agilent, USA) was
used to determine the content of lactic acid at 210 nm. After the
fermentation supernatant was ten-fold diluted with deionized water, the
analysis was directly performed using 95% NaH3PO4 (10 mM, pH = 2.7)
and 5% methanol as the mobile phase at a flow rate of 0.8 mL/min and
30 °C as column temperature.

2.7. Prebiotic activity of garlic saccharides of different Mw in vivo

2.7.1. Animals experiment design

Six-week-old healthy male C57BL/6 mice (20 + 0.5 g) were pur-
chased from Jinan Pengyue Laboratory Animal Breeding Co. Ltd.
(Shandong, China). The mice were housed in cages under controlled
temperature and humidity conditions with a 12 h light/dark cycle, and
had free access to food and water. After 7 days of acclimation, mice were
randomly divided into 4 groups (10 mice per group), as follows: the
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control group and three experiment groups (GPs-U2, GPs-U1 and GPs-
U0.3). Mice in the three experimental groups received different sac-
charides (4 g/kg of body weight) once daily by oral gavage; animals in
the control group were provided with the same volume of 0.9% NaCl
solution instead of saccharide solution. Body weight, food intake and
health status of mice were recorded during 21 days of intervention.
Finally, fecal samples of each mice were collected in individual sterile EP
tubes and stored at —80 °C until further analysis. All mice were sacri-
ficed by cervical dislocation after the experiment. All methods and
procedures were approved by Institutional Animal Care and Use Com-
mittee of Shangdong Agricultural University (Approval No.2020-04),
Shandong, China.

2.7.2. Determination of SCFAs in feces

Fecal samples were accurately weighed (100 mg) and transferred to
tube containing 200 pL of 10% H2SO4 and 800 pL of ethyl acetate. After
the mixture was shaken for 10 min, SCFAs contents were determined as
described in 2.6.2.

2.7.3. DNA extraction and 16S rDNA sequencing

According to the manufacturer’s instructions, microbial genome in
fecal samples was carried out using the E.Z.N.A. soil DNA kit (Omega
Bio-tek, Norcross, GA, USA). The V3-V4 hypervariable region of the
bacterial 16S rDNA was amplified by PCR using total extracted DNA and
primers. Based on the Illumina MiSeq sequencing platform, a small
fragment library was constructed and paired-end sequencing was per-
formed. QIIME (version 1.17) software and UCLUST were used for
sequence analysis and chimera removal on clean reads, respectively.
Then, duplicate sequences were clustered into OTUs with 97% identi-
fication, and representative sequences of OTUs were annotated by
Greengenes or SILVA databases. Rarefaction curve and Shannon curve
were used to evaluate the reliability of sequencing data. Principal co-
ordinate analysis (PCoA) was performed using weighted UniFrac. In
addition, functional characteristics of microbial communities were
conducted using PICRUSt based on the KEGG database.

2.8. Statistical analysis

One-way analysis of variance (ANOVA) and Duncan’s test were used
to determine differences in the means between groups using SPSS soft-
ware (Version 21, SPSS Inc. Chicago, USA). Differences in taxa relative
abundance in gut microbial community profiles among sample groups
were determined based on the Kruskal-Wallis test with a false-discovery
rate (FDR) correction by STAMP software. Statistical significance was
considered at P values < 0.05.

3. Results and discussion
3.1. Structural characterization of garlic saccharides of different Mw

3.1.1. Chemical composition

Four saccharide fractions of different Mw were obtained by acid-
olysis and ultrafiltration (Fig. S1). Their total sugar content was greater
than 85%, thus indicating high purity (Table 1). The protein contents in
GPs-U6, GPs-U2, GPs-U1, and GPs-U0.3 were 9.99 + 0.26%, 0.46 +
0.08%, 0.26 + 0.06%, and 0.24 + 0.08%, respectively, indicating that
the fractions GPs-U2, GPs-U1, and GPs-U0.3 had low amounts of pro-
teins. The higher protein content in GPs-U6 might be due to the com-
bination of polysaccharides and proteins.

3.1.2. Monosaccharide composition

As shown in Table 1, fructose and glucose were the main mono-
saccharides in GPs, a finding which was similar to previous studies
showing that GPs were fructan polymers (Yan et al., 2021). GPs-U2,
GPs-Ul and GPs-U0.3 showed similar monosaccharide profiles, and
were mainly composed of fructose and glucose, similarly to GPs, but
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Table 1
Chemical composition, Mw and monosaccharide compositions of GPs and garlic
saccharides with different Mw.

GPs GPs-U6 GPs-U2 GPs-U1l GPs-U0.3

Chemical

composition
Total sugar 93.10 + 86.57 + 92.49 + 96.15 + 93.59 +

content (%) 0.69 0.69 2.72 0.87 0.59
Protein content 2.60 + 9.99 + 0.46 + 0.26 + 0.24 +

(%) 0.14 0.26 0.08 0.06 0.08
Molecular weight
Mn (g/mol) 1836 8384 2221 1026 551
Mw (g/mol) 3656 45796 2723 1247 731
Monosaccharide composition (%)
Fructose 79.23 57.47 88.09 75.70 79.89
Glucose 18.92 9.75 11.71 23.85 19.56
Galactose 1.01 24.38 0.19 0.21 0.24
Arabinose 0.84 0.79 - 0.24 0.31
Xylose - 0.52 - - -

Data was expressed as mean =+ standard deviation (SD). The percentage of
monosaccharides was calculated based on all detected monosaccharides.

their specific proportions were slightly different. In contrast, GPs-U6
contained a higher proportion of galactose in addition to fructose and
glucose. It has been reported that galactan can also be found in garlic (Li
et al., 2017b). Liang et al. (2022) revealed that the monosaccharide
composition of polysaccharides of different Mw obtained by acidolysis
of black garlic polysaccharides also differed, which was similar to the
results of the presented study. This may be due to differences in the
ability of glycans to resist acidolysis, and galactan could exhibit higher
stability under acidic conditions.

3.1.3. FTIR analysis

FTIR spectra of GPs and the four different fractions had similar IR
bands within the range of 4000-400 cm ! (Fig. 1). The absorption bands
at around 326871, 29387!, 15967 and 1000-800 cm ! represented
O-H stretching vibrations of hydroxyl groups, C-H stretching vibrations,
C=O stretching vibrations of ionic carboxyl groups, and O-C-O and
C-O-C stretching vibrations of glycosidic linkages and rings, respec-
tively (Hospodarova et al., 2018). The absorption bands around 92971
and 815 cm™! represented fructose with B-type glycosidic bond (Lu
etal., 2021). After acid hydrolysis and ultrafiltration, certain differences
were also found. The absorption intensity near the band 3268 cm™!
increased with the decrease of Mw, which might be due to the release of
an increasing number of O-H groups via the disruption of glycosidic
bonds, thus resulting in increased O-H absorption intensity of lower Mw
saccharides (Xu et al., 2018). Furthermore, the absorption bands at

—— GPs-U0.3 —— GPs-Ul —— GPs-U2 —— GPs-U6 —— GPs

Transmittance (%)

T T T T T I
3200 2800 2400 2000 1600 1200

T
3600

4000 800 400

Wavenumber (cm™)

Fig. 1. FTIR spectra of GPs and different saccharide fractions.
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1123 cm™! and 1929 cm ™! gradually became less pronounced with the
increase in Mw. Collectively, these results suggested that the fractioning
with acidolysis and ultrafiltration did not significantly change the pri-
mary structure of GPs, and differences were only observed in the ab-
sorption intensity of several bands.

3.2. Effect of in vitro digestion on Mw and the degree of hydrolysis of
garlic saccharides

Fig. S2 shows the dynamic changes in Mw of garlic saccharides of
different Mw during in vitro digestion. The peaks attributed to GPs, GPs-
U2, GPs-U1 and GPs-U0.3 did not change significantly during simulated
oral and small intestine digestion, which indicates that Mw of poly-
saccharides in these fractions might not decrease significantly during
these conditions, which was consistent with the results of the degree of
hydrolysis (Table 2). However, a decrease in saccharides Mw and the
generation of a new peak I was observed during gastric simulated
digestion, suggesting that these saccharides could be partially degraded
by the gastric juice. Moreover, their degree of hydrolysis increased
significantly (P < 0.05), which indicated that the decrease in Mw might
be due to the breakage of glycosidic bonds, and that the lower the Mw of
the saccharide, the higher the degree of hydrolysis it undergoes. In
addition, glycosidic bonds are broken under acidic conditions. There-
fore, the reduced Mw of GPs, GPs-U2, GPs-U1l and GPs-U0.3 might be
related to the acidic environment in the simulated environment of the
stomach, which was similar to the findings revealed in previous study
that showed that mulberry fruit polysaccharides could be degraded
during gastric digestion (Chen et al., 2016). However, a significant in-
crease in the degree of hydrolysis was observed for GPs-U6 in simulated
oral digestion (P < 0.05) due to amylase hydrolysis. No significant
changes were observed in the degree of hydrolysis and Mw for GPs-U6 in
simulated gastrointestinal digestion, which was similar to the results of
in vitro digestion of polysaccharides obtained from Fuzhuan brick tea
that only slightly degraded during salivary and gastrointestinal diges-
tion (Chen et al., 2018). Thus, it can be stated that differences in the
digestive properties of the saccharides were related to the type of the
glycosidic bond, Mw, and monosaccharide composition. Taken together,
GPs, GPs-U6, GPs-U2, GPs-Ul and GPs-U0.3 showed great stability

Table 2
Changes of degree of hydrolysis during garlic saccharides with different Mw
simulated digestion in vitro.

Time/  Hydrolysis degree/%
h GPs GPs-U6  GPs-U2 GPs-Ul GPs-U0.3
Saliva 0 0.16 + 0.10 + 0.17 + 0.11 + 0.32 +
0.24° 0.04¢ 0.07¢ 0.14° 0.10°
0.5 0.21 + 0.42 + 0.14 + 0.39 + 0.31 +
0.20° 0.08° 0.07¢ 0.22¢ 0.29°
1 0.20 + 0.92 + 0.26 + 0.37 + 0.22 +
0.05° 0.13? 0.11¢ 0.09° 0.18°
Gastric 1 227 + 1.30 + 3.27 + 5.19 + 6.77 +
0.944 0.49° 0.444 0.154 0.57¢
2 3.40 + 1.33 + 5.81 + 6.74 + 9.96 +
1.14° 0.18° 0.94¢ 0.76¢ 0.95¢
4 4.84 + 1.30 + 7.02 + 8.41 + 11.51 +
0.80° 0.60° 0.51° 0.47° 0.71°
6 8.25 + 1.60 + 8.90 + 12.91 + 13.43 +
1.54° 0.20° 0.58° 0.92° 0.98°
Intestinal 1 9.78 + 2.04 + 9.58 + 13.93 + 14.31 +
1.00° 0.70° 0.20° 0.807 0.30°
2 9.77 + 1.46 + 10.23 + 14.57 + 13.47 +
0.98° 0.78° 1.13° 0.28° 1.03?
4 8.92 + 1.48 + 9.91 + 12.63 + 12.40 +
1.37° 0.78° 0.92° 0.76° 0.37°
6 9.82 + 1.60 + 9.47 + 11.72 + 13.67 +
1.36* 0.42° 0.27° 1.32° 0.74°

Data were expressed as mean =+ standard deviation. The values with different
letters in the same column were significantly different at P < 0.05.
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during in vitro digestion, with a degrees of hydrolysis of only 9.82 +
1.36, 1.60 + 0.42, 9.47 + 0.27, 11.72 + 1.32 and 13.67 + 0.74,
respectively, thus indicating that they could potentially reach large in-
testines to be utilized by gut microbiota.

3.3. In vitro prebiotic activity

3.3.1. Effect of garlic saccharides of different Mw on the growth of probiotic
bacteria

The prebiotic activity of saccharides is attributed to their capacity of
being selective metabolize by probiotics microorganisms hence stimu-
lating their growth (de Figueiredo et al., 2020). As shown in Fig. 2, all six
probiotic strains had the greatest growth rate in culture media with
glucose as carbon source. For L. acidophilus L3-003, ODggo values of
media supplemented with FOS, GPs, GPs-U6, GPs-U2, GPs-Ul and
GPs-U0.3 were 1.66, 0.31, 0.05, 0.06, 1.05 and 1.39 after 48 h of in-
cubation, respectively. Among GPs and the four saccharide fractions,
GPs-U0.3 showed the best growth-promoting effect, followed by
GPs-U1, which also reflected the preference of L. acidophilus L3-003 for
low-Mw saccharides. For L. plantarum L1-006 and L. rhamnosus L2-005
strains, only glucose showed a good ability to promote bacterial
growth. Compared with Lactobacillus strains, the lag phase of growth of
the three Bifidobacteria strains was longer. For B. longum B1-0013, the
growth-promoting effect of GPs-U0.3 was comparable to FOS, and was
more remarkable than the other saccharide components. Apart from
GPs-U6, all saccharide components were able to promote the growth of
B. adolescentis B2-001 based on the following order of preference:
glucose > FOS > GPs-Ul > GPs-U2 = GPs-U0.3 > GPs > GPs-U6. In
contrast, GPs-U2 showed a greater prebiotic potential than the other
saccharide fractions from GPs for B. animalis B3-001. Therefore, the
prebiotic activity of saccharides was strain-dependent due to the pres-
ence of different carbohydrate hydrolases, and that saccharides of low
Mw tended to show a stronger growth-promoting effect (Hu et al.,
2013).

Current Research in Food Science 5 (2022) 2033-2044

3.3.2. Determination of SCFAs, lactic acid and pH

Prebiotics alter the microbial composition in the colon and induce
the production of fermentation products such as lactic acid and SCFAs,
which lower the pH of the surroundings and inhibit the growth of
pathogenic bacteria (Teferra, 2021). As shown in Fig. 3, acetic acid was
the main SCFAs produced in the culture medium, and other SCFAs were
not detected. The effects of different carbon sources on the pH of the
culture medium and the levels of lactic acid and acetic acid were closely
related to the degree of utilization of carbon compounds by bacterial
strains. No significant increase was observed in the biomass of the six
probiotics strains evaluated in sugar-free and GPs-U6-supplemented
culture media, thus leading to a slight decrease in pH and production
of lactic and acetic acid. For L. acidophilus 1L.3-003 and B. longum B1-0013
strains, the most remarkable decrease in pH and increase in the pro-
duction of lactic acid and acetic acid were observed in the medium
containing GPs-U0.3 compared with the other garlic saccharides, but
lower than that of GPs-U1 for B. adolescentis B2-001.

Thus, the differences in the prebiotic activity of the same bacterial
strain could be related to the structure (especially Mw) of saccharides
(Wang et al., 2020b). Moreover, the saccharides factions with a lower
Mw (i.e., GPs-U0.3) tended to exhibit higher probiotic potential than the
other saccharides in vitro, based on its the growth-promoting effect,
capacity for the production of SCFAs and decrease in pH. In contrast,
GPs-U6 showed little prebiotic activity among all six selected strains.
Therefore, GPs-U2, GPs-U1 and GPs-U0.3 were selected for use in further
in vivo studies.

3.4. Effect of different saccharides on the healthy mice

3.4.1. Effect of different saccharides on body weight, food intake, and
water intake

Body weight, food intake and water intake of mice in each group
were monitored during 21-days. As shown in Table S1, the intake of GPs-
U2, GPs-U1l and GPs-U0.3 did not show a significant effect on the body
weight, food intake, and water intake of the mice compared to the
control group.
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Fig. 2. Growth curves of L. plantarum L1-006 (A), L. acidophilus L3-003 (B), L. rhamnosus L2-005 (C), B. longum B1-0013 (D), B. animalis B3-001 (E) and B. adolescentis
B2-001 (F) with glucose, FOS, GPs or different sugar fractions as the sole carbon source.
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Fig. 3. The content (mM) of lactic acid and acetic acid at the end of fermentation (48 h) and changes in pH in media with different sugars as the sole carbon source.
(A) L. plantarum L1-006, (B) L. acidophilus L3-003, (C) L. rhamnosus L2-005, (D) B. longum B1-0013, (E) B. animalis B3-001 and (F) B. adolescentis B2-001. The values

with different letters (a—f) were significantly different at P < 0.05.

3.4.2. Microbial diversity and OTU distribution in feces

A total of 1,562,029 clean sequences were obtained from 24 fecal
samples with an average length of 421 bp. Non-repeated sequences were
aggregated into 1535 OTUs based on 97% sequence similarity. The
rarefaction and Shannon index curve of each group showed that the
curve gradually reached an equilibrium as the number of reads in
samples increased (Fig. S3). Thus, sequencing depth was sufficient to
characterize the gut microbiota of mice in experimental and control
groups.

Shannon, Simpson, Ace and Chao 1 indices of a-diversity were
calculated to reflect richness and diversity of the microbial community
in samples (Han et al., 2021). Ace and Chao 1 indices showed that the
supplementation of GPs-U0.3 significantly reduced the abundance of
microorganisms compared with the control group (P < 0.05), which was
similar to the findings of a previous study in which the richness and
diversity of the small gut microbiota community of mice fed with
FOS-rich goat milk were significantly reduced (Ma et al., 2021). How-
ever, no significant changes were observed in Ace and Chao 1 indices in
GPs-U2 and GPs-Ul-treated mice, and no significant changes were
observed in Shannon and Simpson indices in all treatment groups
(Fig. 4A).

Furthermore, PCoA and phylogenetic tree analysis based on p-di-
versity were used to assess differences in gut microbiota composition
between the different treatment groups. PCoA results showed that the
control group was mainly distributed in the upper right quadrant and
could be distinctly separated from treatment groups (Fig. 4B). Moreover,
the short distance between GPs-U1 and GPs-UO0.3-treated mice indicated
that the gut microbiota in these mice might be similar. In contrast,
significant differences were observed between GPs-U2-treated mice and
the other groups. The cluster tree results (Fig. 4C) showed similar results
to the PCoA.

In addition, the number of OTUs indicates species richness in the
samples, and a Venn diagram was generated based on the number of
unique and shared OTUs. As shown in Figs. 4D and 678 of all OTUs were
commonly found in all groups, whereas 35, 38, 35 and 71 unique OTUs
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were found in the control group, GPs-U2, GPs-U1, and GPs-U0.3-treated
groups, respectively. Compared with the control group, the reduction of
OTUs in GPs-U0.3-treated mice indicated a decrease in the abundance of
species in the gut microbiota, which was consistent with the results of
Ace and Chao 1 indices.

3.4.3. Composition of gut microbiota

At the phylum level, Firmicutes, Bacteroidetes and Proteobacteria
were the main phyla in mice fecal samples, and 5 phyla in the four
experimental groups were observed to be significantly different (Fig. S5A
and C). The supplementation of GPs-U0.3 increased the abundance of
Bacteroidetes (P > 0.05), which includes representatives capable of
producing high levels of acetic acid and propionic acid (Macfarlane and
Macfarlane, 2003). After the intake of GPs-U2, the abundance of Fir-
micutes, Patescibacteria and Tenericutes significantly increased (P <
0.05), while that of Bacteroidetes decreased (P < 0.05). Interestingly,
higher ratio of Firmicutes and Bacteroides (F/B) was observed only in
GPs-U2-treated mice (P < 0.05), which could promote the increase in
the levels of SCFAs in the gut and reduce the risk of infection (Molist
et al., 2012). Moreover, F/B has been reported to be positively corre-
lated with body mass index (Koliada et al., 2017). In mice treated with
GPs-U0.3, the abundance of Proteobacteria, Acidobacteria and Chloro-
flexi was significantly reduced (P < 0.05). It is known that nearly all
species within the phylum Proteobacteria are pathogenic bacteria (such
as Escherichia coli and Salmonella), which are also related to diabetes,
inflammation and cancer. Therefore, the decrease in the abundance of
Proteobacteria indicated that GPs-U0.3 components could potentially
inhibit the proliferation of harmful bacteria and reduce the risk of such
diseases (Lange et al., 2016). Moreover, the phylum Verrucomicrobia
was significantly increased in the GPs-Ul-treated mice (P < 0.05), which
could be mainly due to a significant increase in the content of
Akkermansia.

At the genus level, 12 genera were found differently enriched in the
four experimental groups (Fig. 5B and D). All treatments resulted in a
significant increase in the abundance of Bifidobacterium and
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Phascolarctobacterium (P < 0.05), but only in the GPs-U0.3-treated mice
the level of Lachnospiraceae NK4A136 group was increased (P < 0.05). In
addition, a significant reduction in the abundance of Rikenella was
observed in mice in all treatments, which could prevent the emergence
of disorders of the immune system (Wu et al., 2020b). The significant
increase in the abundance of Bifidobacterium in the intestine is known to
promote human health, including maintaining intestinal homeostasis
and enhancing barrier and immune functions of the intestine (Ding
et al., 2019). Lachnospiraceae NK4A136 group has been reported to play
a key anti-inflammatory role (Hu et al., 2019). Furthermore, the sup-
plementation of GPs-U2 led to a significantly increased in the abundance
of Eubacterium Xylanophilum group and Prevotellaceae Ga6A1l group (P <
0.05), which knowingly utilize polysaccharides and improve glucose
metabolism, thus preventing cardiovascular disease (Zhang et al., 2012;
Precup and Vodnar 2019). The genus Alitipes has been suggested to play
a very important role in the microbial treatment of inflammatory bowel
disease (Dziarski et al., 2016). Moreover, representatives of the genus
Bacteroides exhibited an extraordinary ability to utilize polysaccharides
and were positively correlated with the production of propionic acid
(Salonen et al., 2014). Additionally, in a sodium dextran sulfate-induced
mice model, the relative abundance of Muribaculum has been shown to
be negatively correlated with pro-inflammatory cytokines and positively
correlated with the expression levels of genes coding for tight junction
protein and mucin2 (Yan et al., 2019). In mice treated with GPs-U0.3

and GPs-Ul, the abundance of three bacteria genera was significantly
increased (P < 0.05). Interestingly, a significant decrease in the abun-
dance of Parasutterella was observed in mice treated with GPs-U2 and
GPs-Ul (P < 0.05). In addition, the abundance of Dubosiella was
significantly decreased in GPs-U0.3-treated mice (P < 0.05), whose as-
sociation with intestinal inflammation has been previously suggested
(Sheng et al., 2020). Akkermansia has been considered a probiotic genus
with beneficial effects on immune and metabolic functions (Yu et al.,
2021; Zou and Chen, 2020), whose abundance was significantly
increased due to the supplementation of GPs-U1 (P < 0.05). Finally, it is
widely known that Escherichia-Shigella might cause inflammation via the
production of lipopolysaccharides; a decrease in its abundance was
observed in the GPs-U0.3-treated mice (P < 0.05) (Yang et al., 2020).

3.4.4. Functional prediction analysis of the gut microbial metagenomes

As shown in Fig. 6A, all treatments up-regulated the abundance of
genes related to energy metabolism, glycan biosynthesis and meta-
bolism, and metabolism of cofactors and vitamins (P < 0.05). Glycan
metabolism has been shown to shape human gut microbiota and confer
immunomodulatory properties to the host (Koropatkin et al., 2012).
Therefore, it can be stated that garlic saccharides play important roles in
providing immunomodulatory properties to the host. For
GPs-U2-treated mice, enriched genes were found involved in amino acid
metabolism, carbohydrate metabolism, lipid metabolism, and
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xenobiotics biodegradation and metabolism (P < 0.05). In contrast, the
abundance of genes involved in amino acid metabolism was signifi-
cantly reduced in the GPs-Ul-treated mice (P < 0.05). Thus, it can be
suggested that GPs-U2, GPs-Ul and GPs-U0.3 can improve metabolic
activity of microorganisms.

Moreover, the results of disease prediction showed that the intake of
GPs-U0.3 significantly reduced the risk of cancer and cardiovascular
diseases (P < 0.05) (Fig. 6B). In terms of system function prediction, the
abundance of genes related to endocrine system, immune system,
digestive system and excretion system was significantly increased in the
GPs-Ul-treated and GPs-UOQ.3-treated mice (P < 0.05). In addition, the
intake of GPs-U2 significantly reduced the abundance of genes related to
the endocrine system (P < 0.05).

3.4.5. Levels of SCFAs

Acetic acid, butyric acid and propionic acid were the main SCFAs
found in mice fecal samples (Table 3). SCFAs can maintain the stability
of the intestinal environment and protect the colon. In particular, acetic
acid and propionic acid have crucial anti-inflammatory and anticancer
effects (Maslowski et al., 2009); propionic acid can also affect liver and
cholesterol metabolism (Venter et al., 1990), and butyric acid can exert
anti-inflammatory effects by modulating inflammatory pathways and
increasing the integrity of the intestinal barrier (Canani et al., 2011).
Compared with the control group, the intake of GPs-U2, GPs-Ul and
GPs-U0.3 led to significant increase in the content of acetic acid, pro-
pionic acid and total SCFAs (P < 0.05). In particular, the content of
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acetic acid was 1.19, 1.23 and 1.35-fold higher in the GPs-U2, GPs-U1l
and GPs-U0.3-treated mice than in the control group, respectively. In
addition, the content of total SCFAs in GPs-U2, GPs-Ul and GPs-U0.3
groups were 1.12, 1.18 and 1.31-fold higher than that in the control
group, respectively. Notably, the highest content of acetic acid, propi-
onic acid and total SCFAs was found in GPs-U0.3-treated mice, which
suggested that all components could increase the levels of SCFAs in the
intestines, especially GPs-U0.3.

3.4.6. Relationship between Mw, SCFAs and bacterial genera

Fig. 7 shows the relationship between Mw, SCFAs and gut microbiota
composition. Mw of saccharides was positively correlated with the
abundance of Prevotellaceae Ga6Al group (P < 0.05), Candidatus Sac-
charimonas (P < 0.05) and Escherichia-Shigella (P < 0.05), but was
negatively correlated with Muribaculum (P < 0.01) and uncultured Bac-
teroidales (P < 0.05), which was consistent with the results of dominant
microorganisms in the composition of the gut microbiota of each group
(Fig. 5B and D). Moreover, it also indicated that Mw of saccharides is an
important factor affecting the composition of the gut microbiota of mice
due to the preference of different microorganisms for specific substrates.

In addition, a correlation was observed between the levels of SCFAs
and the abundance of microorganisms in the gut of treated mice. Mur-
ibaculum (P < 0.001), Bacteroides (P < 0.01), Akkermansia (P < 0.05),
Lachnospiraceae NK4A136 group (P < 0.05), Bifidobacterium (P < 0.01),
Alitipes (P < 0.01) and Phascolarctobacterium (P < 0.01) had a significant
positive correlation with acetic acid content and total SCFAs. In



R. Zhao et al.

A 5000000 —

Current Research in Food Science 5 (2022) 2033-2044

Q J ab I Control
2 a g I GPs-U2
"8 4000000 — I Gps-U1
g 1 I GPs-U0.3
2 3000000
() J
=
E 2000000 —
>, ]
A 1000000
L & <> =
é\% ~o°.\$ ~o°&® v&\% ~<>°@ : @“0& ~o°.\\%
> o > > X &
& oy & & o &
& ¥ & & kS &
> S & ® i &
W o & &P N & P
P S) < 5 O -
& & & & Sl
N Cb" & K oéb
XS o f
2 oS XS
& S 2
SY & o
© N &
N
B 4
150000 [ Control
Q i 3
120000 a [ GPs-U2
= d cbgb B GPs-Ul
g 20000 [ Gps-U0.3
g 60000 2 aba ceab
£ 30000 LEAERE m oo e .
) a
2 12000 1 o B
<
© 8000
o ]
4000 2 B 153
1 b
0 -
Cancers  Cardiovascular Endocrine Immune Digestive Excretory
Diseases System

Fig. 6. Functional predictions of metabolism (A), disease and systemic (B) gene abundance in the control GPs-U2, GPs-Ul and GPs-U0.3 groups. Histograms are
shown as mean + standard deviation (n = 6). The values with different letters were significantly different at P < 0.05.

Table 3
The content of SCFAs in feces.
Control GPs-U2 GPs-Ul GPs-U0.3
Acetic acid 6.00 +0.54° 7.11+0.42° 7.38+0.13">  8.08 +0.19°
Propionic acid ~ 1.27 +0.10°  1.54 +0.18" 149 £0.11°  1.75 + 0.20°
Butyric acid 1.04 + 0.71 £0.23°  1.02+0.34%"  1.11 +£0.23*
0.08%°
Isobutyric 0.06 +£0.01°  0.05+0.01°  0.05+0.02*  0.06 + 0.02°
acid
Valeric acid 0.10 + 0.10 + 0.09 +0.04>  0.13 + 0.02°
0.04%° 0.01°°
Isovaleric acid ~ 0.10 +0.03*  0.07 +£0.01°  0.06 + 0.03°  0.08 + 0.03"
Total SCFAs 8.56 +0.54° 958 +£0.35°  10.10 + 11.21 +
0.12° 0.30%

Data were expressed as mean + standard deviation (n = 6). The values with
different letters in the same column were significantly different at P < 0.05.

addition, Bacteroides (P < 0.01), Bifidobacterium (P < 0.01), Lachno-
spiraceae NK4A136 group (P < 0.05), Alistipes (P < 0.05), and Phasco-
larctobacterium (P < 0.05) were significantly correlated with propionic
acid. In contrast, Prevotellaceae Ga6Al group (P < 0.05) and Akker-
mansia (P < 0.05) were significantly associated with increased levels of
isobutyric acid and butyric acid, respectively. These findings were also
consistent with those obtained in our previous studies, which showed
that Muribaculum, Bacteroides, Phascolarctobacterium, Bifidobacterium,
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among other genera could promote the production of SCFAs.
4. Conclusions

Four saccharide fractions with different Mw and monosaccharide
compositions were obtained by acid hydrolysis and ultrafiltration of
GPs. In addition, the main primary structure in these polysaccharides
and fractions were highly similar as indicated by FTIR analysis. Simul-
taneously, garlic saccharides of different Mw were only slightly
degraded in a simulated digestion, and most could effectively reach the
large intestine to be utilized by the gut microbiota. All saccharides
exhibited a certain prebiotic activity, except for GPs-U6 in vitro, espe-
cially, GPs-U0.3 showed better prebiotic activity, since it promoted the
growth of L. acidophilus L3-003, B. longum B1-0013 and B. adolescentis
B2-001, as well as was found associated with increased production of
lactic acid and SCFAs. In vivo, GPs-U0.3 was shown to be associated with
high production of SCFAs and could selectively stimulate the growth of
certain gut microbiota, including Bifidobacterium, Lachnospiraceae
NK4A136 group, Phoscolarctobacterium, among others, whereas it led to
a decrease in the abundance of Dubosiella, Escherichia-Shigella and
Rikenella. Collectively, this study elucidated the relationship between
Mw and prebiotic activity of garlic saccharides, and showed that GPs-
U0.3 could be potentially used as a prebiotic by the functional food
industry.
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